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A B S T R A C T   

The aging proteostasis decline manifests in a failure of aging cells and organisms to properly respond to pro-
teotoxic challenges. This proteostasis collapse has long been considered a hallmark of aging in nematodes, and 
has recently been shown to occur also in human cells upon entry to senescence, opening the way to exploring the 
phenomenon in the broader context of human aging. Cellular senescence is part of the normal human physiology 
of aging, with senescent cell accumulation as a prominent feature of aged tissues. Being highly resistant to cell 
death, senescent cells, as they accumulate, become pro-inflammatory and promote disease. Here we discuss the 
causes of human senescence proteostasis decline, in view of the current literature on nematodes, on the one hand, 
and senescence, on the other hand. We review two major aspects of the phenomenon: (1) the decline in tran-
scriptional activation of stress-response pathways, and (2) impairments in proteasome function. We further 
outline potential underlying mechanisms of transcriptional proteostasis decline, focusing on reduced chromatin 
dynamics and compromised nuclear integrity. Finally, we discuss potential strategies for reinforcing proteostasis 
as a means to improve organismal health and address the relationship to senolytics.   

The proteostasis network, the major regulator of cellular protein 
homeostasis (i.e. proteostasis), is composed of molecular chaperones 
protecting cells from protein misfolding and aggregation, and protein 
clearance pathways such as the proteasome and autophagy systems [1]. 
A sharp increase in the prevalence of many neurodegenerative diseases 
whose hallmark is protein misfolding and aggregation, is observed with 
age, including Parkinson’s disease, Alzheimer’s disease, and others [2]. 
An impaired cellular stress response during aging has long been thought 
to contribute to age-related diseases [2–4]. This is in line with the notion 
that the function of the proteostasis network deteriorates with age, a 
phenomenon termed “proteostasis collapse” [5,6]. This phenomenon 
manifests in a decline in the ability of aging cells and organisms to 
properly induce stress response pathways upon proteotoxic challenges, 
and a deterioration in the capacity of the proteostasis network to handle 
protein misfolding and aggregation with age [5–8]. A decade since its 
initial discovery in nematodes [6], the aging proteostasis collapse has 
been demonstrated to be an organism-level phenomenon, which begins 
upon entry into adulthood, and to be closely related to the organism’s 
reproductive capacity [9–11]. It has further been shown to be modulated 
by different cues and signals in a non-autonomous fashion [7,8]. As we 
have recently reported, proteostasis decline also occurs in human se-
nescent cells [12]. Together with other reports indicating physiological 
relevance [13–16], it is becoming increasingly clear that the 

phenomenon of the aging proteostasis decline extends to humans. 
The decline in proteostasis with age could be a consequence of 

increased burden on the proteostasis regulatory network due to the 
accumulation of misfolded and damaged proteins throughout an or-
ganism’s life, or, conversely, a programmed, regulatory event activated 
upon aging that impairs the ability of the network to properly respond to 
stress, or a combination of both [7,8]. Human fibroblasts immediately 
after entry into senescence show no basal difference in chaperone 
expression in the absence of stress, but when subjected to heat shock, 
their ability to induce chaperones is diminished [12]. Further support 
comes from the finding that chaperone levels in aged human brains bear 
a distinct signature, where some chaperones were either basally reduced 
or induced compared to young brains [17]. Interestingly, the group of 
aged-brain-reduced chaperones showed a significant proteostasis 
decline behavior in senescent human fibroblasts [12]. This may suggest 
that the same chaperones that are subject to a programmed regulatory 
decline are also eventually reduced with age, perhaps due to a combi-
nation of programmed decline and a continuous accumulation of 
damaged proteins, which leads to chronic stress. Thus, with the decline 
in proteostasis generating a conceptual link between aging and mis-
folding diseases, a deep understanding of the phenomenon, including its 
causes and consequences, is crucial for improving the health of aging 
human beings. 
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In this review, we discuss possible causes of the aging proteostasis 
decline phenomenon, with a specific focus on human senescence, and 
present some strategies for proteostasis manipulation with an outlook 
for improving the health of aging humans. 

1. Proteostasis decline in nematodes and humans 

Senescence, originally discovered by Hayflick et al. [20], denotes the 
entry of dividing cells into a state of irreversible growth arrest [18,19]. 
While the term was initially used to describe a finite division capacity of 
cultured human cells [20], it was later found that cells in the human 
body can enter senescence either after exhausting their replicative life-
span, due to telomere shortening, or in response to various stresses, be it 
oxidative stress [21], unresolved DNA damage [22], oncogene activa-
tion [23] or other insults [18]. In addition to exhibiting permanent cell 
cycle arrest, senescent cells have distinct characteristics, including 
specific metabolic changes [24] and a senescence-associated pro-in-
flammatory secretory phenotype, also known as SASP [25]. 

Senescence is closely tied to aging in humans. Senescent cells accu-
mulate in aged tissues [26], and although highly resistant to cell death 
[27], their accumulation with aging is associated with various adverse 
effects, such as inflammation and the promotion of disease [28]. Thus, 
proteostasis decline in senescent cells could be a major contributor to the 
exacerbation of the toxic environment in aged tissues, as well as be 
directly involved in the development of protein misfolding diseases. 

While senescence is part of the human aging process, which is sub-
stantially different from the aging of the invertebrate nematode, the 
decline in proteostasis seems to be common to both organisms. Never-
theless, some of the molecular characteristics of the aging proteostasis 
decline differ between the two systems. While proteostasis collapse in 
nematodes can be modulated by external signals in a non-autonomous 
manner [4,5], whether or not it naturally occurs in a cell-autonomous 
fashion is yet to be resolved. In senescent human fibroblasts, proteo-
stasis decline does occur in an intrinsically cell-autonomous manner 
[12], implying that at least part of the phenomenon is regulated [8]. 
Whether proteostasis decline in human senescence can be delayed or 
altered in response to external cues remains to be explored. 

The human senescence proteostasis decline is manifested in the 
impaired transcriptional induction, upon heat stress, of both the Heat 
Shock Response (HSR), responsible for cytosolic misfolding, and the 
Unfolded Protein Response (UPR) of the ER [12]. In nematodes, too, a 
strong, sharp reduction in both HSR and UPR functions was observed 
upon early adulthood [9,10], modulated by the suppression of 
HSF1-mediated transcription of stress response genes [9,10]. Moreover, 
HSF1 DNA binding has been shown to be hampered both in senescent 
human fibroblasts [29,30] and in aging nematodes [9]. 

Some molecular features, however, are different between the two 
organisms. While the nuclear localization of both HSF1 and ATF6 was 
found to be deficient in senescent human cells under heat stress [12], the 
nuclear localization of HSF1 was shown to be intact in aging nematodes 
[9]. There are also differences between the stress sensing capabilities of 
the two organisms. Senescent human fibroblasts exhibit enhanced stress 

sensing, manifested by exacerbated XBP1-splicing following heat shock 
[12]. Conversely, in nematodes, UPR sensing by the IRE1-XBP1 axis fails 
completely upon aging [31,32]. 

Proteasomal function in both states of stress and recovery was 
diminished in human fibroblasts upon entry into senescence [12], with 
proteasome basal function and levels shown to further deteriorate with 
cellular age (further discussed below). In C. elegans, too, proteasomal 
activity deteriorates with aging [33], while the induction of proteasomal 
activity was shown to extend the nematode’s lifespan [34]. 

In terms of chromatin landscape, an increase in the H3K27me3 
repressive chromatin modification was shown to be a major feature 
underlying nematode proteostasis collapse (see more below) [9]. In 
human senescence, the role of chromatin modifications in proteostasis 
decline has yet to be studied, but it seems that H3K27me3 cannot 
explain the phenomenon, as senescent chromatin demonstrates a much 
more complex orchestration, as discussed below (see Box 1 for an 
introduction to chromatin modifications). 

In summary, while the phenomenon itself is conserved between 
nematodes and humans, the molecular characteristics seem to somewhat 
diverge. 

2. Proteostasis decline – potential underlying mechanisms 

The data above portrays a complex picture of aging-related proteo-
stasis failure, with several potential causes for the impaired transcrip-
tional activation of the HSR and UPR in human senescence. In this 
section, we discuss some of the underlying causes of the aging proteo-
stasis decline in humans, in view of what is known in the field for 
nematodes, on one hand, and in the senescence field, on the other hand. 
Two potential, not mutually exclusive causes are explored: the rise of a 
chromatin state that hinders the dynamics and the opening of chromatin 
regions, and impaired nuclear integrity, which would lead to improper 
transcription factor nuclear entry or nuclear retention upon stress 
(Fig. 1). 

2.1. Underlying mechanisms of the senescence proteostasis decline – the 
chromatin hypothesis 

Labbadia and Morimoto have found that the H3K27me3 histone 
modification, a repressive chromatin mark [35] (see Box 1 for an 
introduction to chromatin modifications), is increased in several HSR 
promoters in aged nematodes, with a concomitant reduction in the 
expression of H3K27 demethylase jmjd-3.1 [9]. Interestingly, forced 
expression of jmjd-3.1 was found to maintain a proper induction of HSR 
genes in aging nematodes [9] and to increase the nematode lifespan 
[36]. Therefore, in aged nematodes, a direct link was demonstrated 
between diminished proteostasis at the level of transcription and a 
repressive chromatin state in HSR promoters. 

This mode of regulation seems to be a characteristic of aged chro-
matin also in other organisms. For example, a reduction in the H3K4me3 
and H3K36me3 activation histone marks and an increase in the 
H3K9me3 repressive histone mark was noted in aged flies [37]. In 

Box 1 
Chromatin modifications. 

Chromatin modifications play a major role in the regulation of gene expression by controlling the access of the transcription machinery, as well 
as transcriptional regulators, to gene promoters [35]. Different histone modifications facilitate the compacting or opening of DNA, leading to 
changes in the levels of gene expression, and non-linear effects of different combinations of histone modifications can generate a wide variety of 
chromatin states, giving rise to the histone code hypothesis [127]. Hundreds of histone modifications have been discovered so far [128]. The 
most well-known histone modifications include H3K4me3 and H3K27ac near transcription start sites of actively transcribed genes, as well as 
H3K9me3 and H3K27me3, which are associated with gene repression [129]. Additional types of histone modification changes were described in 
the context of senescence [43,47–51,53], many of which with as-yet-unknown function.  
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killifish, a global upregulation of the H3K27me3 repressive histone 
mark has likewise been observed upon aging [38]. While not showing 
causality, these evidences may support the notion that a more repressive 
chromatin state at chaperone gene loci specifically, or perhaps also more 
globally, underlies the deteriorated induction of the HSR and UPR 
during aging. 

2.1.1. Global chromatin changes in senescent cells 
It is becoming increasingly clear that the chromatin landscape of 

senescent cells in mammals is very different from that of the pre- 
senescent state [39]. One of the earliest known hallmarks of senescent 
human fibroblasts is the Senescence-Associated Heterochromatin Foci 
(SAHF), regions with highly dense heterochromatin and repressive 
chromatin marks. These foci are linked to the constitutive repression of 
proliferation genes [40]. SAHF contain chromatin regions that were 
euchromatic in pre-senescent cells (reviewed in Ref. [39]). Their core is 
enriched with the H3K9me3 repressive mark, surrounded by a 
H3K27me3-enriched ring, which moves away from the nuclear envelope 
[41] and shows low Lamin B1 association [42]. A global increase in the 
repressive histone modifications H3K27me3 and H4K20me3 and the 
loss of the H3K4me2 and H3K4me3 activation marks has been observed 
by Chicas et al. in senescent fibroblasts, both under conditions of 
oncogene-induced senescence and in replicative senescence [43]. 
Furthermore, the levels of the H4K20me3 repressive mark have been 
shown to increase in aged rats [44,45]. More broadly, a general decrease 
in the histone content of senescent and aged cells has been reported 
[46], while other histone variants, such as H3.3, were shown to be 
upregulated in senescence [47]. Additional global changes character-
istic of senescent cells include a significant upregulation of the H4K16ac 
chromatin mark, as observed in senescent fibroblasts, and its presence in 
the promoters of senescent-expressed genes regardless of their expres-
sion level [47]. 

Other studies have demonstrated vast modulations in the chromatin 

landscape in senescence, supportive of location-specific changes. Shah 
et al. found that while the fraction of both the H3K4me3 activating mark 
and the H3K27me3 repressive mark remain unchanged in senescent 
human fibroblasts, their patterns are drastically reorganized [48]. 
Additionally, H4K20me3 accumulation near genes that are suppressed 
in senescence was described in association with SAHF [49], while 
H3K9me3-enriched loci tend to form dense heterochromatic regions in 
both oncogene- and replicative-induced senescent fibroblasts [50]. It 
has recently been found that senescent fibroblasts contain specific 
chromatin regions rich with various types of acetylated histones, and 
that these form senescence-specific enhancers that drive senescence 
gene expression programs [51]. 

Thus, various types of global and local chromatin changes have been 
shown to occur upon entry of cells to senescence, which characterize the 
chromatin landscape of senescent cells [52]. The possibility that global 
chromatin modifications render the chromatin in an overall less dy-
namic state, which globally influences dynamic gene expression pro-
grams in general, including the HSR and UPR, remains to be explored. 

2.1.2. Examining the potential link between specific chromatin changes and 
proteostasis decline in human senescence 

Conceptually, changes in the chromatin landscape of senescent cells 
could lead to transcriptional proteostasis decline, either due to global 
effects which would render the chromatin in an overall less dynamic 
state, or through specific local changes in HSR and UPR promoter re-
gions. If the global chromatin landscape becomes more repressive, it 
could produce a general effect on the dynamics of chromatin and on 
additional pathways requiring dynamic changes, including a variety of 
stress responses. Alternatively, chromatin changes specific to HSR and 
UPR gene loci could lead to loss of local dynamics, making these pro-
moters less prone to activation. We therefore wished to probed for 
possible links between chromatin changes in specific regions and tran-
scriptional proteostasis decline. We were interested to ascertain whether 

Fig. 1. Human senescence proteostasis decline – molecular features. Proteostasis decline in replicative senescence involves several impairments, including: decline in 
proteasomal activity, deterioration in the activation of transcriptional stress responses, and diminished nuclear localization of the HSF1 (structure taken from PDB, 
ID: 5HDG) and ATF6 stress-response transcription factors. Additional changes in the senescent cell chromatin and nucleus that are suggested here to be potentially 
involved in mediating the proteostasis decline are: formation of senescence-associated heterochromatin foci (SAHF); wide-spread changes in the chromatin modi-
fication landscape; and impairment in nuclear integrity, including loss of Lamin B1 (structure taken from PDB, ID: 2KPW). 
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we could detect chromatin changes specific to the promoters of genes 
previously shown to exhibit proteostasis decline in senescent cells; 
namely, genes that upon heat shock are robustly induced in young fi-
broblasts but their induction was diminished in senescent cells [12]. We 
analyzed 16 CHIP-seq datasets from a number of studies, including 
histone modifications, histone variants (H2A.Z and H3.3), and chro-
matin binding proteins (CBP, p300, HIRA) from human fibroblasts un-
dergoing replicative senescence [43,47–51,53]. We examined the 
changes between proliferating and senescent CHIP-seq profiles in the 
promoter regions of proteostasis-decline genes, and compared these 
changes to randomized sets of genes with similar basal expression levels 
in young and senescent cells that did not show a change in transcription 
levels upon stress (termed unchanged expressed genes, Fig. 2A). 

On the one hand, our examination of the H3K27me3 histone mark, 
shown to be induced in the promoters of HSR genes in aged nematodes 
[9], found no specific change in the promoters of proteostasis-decline 
genes of proliferating cells compared to senescent cells. On the other 

hand, five datasets, HIRA, H3.3, H4K16ac, H3K4me3 and H3K122ac, 
differed between the senescent and proliferating state specifically in the 
proteostasis-decline gene group (Fig. 2A), with HIRA exhibiting the most 
pronounced change. 

The histone chaperone HIRA [54], is suggested to facilitate the 
deposition of variants of histone H3.3 and histone H4 into chromatin in 
a DNA-replication-independent manner in senescent fibroblasts [47]. 
Interestingly, the promoters of proteostasis-decline genes feature a 
major reduction in HIRA binding in senescent cells (Fig. 2B). While Rai 
et al. have suggested a partial correlation between HIRA binding and 
H3.3 [47], we did not observe such a correlation in the 
proteostasis-decline gene group. As HIRA is suggested to facilitate dy-
namic chromatin in senescent cells, less HIRA occupancy at 
proteostasis-decline gene promoter regions is perhaps indicative of a 
chromatin state that is less dynamic and that disfavors rapid activation 
upon external stimuli. Such a chromatin environment would deny HSF1, 
ATF6 and perhaps other stress transcription factors full access to their 
target promoters, while excess transcription factor molecules would 
easily exit the nucleus, thereby resulting in a diminished capacity for 
HSR and UPR transcriptional activation (Fig. 1). In support of this 
notion, HIRA was shown to facilitate the dynamic activation of innate 
immune-response genes upon viral infection [55]. Nevertheless, addi-
tional studies are required in order to elucidate the potential role of 
HIRA, as well as other chromatin modifications, and combinations 
thereof, in the possible loss of chromatin dynamics at 
proteostasis-decline gene loci. 

2.1.3. Transposon and repeat derepression in senescence 
Chromatin reorganization has been linked to aberrant transposon 

and repeat expression in senescence and aging. Increased transposon 
activation during aging was demonstrated in various invertebrates, 
including in nematodes [56] and in fly brains [57], while transposon 
silencing was shown to increase the fruit fly lifespan [58]. Retro-
transposons, which are usually located in highly repressed regions of the 
genome and have very low expression levels in non-stressed prolifer-
ating cells, were significantly induced in senescent human fibroblasts 
[59]. Likewise, the activation of retrotransposons is greater in aging 
mouse tissues [60]. Accordingly, derepression of LINE1 retro-
transposons was shown in senescent human and mouse fibroblasts, as 
well as in aged mice [61]. 

The derepression of satellite repeats, too, has been shown to occur 
after entry to senescence in both mouse and human cells [60,62]. 
Interestingly, HSF1’s localization to a few (1–4) distinct nuclear foci 
upon heat stress was described in several human cell types [63], 
including in young fibroblasts [12], and has been demonstrated to occur 
at satellite III regions [64]. In senescence, however, aside from reduced 
nuclear localization, HSF1’s distribution to distinct foci is greatly 
impaired, with many disorganized foci appearing [12]. Intriguingly, an 
inverse correlation was demonstrated between the number of HSF1 foci 
and chaperone activation in response to stress [65]. This further sub-
stantiates the link between multiple HSF1 disorganized foci in senescent 
cells and senescence HSR proteostasis decline. 

The expression of transposons and satellite repeats during senes-
cence would jointly pose another layer of misregulation, which, together 
with an altered chromatin landscape, could affect HSF1 function, in 
particular, and perhaps also transcription factor accessibility and dy-
namic redistribution, in general, thereby contributing to the transcrip-
tional proteostasis decline. 

It, therefore, seems that the chromatin landscape of senescent cells is 
highly altered, with large regions of newly-identified combinations of 
histone marks, whose function is not completely clear, highly repressed 
SAHF regions, and aberrant transposon and repeat expression (Fig. 1). 
Future studies of various types of modifications, and their ability to 
dynamically change in response to stress will illuminate their potential 
role in the inaccessibility of stress-response regions to their corre-
sponding transcription factors, be it HSF1, ATF6 or others, and in the 

Fig. 2. Survey of senescence chromatin marks reveals significant changes 
specific to the promoters of human proteostasis-decline genes. (A) The occu-
pancy difference score was calculated as follows: The average density profile of 
each chromatin mark/chromatin binding factor in the promoters ( ±10 kb 
around the Transcription Start Site, TSS) of the group of proteostasis-decline 
genes under senescence conditions was compared to that obtained under 
proliferating conditions, using Euclidean distance. The proteostasis-decline 
gene group was previously defined by Sabath et al. [12]. To assess speci-
ficity, the same score was calculated for 10,000 random sets of unchanged 
expressed genes, i.e., genes with a basal expression that is similar to that of the 
proteostasis-decline gene group but that had not shown a change in expression 
upon heat shock. The final occupancy difference score was defined as the ratio 
between the proteostasis-decline genes’ score and the average of the unchanged 
expressed genes’ scores. p-values were calculated by comparing the Euclidian 
distance of the proteostasis-decline group to the randomly sampled sets’ dis-
tances, followed by FDR adjustment. We note that this score did not identify all 
types of differences; e.g., if the changes in occupancy between senescence and 
proliferation for the proteostasis-decline genes showed enrichment/depletion 
that are inverse from the genome background. Here, however, we verified that 
none of the analyzed profiles showed this behavior. Five statistically significant 
chromatin marks/binding factors, from the CHIP-seq datasets by Rai et al. [35], 
Sati et al. [38] and Sen et al. [39], were found to be significantly specific and 
are presented in table (B) Relative occupancy profiles (i.e., the difference be-
tween the average density profile of senescent cells and proliferating cells). Of 
the HIRA histone chaperone in the promoter region of the senescence 
proteostasis-decline genes (red) and an average of the profiles of 10,000 
random sets of unchanged expressed genes (blue), defined as in (A). The se-
nescent cells’ profiles show a significant depletion in HIRA binding compared to 
the rest of the promoters of similarly-expressed genes. 

A. Meller and R. Shalgi                                                                                                                                                                                                                        



Experimental Cell Research 399 (2021) 112474

5

deteriorated ability of senescent cells to initiate transcriptional stress 
responses. 

2.2. Underlying mechanisms of the senescence proteostasis decline – 
nuclear integrity 

Nuclear integrity has also been shown to deteriorate in senescence 
and aging. This is indeed the case with respect to the lamins, the major 
architectural proteins of the animal cell nucleus. Their disfunction is 
tightly linked to aging, as well as to senescence [66]. Lamin B1, for 
instance, shows decreased expression upon senescence [67,68]. Its loss 
has major consequences for nuclear and genome organization [36]; it is 
involved in the formation of SAHF and their translocation from the 
nuclear lamina [30], and plays a role in massive rearrangements related 
to the generation of large-scale H3K27me3-rich “mesas” [36]. Lamin B1 
loss can also lead to premature senescence [49,50] and is considered one 
of the key events driving senescent nuclear phenotypes. In C. elegans, 
too, nuclear lamins plays a role in aging-dependent changes in nuclear 
organization, with a reduction in lamin levels leading to a shortened 
nematode lifespan [69]. Lamin A/C is likewise implicated in senescence. 
Hutchinson–Gilford Progeria Syndrome (HGPS), characterized by pre-
mature aging and senescence, is caused by Lamin A splice-isoform mu-
tations that lead to a dominant negative function of Lamin A/C, with 
various consequences for nuclear structure and chromatin organization 
(reviewed in Refs. [66,70]). The regulation of lamins during the normal 
course of aging shows parallel features to HGPS phenotypes (reviewed in 
Ref. [39]). Specifically, cells from old individuals showed aberrant 
Lamin A/C localization and marked depletion of Lamin A/C from the 
nucleoplasm, reminiscent of the hallmark phenotype of HGPS [45]. 

Another feature of senescent cells is blebs of chromatin positive for 
the H3K27me3 histone mark, as well as for gamma-H2AX, an indicator 
of damaged DNA, located in the cytoplasm [71]. These blebs represent a 
nuclear-autophagy (nucleo-phagy) mechanism [72] and have been 
shown to enhance inflammation in senescent and aged cells [73,74]. 

In addition to the compromised integrity of the nuclear envelope 
itself, nuclear import and export mechanisms (also known as nuclear- 
cytoplasmic shuttling) are also impaired in aging and senescence [75]. 
Fibroblasts from aged individuals display a reduction in several nuclear 
import factors, resulting in lower transport activity [76]. Moreover, 
excessive nuclear export activity has been demonstrated in HGPS [77]. 
Nuclear shuttling regulation is known to play an important role in the 
regulation and maintenance of protein homeostasis. Stress-induced 
changes in nuclear shuttling are involved in maintaining proteostasis 
under conditions of proteotoxic stress, including the rapid relocation of 
cytosolic HSP70 chaperones to the nucleus [78]. Additionally, nucleo-
cytoplasmic transport is disrupted in neurodegenerative diseases 
involving protein aggregates, such as amyotrophic lateral sclerosis (ALS) 
and others [79]. Therefore, a deterioration in nuclear-cytoplasmic 
shuttling could serve as a contributing factor to the senescent proteo-
stasis decline. Many transcription factors utilize cytoplasmic-nuclear 
shuttling as a key step in their activation cycle, including HSF1 [80]. 
HSF1 has been shown to utilize importin alpha/beta to translocate to the 
nucleus during stress [81]. As the nuclear localization of HSF1 and ATF6 
is diminished in stressed senescent cells [12], it is possible that deficient 
nuclear import and excessive nuclear export, together with a compro-
mised nuclear envelope, could lead to nuclear deficiency of these tran-
scription factors in senescent cells. 

Thus, nuclear integrity defects, and changes in nuclear-cytoplasmic 
shuttling, could have direct consequences to senescence proteostasis 
decline. Future studies would unravel the contribution of deteriorated 
nuclear integrity and import/export mechanisms to compromised 
transcription factor localization as part of the transcriptional proteo-
stasis decline. 

2.3. Proteasome and protein-clearance dysfunction in senescence and 
aging 

Proteasome function has been shown to decline in senescence and 
aging [82,83]. Upon entering senescence, WI-38 fibroblasts have a basal 
proteasome function similar to that of young fibroblasts, but once sub-
jected to heat stress, their proteasome function becomes impaired and 
cannot recover [12]. Importantly, at this stage, the decline is not 
accompanied by downregulation at the proteasome subunit levels [12]. 
Further, it was shown that basal proteasome activity declines signifi-
cantly in late-passage senescent human fibroblasts, again without being 
accompanied by diminished proteasome levels [84,85]. At later stages, 
however, WI-38 fibroblasts do show a significant downregulation of 
several proteasome beta subunits [86]. Thus, it appears that fibroblasts’ 
transition to senescence is accompanied by a gradual deterioration in 
proteasome function, whereby at first its function upon proteotoxic 
challenges is diminished, then its basal activity deteriorates, and finally 
proteasome levels are downregulated. 

Interestingly, partial inhibition of the proteasome in young cells was 
shown to induce a senescence-like phenotype [87]. Treating WI-38 fi-
broblasts with prolonged non-lethal doses of proteasome inhibitors 
induced an irreversible growth-arrest, senescent-like morphology and 
up-regulated the senescence biomarker beta-galactosidase [86,87]. 
Therefore, while proteasome impairments are considered a character-
istic of the aging proteostasis decline, it is also possible that they are, at 
least in part, responsible for the proteostasis decline observed in se-
nescent cells. 

It has also been reported that proteasome impairments upon senes-
cence are followed by a significant accumulation of oxidized, cross- 
linked and ubiquitinated proteins [85,86]. Further research showed a 
connection between proteasome dysfunction during senescence and 
mitochondrial dysregulation, including involvement in the increased 
production of reactive oxygen species [88], a typical characteristic of 
senescent cells and tissues [89]. This could suggest that the decline in 
proteasome activity in senescence both contributes to the accumulation 
of damaged proteins, which burdens the proteostasis network, and leads 
to a rise in oxidized protein levels, further impairing proteostasis. 

As opposed to senescent cells, embryonic stem cells, which are 
naturally immortal, sustain high levels of proteasome activity, regulated 
by the 19S proteasome subunit PSMD11 [90]. In nematodes, the ho-
molog of human PSMD11, RPN-6, confers resistance to proteotoxic 
stress and increases longevity [34]. In D. melanogaster, too, germline 
tissues feature increased proteasome activity, which does not decline 
with aging, unlike in somatic tissues [82]. Interestingly, proteasome 
activity did not decline in aging germline-ablated nematodes [34], 
which display delayed proteostasis collapse. These findings in flies and 
nematodes have been proposed to support the disposable soma theory of 
aging [82,91,92], which claims that a regulatory mechanism that pref-
erentially allocates resources to the germline, to the detriment of the 
somatic tissues, might give an evolutionary advantage to the organism. 

Enhancement of autophagy, another major protein clearance mech-
anism in eukaryotes [93], has been mainly considered beneficial to 
aging. In particular, the stimulation of autophagy by genetic or phar-
macological means increased the lifespan of many organisms (reviewed 
in Ref. [94]), while inhibition of autophagy led to premature aging in 
nematodes [95] and fruit flies [96]. In mice, tissue-specific autophagy 
defects prompted a variety of aging-related phenotypes, such as sarco-
penia [97]. Additionally, caloric restriction, a well-known life-
span-increasing intervention in many organisms [98,99], is thought to 
function via autophagy induction, with autophagy inhibition reliably 
preventing the anti-aging effects of caloric restriction [100]. The general 
notion has been that, similarly to proteasomal function, autophagy de-
teriorates with age [101]. Studies in nematodes and fruit flies have 
shown a decrease in autophagy activity with age (reviewed in Refs. [5, 
101]). Similarly, studies of autophagy in liver cells of aging rodents have 
indicated decreased autophagy activity [5,101]. Lysosomal activity was 
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also shown to decline in human BJ fibroblasts that underwent replica-
tive senescence [85]. These evidences support the notion that auto-
phagic functions deteriorate with age, which may contribute to aging 
proteostasis decline. Yet, lysosomal activity remains unchanged or in-
creases when BJ fibroblasts undergo stress-induced senescence [102], 
and increases in IMR90 fibroblasts upon oncogene-induced senescence 
[103]. Furthermore, another study has demonstrated induced auto-
phagy activity in senescent IMR90 fibroblasts, as well as in aging mouse 
brains [104]. To resolve these discrepant findings, it has been suggested 
that the role of autophagy in senescence might depend on the type of 
senescence, i.e., stress- or oncogene-induced vs. replicative, and the 
stage of senescence, i.e., early vs. late stage [105,106]. Thus, while there 
is a consensus about the deterioration in proteasome activity and func-
tion in senescence and aging, studies portray a complex relationship 
between autophagy and senescence. 

3. Modulation of proteostasis to improve aging health 

The aging proteostasis decline thus involves the broad proteostasis 
network, from a deterioration in the HSR and UPR to a gradual decline in 
proteasome and protein clearance functions (Fig. 1). These principles 
are conserved from nematode to human, including human senescence, 
and may be a driving force of the human aging phenotype. 

While proteostasis decline seems to be a conserved hallmark of 
aging, it is also necessary to look beyond the important questions 
regarding the underlying mechanisms, to the potential implications for 
organismal health. As the lifespan of humans increases, so do aging- 
related diseases, many of which are proteostasis-related, representing 
a major health and economic challenge [2]. It is, therefore, pertinent to 
ask not only how do we increase the human lifespan but also how can we 
improve the health of the aging human being, or in other words, the 
human healthspan. 

Two potential strategies could be employed in the context of the 
human proteostasis decline: (1) Reinforcement of the proteostasis 
network, which would potentially enhance its deteriorated function and 
aid in the battle against disease-causing protein misfolding and aggre-
gation; or (2) induce the complete breakdown of the proteostasis 
network, to eliminate the potentially harmful senescent cell. 

Reinforcement of the proteostasis network has been the focus of 
several studies in nematodes. In particular, the aging proteostasis 
decline has been shown to be controlled by external stimuli in a non- 
autonomous fashion [5,7,107], primarily by reproductive capacities 
[7,9,10,108]. Directly boosting the proteostasis network, via, for 
example, the overexpression of HSF1 or proteasome subunits, has been 
shown to delay proteostasis decline in C. elegans [6,34]. Other 
non-autonomous factors, such as various hormones, have likewise been 
demonstrated to modulate the phenomenon (reviewed in Refs. [5,7]). 

Of particular interest are exogenous factors that have been shown to 
affect the proteostasis capacity during aging. Primarily, dietary restric-
tion has long been known to positively affect organismal lifespan in 
numerous species, from yeast to primates (reviewed in Refs. [98,99]), 
and has also been demonstrated to substantially improve proteostasis in 
aged nematodes [7,109,110]. In humans, caloric restriction was shown 
to improve proteostasis [111] and reduce markers of senescence [112]. 
Interestingly, specific dietary supplements have been shown to improve 
the proteostasis capacity in aged nematodes, including oleic acid [113] 
and arachidonic acid [110], which was found to modulate HSF1 func-
tion [114]. As dietary restrictions extend the lifespan of mammals, the 
potential of specific dietary supplements or modifications to improve 
proteostasis during aging in humans is highly appealing, and needs to be 
further investigated in mammalian organisms. 

As senescent cells accumulate in aged tissues, they become harmful. 
They develop a typical senescence-associated secretory phenotype, 
SASP, which becomes chronically pro-inflammatory [25,28]. Moreover, 
senescent cells are highly resilient to various kinds of stress-induced 
apoptosis [27], which could potentially aggravate their toxic effect on 

the surrounding tissue. It has been shown that the elimination of se-
nescent cells have a positive influence on aged organismal health [115, 
116], as well as on age-related diseases such as Alzheimer’s disease 
[117,118]. These observations have led to the new field of senolytic 
therapeutics, drugs that specifically target and eliminate senescent cells 
[116,119]. Interestingly, HSP90 inhibitors have been found to have 
senolytic activity [120,121]. Specifically, Geldanamycin and 17-AAG 
can selectively kill senescent cells, and other HSP90 inhibitors were 
shown to be even more specific [120]. This senolytic activity has already 
been demonstrated in several mouse and human cell types [120,122], as 
well as in a mouse model of progeria [120]. 

HSP90 has been shown to also repress the regulatory effects of some 
retrotransposons (ERVs) on neighboring genes [123] as well as 
transposon-facilitated mutagenesis [124]. As transposon deregulation 
was shown to occur in senescence [59,60], as detailed above, other 
potential mechanisms of the senolytic effect can be hypothesized, where 
HSP90 inhibition exacerbates an already disturbed transcriptional 
landscape, leading to increased cell mortality. 

Interestingly, HSP90 inhibitors contribute to longevity in aged 
nematodes through the indirect activation of HSF1 [125,126]. There-
fore, it seems that while, in general, HSP90 inhibitors may have bene-
ficial effects on longevity through HSF1-mediated reinforcement of the 
proteostasis network, HSP90 inhibition specifically in senescent cells 
can lead to cell death, thereby indirectly contributing to organismal 
health. 

While the study of the causes, consequences and implications of 
proteostasis decline in human aging is still in its infancy, future research 
will delineate the proteostasis decline effects on human health, 
including the interplay between proteostasis reinforcement and pro-
teostatic senolytics. 
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