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Abstract

All cells count on precise mechanisms that regulate protein homeostasis to maintain a stable and
functional proteome. A progressive deterioration in the ability of cells to preserve the stability of
their proteome occurs with age and contributes to the functional loss characteristic of old
organisms. Molecular chaperones and the proteolytic systems are responsible for this cellular
quality control by assuring continuous renewal of intracellular proteins. When protein damage
occurs, such as during cellular stress, the coordinated action of these cellular surveillance systems
allows detection and repair of the damaged structures or, in many instances, leads to the complete
elimination of the altered proteins from inside cells. Dysfunction of the quality control
mechanisms and intracellular accumulation of abnormal proteins in the form of protein inclusions
and aggregates occur in almost all tissues of an aged organism. Preservation or enhancement of the
activity of these surveillance systems until late in life improves their resistance to stress and is
sufficient to slow down aging. In this work, we review recent advances on our understanding of
the contribution of chaperones and proteolytic systems to the maintenance of cellular homeostasis,
the cellular response to stress and ultimately to longevity.
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1. Introduction: Importance of protein quality control

The cellular proteome — the entire pool of proteins of all types located inside cells and in
their plasma membrane — is subjected to a very tight regulation that assures that each given
protein is properly synthesized, folded and subcompartmentalized (Balch et al., 2008; Hutt
et al., 2009). Several cellular systems are actively involved in protein quality control and
their failure has severe negative consequences for cellular homeostasis and cellular
functioning. In fact, alterations in different components of the protein quality control
systems have been shown to underlie the basis of devastating human diseases, generically
known as protein conformational disorders, and which include pathologies such as
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neurodegenerative diseases, metabolic disorders, myopathies, liver diseases and systemic
disorders type amyloidosis (Esser et al., 2004; Morimoto, 2008). The toxic effect of altered
proteins in cells has even gained its own name and it is currently known as “proteotoxicity”,
and the complex cellular systems that contribute to preserve protein homeostasis are referred
to as the “proteostasis network” (Balch et al., 2008).

Surveillance systems inside cells detect the altered proteins and coordinate their folding,
repair or elimination from the cells, often through their breakdown by different cellular
proteases. The consequences of poor quality control depend on the type of protein alteration,
the location of the altered protein and on the defective step in quality control. As reviewed in
more detail in the following sections, different modifications may transform proteins into
cytotoxic products. Protein unfolding, abnormal cleavage or undesirable posttranslational
modifications can all promote protein self-assembling into toxic oligomeric structures or
aggregation into cytosolic inclusions, often bringing along other proteins (Kopito, 2000;
Kourie and Henry, 2001; Ravikumar et al., 2002). The cellular response to protein
aggregation and the consequences of protein deposition are different depending on the
location of these structures (cytosol, inside organelles or in the nucleus). Terms as
endoplasmic reticulum stress or mitochondrial stress, have become common nowadays to
describe functional failures in these compartments as consequence of the accumulation of
unfolded proteins in their lumen. Dedicated quality control mechanisms in each cellular
compartment assist in the handling of these misbehaving proteins. Enhanced formation of
toxic protein products, defective functioning of the cellular surveillance mechanisms that
normally detect altered proteins or impairment in the proteolytic systems responsible for
their elimination from inside cells, lead to intracellular accumulation of altered proteins.
This feature is in fact a common characteristic of almost all terminally differentiated tissues
in old organisms. However, for a long time, the abnormally high levels of damaged protein
products in these tissues were solely attributed to increase in “damaging” agents with age.
Leader among the damaging products are the reactive oxygen species, proposed as central
components to the aging process by the free radical theory of aging (Harman, 1956). The
harmful effect of the accumulation of the oxidized proteins target of the oxidizing agents
and their contribution to increased frailty and morbidity has been recognized since the early
days of the formulation of this and similar theories. However, historically the main emphasis
has been placed on the prevention of protein damage (i.e. interest in antioxidants as an effort
to prevent oxidative damage) rather than in the mechanisms that normally handle these
damaged products. In recent years, the better understanding of the cellular mechanisms that
contribute to protein quality control, the fact that some of the genes coding for the
components of these systems have been shown necessary for lifespan extension, and the
growing number of evidence supporting that failure of the proteostasis network represents
an early event in aging, have all motivated a growing interest in the systems responsible for
protein homeostasis in the field of biogerontology. In addition, lifespan extension is almost
invariably associated with resistance to environmental stress (thermal stress, osmatic stress,
oxidative stress) (Lithgow, 2000; Munoz, 2003; Olsen et al., 2006) and the mechanisms
responsible for protein homeostasis are critical for the cellular adaptation to stress. In this
review, we describe the main systems involved in protein quality control and comment on
recent findings supporting the contribution of their failure with age to the functional loss and
health deterioration characteristic of the aging process.

2. Protein homeostasis and the major gate-keepers

Intracellular proteins are highly dynamic molecules that undergo frequent conformational
changes and partial or complete unfolding/refolding to translocate across membranes,
assemble into functional structures or regulate their own function and that of other
interacting proteins (Fig. 1). All these structural changes often expose hydrophobic regions
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of the proteins normally hidden in their core. Chaperones are essential during these
processes to cover these regions and prevent undesired non-specific binding of other
proteins with them. In addition, a subset of cellular chaperones, known as chaperonins, play
a more active role by creating a small chamber or microenvironment that facilitates protein
folding or refolding away from the pro-aggregating intracellular milieu (Sakahira et al.,
2002;Willis et al., 2009). A complex chaperone network is dedicated to assure that proteins
acquire a stable folded conformational state, and in the event that they fail to reach this state,
the same chaperones often act as a surveillance mechanism that target the faulty proteins for
degradation.

This control of quality is exerted over all cellular proteins and along the full life of a protein
inside the cell (Broadley and Hartl, 2009; Liberek et al., 2008; Sloan et al., 2009).
Abnormally synthesized proteins are directly sent for degradation, whereas de novo
synthesized proteins that fail to spontaneously fold are recognized by chaperones and
folding chaperonins that attempt to drive them into a stably folded conformation (Fig. 1)
(Liberek et al., 2008). Only if these folding attempts are futile, they are delivered to the
proteolytic machinery. A similar “two-step” control (folding/degradation) regulates the fate
of previously folded proteins that unfold, often as result of undesired posttranslational
modifications or as consequence of the effect of damaging agents. Both chaperones and the
intracellular proteolytic systems are thus the “gate keepers” or main effectors in protein
quality control.

3. Molecular Chaperones in protein quality control

Molecular chaperones or heat shock proteins (HSP) are stress factors rapidly induced in
response to elevated temperatures and other stress stimuli. In addition, cells count on a
subset of chaperones constitutively expressed that participate in the continuous control of
quality for proteins located either in the cytosol or in intracellular compartments (Fig. 1)
(Bukau et al., 2006;True, 2006). Chaperones are highly conserved molecules from bacteria
to mammals and can be classified according to their molecular weight in five major classes:
HSP100, HSP90, HSP70, HSP60 and the small heat shock proteins (SHSP) with molecular
weights between 12 and 43 kDa (Kappe et al., 2003;Liberek et al., 2008). Members of each
family can be located in different cellular subcompartments and contribute to the protection/
control of a different subset of proteins. Some HSPs are promiscuous and can act over a
large number of proteins in the cells (i.e. hsp70 or hsp60) (Bukau et al., 2006;True, 2006).
This group of chaperones recognizes very common motifs in proteins, such as hydrophobic
patches or frequent posttranslational modifications. There are also chaperones very specific
and solely dedicated to the surveillance of a very limited subset of proteins in which they
recognize a defined binding region (i.e. those acting over collagen or modulating the
dynamics of actin or intermediate filaments) (Mounier and Arrigo, 2002).

3.1. Cytosolic chaperones

This group of chaperones modulates folding and unfolding events that take place in the
cytosol and that involve mainly proteins synthesized in polysomes or proteins from other
compartments that are translocated into the cytosol to avoid luminal clogging (i.e. ER
proteins) (Fig. 1) (Bukau et al., 2006;Frydman, 2001;True, 2006). Most of these chaperones
belong to the hsp70, hsp60 and hsp90 family of chaperones that often act cooperatively in
their surveillance function. Thus for example, if a de novo synthesized protein fails to fold
spontaneously, hsc70/hsp40 may attempt to fold it and if they fail to do it they may send the
unfolded protein to the hsp60 chaperonin folding chamber or to the hsp90/HOP stabilizing
chaperone complex (Spiess et al., 2004). However the succession of events is not always
necessarily in this order.
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SHSP and members of the hsp70 family are perhaps the most prominent subset of cytosolic
proteins for which tight connections with the cellular response to stress have been already
established. Both groups of proteins are highly conserved (up to 50% amino acid identity
among species) and they all bear a chaperone-like function. Induction of these chaperones is
closely related to tolerance to high temperature and their overexpression confers cells
resistance to heat shock (Nollen et al., 1999) and makes whole organisms, such as flies,
stress tolerant (Welte et al., 1993).

The function of cytosolic chaperones in quality control is closely linked to the two major
proteolytic systems in this compartment, the ubiquitin/proteasome system and the lysosomes
(Fig. 1). The mechanisms that determine delivery to one system or another are currently
object of intensive investigation, although growing evidence supports that the same
chaperone can mediate re-routing of proteins to both systems and that, probably, particular
posttranslational modifications in the substrate protein determine its ultimate fate.

Cytosolic chaperones are key for the maintenance of cellular homeostasis and, as described
in more detail in later sections, failure of this surveillance system has been linked to the
pathogenesis of severe human disorders and to the loss of proteostasis characteristic of old
organisms.

3.2. Organelle-specific chaperones

Proper folding of proteins located in the membrane and lumen of the different organelles
inside cells is essential for normal functioning of these organelles. A subset of cellular
chaperones localizes in these compartments and is fully dedicated to maintenance of their
homeostasis (Fig. 1) (Hetz and Glimcher, 2009;Scheper and Hoozemans, 2009;Todd et al.,
2008). As in the case of the cytosol, folding may be required for de novo synthesized
proteins (i.e. secretory proteins that gain access to the ER lumen as they are being
synthesized in the ER-associated ribosomes). Folding may be also needed for mature already
folded proteins that reach the organelle lumen after crossing its membrane (i.e. luminal
mitochondria proteins synthesized in the cytosol that reach the lumen through the
translocation complexes at the mitochondria membrane).

The best characterized organelle chaperones for their role in quality control are those
responsible for maintenance of protein homeostasis in the ER. The direct involvement of the
ER in protein synthesis demands a high content of chaperones in its lumen, which sense
unfolded protein products and facilitate their folding. As in the case of cytosol, some of the
ER chaperones are rather promiscuous and act on a large subset of proteins in which they
recognize hydrophobic patches (i.e. BiP) or oligosaccharide chains (i.e. the calnexin/
calreticulin complex) (Hetz and Glimcher, 2009; Scheper and Hoozemans, 2009; Todd et
al., 2008). There are also chaperones specialized in the folding of specific substrates (i.e.
hsc47 is key for collagen folding). The importance of the ER chaperones is such that a very
complex network of proteins and factors is in place in this organelle to upregulate ER
chaperone synthesis when the amount of unfolded products reaches levels that could
compromise ER homeostasis. This response, known as the unfolding protein response
(UPR), increases the content of ER chaperones and reduces protein translation to alleviate
ER clogging (Ron and Walter, 2007).

Similar to the cytosolic proteins, when organelle proteins cannot be folded they are sent for
degradation. In most cases this degradation takes place in the cytosol after retrotranslocation
of the unfolded products from the organelle lumen. A tight connection has been described
between the UPR and proteolysis through the proteasome (known as ERAD or ER-
associated degradation) (Meusser et al., 2005; Vembar and Brodsky, 2008). Proteins that fail
to fold in the ER are actively retrotranslocated into the cytosol and, after tagging with
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ubiquitin, are degraded by the 26S proteasome. Recent studies support that lysosomes may
also play an important role in the clearance of misfolded ER proteins although in this case
instead of retrotranslocation, these proteins are degraded along with other ER integral
components upon engulfment of whole ER regions by lysosomes (Yorimitsu et al., 2006).

The characterization of the mitochondria unfolding response is still at its very beginning but
it already points towards having many similarities with the UPR and ERAD (Broadley and
Hartl, 2008).

3.3. Molecular chaperones in longevity and aging

There is a long list of pathologies, many of them classified as age-related diseases, in which
primary or secondary deficits in chaperone function have been reported. In other
pathologies, changes in chaperone content represent the cellular attempt to accommodate to
the pathogenic condition and preserve cellular homeostasis, at least during the first stages of
the disease. For example hsp27, a heat inducible SHSP ubiquitously expressed in human
brain (Renkawek et al., 1993) has been detected at high levels in degenerating areas of
Alzheimer's disease brains (Wilhelmus et al., 2006). A vast literature also supports that
stress-induced synthesis of heat shock proteins is impaired in aging. In all these cases, the
extent of changes likely depends on the chaperone, the tissue and even the organism.

Decreased transcriptional upregulation of hsp70 in response to different stressors has been
reported in senescent fibroblasts in culture and tissues from old organisms in different
species up to monkeys (Fargnoli et al., 1990; Hall et al., 2000; Pahlavani et al., 1995) (Fig.
1). Caloric restriction, the most successful intervention to slow down aging, restores normal
chaperone response in many cell types (Ehrenfried et al., 1996; Heydari et al., 1993; Moore
et al., 1998 ). Furthermore, cells from human centenarians display preserved chaperone
upregulation during stress (Ambra et al., 2004; Marini et al., 2004).

Numerous studies support now that increased chaperone induction leads to increased
longevity both in uni- and multicellular organisms (Lithgow et al., 1995; Shama et al., 1998;
Tatar et al., 1997). Flies and worms carrying extra copies of an hsp-70 family member or
SHSPs have been shown to be long-lived (Morrow et al., 2004a; Morrow et al., 2004b;
Walker and Lithgow, 2003; Wang et al., 2004). Likewise, over-expression of the gene
encoding the hsp gene transcriptional activator, heat shock factor (HSF), also increases
lifespan in nematodes (Hsu et al., 2003; Morley and Morimoto, 2004). In addition, many
long-lived mutants (such as those with lower insulin signaling or with mutations that mimic
caloric restriction) have up-regulated hsp-16 genes (Wadhwa et al., 2005) and higher levels
of the protein product have also been detected in long-lived mutant worms during and after
heat stress.

The reason behind the failure to upregulate chaperone transcription with age, at least in the
case of hsp70, has been narrowed to the inability of HSF to bind the heat shock element on
the chaperone gene promoter (Ambra et al., 2004; Heydari et al., 2000; Locke and Tanguay,
1996; Singh et al., 2006). In fact, certain polymorphisms in the promoter region of Hsp70
gene affect the probability to attain longevity (Altomare et al., 2003). Different factors also
connected to longevity have been shown to modulate HSF, such as the histone deacetylase 6
(HDACS®) that is required for activation of HSF1 during proteasome inhibition (Haggarty et
al., 2003), or Sirt1, another tubulin deacetylase, recently shown to activate HSF1 in
mammals (Westerheide et al., 2009). Interestingly, HSF activation and binding to the
promoter is preserved in certain tissues in old organisms (Locke, 2000), but whether these
differences could contribute to organ-specific rates of aging, particularly noticeable in
mammals (Swindell et al., 2009), requires further investigation. The contribution to the
altered chaperone response with age of changes in other mechanisms that regulate cytosolic
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levels of chaperones, such as their own degradation, is currently under study (Marques et al.,
2006).

The carboxyl-terminus of hsp70-interacting protein (CHIP) has been a chaperone recently in
the spotlight because CHIP-defective mice have reduced longevity and display an
accelerated aging phenotype (Marques et al., 2006). It is not surprising that these animals
also present higher levels of damaged proteins and declined proteasome activity, since this
chaperone is known to deliver cytosolic proteins for degradation through this proteolytic
complex (Min et al., 2008).

Interest is also growing in recent years on the contribution of organelle-specific chaperones
to longevity. Levels and activity of BiP, calnexin and PDI, key ER chaperones, decrease
with age in many tissues of old rodents (Hussain and Ramaiah, 2007; Naidoo et al., 2008;
Nuss et al., 2008; Paz Gavilan et al., 2006; Rabek et al., 2003). In addition, despite the
higher levels of essential components of the UPR in older organisms, several arms of this
stress response are not properly activated in aging (Naidoo et al., 2008; Paz Gavilan et al.,
2006) (Fig. 1). Unbalanced expression with age of pro-apoptotic versus pro-survival markers
of the UPR has also been proposed responsible for the lower resistance to stress of old
organisms (Gavilan et al., 2009). Regarding the mitochondrial chaperones, an increase in
lifespan in human fibroblasts in culture and in worms has been obtained through the
overexpression of mortalin, a mitochondrial hsp70 (Kaul et al., 2003; Kaula et al., 2000;
Yokoyama et al., 2002). Expression of another mitochondrial chaperone, the SHSP hsp22,
also increases flies life- and health-span (Morrow et al., 2004a). A better characterization of
the key players in the organelles' responses to stress and the contributions of alterations in
these systems to altered proteostasis with age require further investigation.

An exciting spin has recently been added by Morimoto's group to the contribution of
chaperone failure to proteotoxicity in aging. They have demonstrated the existence of a pool
of metastable proteins in all cells, highly dependent on chaperones for their normal folding
and function, and how these proteins can become unstable and aggregate in the presence of
additional pathogenic proteins, such as those altered in protein conformational disorders
(Gidalevitz et al., 2006). This and subsequent studies have revealed that compromised
folding of these proteins occurs early in adulthood and leads to the collapse of proteostasis
characteristic of old organisms (Ben-Zvi et al., 2009).

All these examples support the hypothesis that a better capacity to adapt to various stresses,
in which chaperones play a leading role, makes a major contribution to lifespan extension.

4. Proteolytic systems

4.1. The ubiquitin/proteasome system

The ubiquitin/proteasome (UPS) is one of the main proteolytic systems that participate in
protein quality control. The two main components of this pathway, the ubiquitinization
machinery — responsible for substrate targeting — and the proteasome core — where
degradation takes place, undergo age-dependent changes that contribute to the lower
efficiency of this system in old organisms and the consequent alterations in proteostasis.

4.1.1. Coordinated action of a catalytic complex and a tagging system—The
proteasome is a multicatalytic complex with a proteolytic core, known as the 20S
proteasome, which in high eukaryotes results from the association of 28 subunits in 4 rings
stacked as a cylinder-like structure (Goldberg, 2003; Pickart and Cohen, 2004) (Fig. 2).
Three major types of proteolytic activities have been described in 20S proteasomes, but
because some of the subunits of this core are exchangeable, proteasomes with different
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catalytic activities coexist in all cells. The activity of the catalytic core is modulated through
the assembly of different regulatory subunits (19S or 11S) that dock on one or both sides of
the 20S proteasome to form several proteasome species (Murata et al., 2009; Navon and
Ciechanover, 2009). The 26S proteasome, formed by the association of 20S proteasome to
the 19S regulatory complex, has a prominent role in quality control. The components of the
regulatory subunits are primarily chaperones, ATPases and enzymes that remove
degradation tags from the substrate proteins. Degradation of most substrates requires the
regulatory complexes, which mediate substrate recognition, unfolding and often act as the
driving force that opens the proteasome barrel and “pushes” substrates into the catalytic core

(Fig. 2).

Most proteasome substrates are targeted for degradation through the covalent linkage of
ubiquitin, a small (8 kDa) heat-stable protein that also undergoes self-conjugation, resulting
in the formation of polyubiquitin chains. Linkage of ubiquitin to the cargo proteins is
mediated by a group of enzymes — generically known as E ligases — that act sequentially to
activate ubiquitin, presenting it to the substrate and catalyzing the conjugation (Fig. 2)
(Finley, 2009;Hochstrasser, 2009). Repeated cycles of ubiquitinization generate the
polyubiquitin chain that is then recognized by the chaperones and the ubiquitin binding
subunits of the regulatory complex of the proteasome.

The UPS plays a critical role in cellular homeostasis and protein quality control, and also
contributes to the regulatory degradation of essential intracellular proteins involved in cell
cycle progression, cell division, transcription and cell signaling (Goldberg, 2007; Murata et
al., 2009; Navon and Ciechanover, 2009).

4.1.2. How does the UPS change with age?—Many reports have shown different
degrees of decrease in the activity of the proteasome with age in several tissues, although, in
contrast to the lysosomal system, the decline in activity with age does not seem to be
universal (Carrard et al., 2003; Ferrington et al., 2005; Keller et al., 2000 b; Shibatani et al.,
1996). The decreased activity may obey to different reasons depending on the tissue. For
example, down-regulated expression of proteasomal subunits (Keller et al., 2000 b),
unbalanced levels of a and 8 catalytic subunits (Chondrogianni et al., 2003), defective
expression of regulatory subunits (Ferrington et al., 2005) and damaging posttranslational
modifications in critical proteasome subunits (Bulteau et al., 2000; Carrard et al., 2003),
have all been proposed to contribute to the functional decline of this protease (Fig. 2). In
addition, factors extrinsic to the proteasome could also interfere with their function in aging
cells. For example, the reduced ATP content in aging flies may be behind the reduced
assembly of the 26S proteasome (Vernace et al., 2007), and massive oxidation and
crosslinking of proteasome substrates has been shown to have a direct inhibitory effect on
this protease (Bulteau et al., 2001b; Friguet and Szweda, 1997; Okada et al., 1999; Sitte et
al., 2000).

Age-related changes in specific components of the ubiquitin system have also been
explored. A decrease in levels of free ubiquitin (Jahngen et al., 1990) and transcriptional
downregulation of two ubiquitin-conjugating enzymes (Ruotolo et al., 2003) and an E3
ligase (Hawse et al., 2004) have been reported in some aged tissues. In other tissues,
constitutive levels of these enzymes are higher in the old animals that instead fail to
upregulate their activity in response to stressors (Scrofano et al., 1998a) (Fig. 2). The
increased content with age of mutant forms of ubiquitin due to molecular misreading could
also be behind the inefficient clearance of polyubiquitinated proteins in aging (Tsirigotis et
al., 2001).
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Connections between longevity and the UPS have been established in different model
systems. Cultured fibroblasts from healthy centenarians have a more active proteasome
(Chondrogianni et al., 2000), and part of the anti-aging effect attained in human skin
fibroblasts by hormesis through repeated exposure to mild stress could also be attributed to
an increase in proteasome activities in these cells (Rattan and Ali, 2007). In C. elegans,
expression of RLE-1, an E3 ubiquitin ligase, regulates aging by determining degradation of
DAF-16 by the UPS (Li et al., 2007). Also in worms, defects in the regulatory components
of the proteasome have an impact on lifespan. Thus, worms lacking AIP-1, a homologue of
the regulatory mammalian subunit AIRAP, exhibit shortened lifespan and hypersensitivity to
misfolding proteins (Yun et al., 2008). Proper proteasome function is required in the
extension of lifespan observed in some of the long-lived worm mutants. Thus, mutations in
the genes of the CUL-1 E3 ligase complex shorten the extended lifespan of different insulin
signaling C. elegans mutants (Ghazi et al., 2007) and, as described in the previous section,
studies in CHIP defective mice also support an important role for the UPS in longevity and
health-span (Min et al., 2008).

In summary, functional decline of the UPS occurs with age and maintained UPS activity is
required to attain maximal lifespan extension in long-lived mutants, underlying an important
role for this proteolytic system in lifespan.

4.2. The autophagic/lysosomal system

Lysosomes are intracellular organelles fully devoted to the degradation of intra- and
extracellular components. Because the main emphasis of this review is on protein quality
control, we will primarily focus on the removal of intracellular components through
lysosomal degradation or autophagy, and will emphasize their role on protein turnover.
Readers are encouraged to consult recent reviews on degradation of extracellular
components and organelles by lysosomes (Farre et al., 2009; Fortini and Bilder, 2009;
Kirkin et al., 2009; Kraft et al., 2009; Nichols, 2009; Pandey, 2009; Sorkin and von Zastrow,
2009; Tolkovsky, 2009).

4.2.1. Major autophagic pathways and their physiological relevance—Three
different forms of autophagy have been described in mammalian cells: macroautophagy,
microautophagy and chaperone-mediated autophagy (Fig. 3) (Cuervo, 2009;He and
Klionsky, 2009;Mizushima et al., 2008).

In Microautophagy, the lysosomal membrane invaginates or tubulates to engulf whole
regions of the cytosol (Fig.3). Microautophagy is well characterized in yeast (Dubouloz et
al., 2005), but it is poorly understood in mammals (Marzella et al., 1981;Mortimore et al.,
1988) and consequently there is no available information on its changes with age.

In Macroautophagy, a whole region of cytosol (including both organelles and soluble
proteins) is sequestered inside double membrane vesicles (autophagosomes), which then
fuse with lysosomes to degrade their cargo (Fig. 3) (He and Klionsky, 2009;Mizushima et
al., 2008). When macroautophagy is activated, the combined action of two different
conjugation cascades - a protein to protein and a protein to lipid conjugation - and a kinase
nucleation complex induces formation of a limiting membrane or phagophore, which
elongates and fuses to form the autophagosome (Ohsumi and Mizushima, 2004). All these
autophagy-related genes and proteins are known as ATG and Atg, respectively (Klionsky et
al., 2003). The main components of the kinase complex are vps34, a class 111 PI3Kinase, and
beclin-1 (Itakura et al., 2008;Liang et al., 1999). Both the conjugation cascades and the class
I11 PI3K complex are essential for autophagy. Formation of autophagosomes can be blocked
by knocking down Atg5, 7 or 12 (the Atgs involved in conjugation) or with type Ill
P13Kinase inhibitors (i.e. 3-methyladenine). Induction of autophagy is negatively regulated
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by a second kinase complex, mTOR (Kamada et al., 2000;Noda and Ohsumi, 1998). mTOR
inhibitors, such as rapamycin, are widely used as macroautophagy activators. Notably,
mTOR is also a modulator of lifespan in a number of invertebrate species (see below). Basal
and inducible macroautophagy are essential for cellular homeostasis in many different
tissues. Although basal macroautophagic activity occurs in different tissues (Hara et al.,
2006;Komatsu et al., 2006;Nakai et al., 2007), macroautophagy is often a stress-induced
pathway essential for the maintenance of cellular homeostasis and energetic balance (Kuma
et al., 2004;Mizushima et al., 2004;Singh et al., 2009), for the defense against exogenous
and endogenous aggressors (Deretic, 2009), and in circumstances requiring extensive
cellular remodeling (Tsukamoto et al., 2008). Macroautophagy malfunctioning has been
involved in the pathogenesis of detrimental human pathologies, such as cancer,
neurodegenerative and metabolic diseases, muscular diseases, etc. (He and Klionsky,
2009;Mizushima et al., 2008).

In Chaperone-mediated autophagy (CMA), substrate proteins are directly translocated
across the lysosomal membrane (Cuervo, 2009; Dice, 2007). All CMA substrates contain a
pentapeptide motif (Dice, 1990), which is selectively recognized by the cytosolic heat shock
cognate chaperone of 70KDa (hsc70) (Chiang et al., 1989) (Fig. 3). The substrate/chaperone
complex is targeted to the lysosomal surface where it interacts with a receptor protein, the
lysosome-associated membrane protein type 2A (LAMP-2A) (Cuervo and Dice, 1996).
Once unfolded, the substrate translocates across the membrane, assisted by a lumenal
chaperone (lys-hsc70) (Agarraberes et al., 1997) and then is degraded rapidly. Although
basal CMA can be detected in almost all cell types, CMA is maximally activated in response
to stress (starvation, oxidative stress and conditions that cause protein damage) (Cuervo et
al., 1999; Cuervo et al., 1995; Kiffin et al., 2004). Under these conditions, the selectivity of
CMA allows the removal of altered proteins without affecting neighboring functional ones.
CMA has been described only in mammalian cells, and the LAMP-2A variant is not
conserved in other species (yeast, flies, zebra fish), supporting that CMA was acquired late
in evolution. Alterations in CMA underlie the pathogenesis of different neurodegenerative
disorders such as Parkinson's disease, and certain forms of tauopathies (Cuervo et al., 2004;
Martinez-Vicente et al., 2008; Wang et al., 2009). A decrease in CMA activity, induced by
the pathogenic protein that accumulates in the affected neurons, renders these cells
susceptible to numerous stressors and often precipitates cell death. In addition, CMA
contributes to the removal of some pathogenic forms of huntingtin, the protein that
accumulates in Huntington's disease (Thompson et al., 2009). CMA pathology is not
restricted to neurons, as decreased CMA activity is behind the kidney hypertrophy that
presents as a common complication of diabetic patients (Sooparb et al., 2004) and has also
been described in certain lysosomal storage disorders such as mucolipidosis type 1V
(Venugopal et al., 2009).

4.2.2. Changes with age in the autophagic system—Decreased macroautophagic
activity with age has been described in different mammalian tissues (Cuervo, 2008; Cuervo
et al., 2005). In fact, malfunctioning of macroautophagy in livers of old rodents was
described even before a complete molecular characterization of this pathway was available.
In this early work, it was shown that although cargo sequestration by the double membrane
vesicles still takes place in the old tissues, the elimination of these vesicles by fusion with
the lysosomal compartment was severely impaired (Fig. 3) (Terman, 1995). In addition, as
in the case of the proteasome, cross-linked products that reach the lysosome through their
sporadic fusion with the double membrane vesicles, exert a potent inhibitory effect on
lysosomal proteolysis by directly inducing undesired posttranslational modifications in the
enzymatic machinery and also by changing the properties of the intralysosomal milieu,
normally optimal for functioning of these enzymes (Brunk and Terman, 2002; Terman and
Brunk 1998). Incomplete degradation of cargo inside lysosomes leads to the accumulation of
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undegraded products that through further modification and cross-linking give rise to the
autofluorescent pigment known as lipofuscin, an often used marker of aging. Studies on the
regulation of macroautophagy, also in liver of old rodents, identified alterations in the
hormonal regulation of this process (Bergamini and Kovacs, 1990). Thus, it was known that
insulin and glucagon exert opposite inhibitory and stimulatory effects, respectively, on
macroautophagy. In old organisms the stimulatory effect of glucagon is compromised
mostly due to increased basal signaling activity from the insulin receptor with age (Fig. 3)
(Bergamini et al., 1994; Marino et al., 1998). This insulin-independent signaling seems
upregulated in response to the oxidative stress characteristic of old organisms. Caloric
restriction and treatment with lipogenic agents are able to prevent the dysregulation of
macroautophagy in old rodents, although the mechanisms by which they exert their action is
still subject of investigation (Cavallini et al., 2001; Donati et al., 2004).

Now that the different components that participate in the macroautophagic process have
been characterized, decrease of some macroautophagy markers have been described in
different tissues of rodents and in the aging human brain (Shibata et al., 2006). However, as
in the case of the proteasome, the macroautophagic defect seems to be also tissue-dependent
(Wohlgemuth et al., 2007).

In the case of CMA, we have found that the activity of this autophagic pathway decreases in
almost all tissues of old rodents and in senescent human fibroblasts in culture (Cuervo and
Dice, 2000; Dice, 1982). A step-by-step comparative analysis of CMA in livers of young
and old rodents revealed a decrease with age in binding and lysosomal translocation of the
substrate proteins, due to progressively lower levels of the CMA receptor at the lysosomal
membrane with age (Cuervo and Dice, 2000). Changes with age in the lipid composition of
the lysosomal membrane are likely behind the instability of LAMP-2A in old organisms
(Kiffin et al., 2007).

4.2.3. Modulating autophagy in the pursuit of longevity—The first genetic
connection between autophagy and aging was established in worms. The lifespan extension
observed in worms mutant for the equivalent of the insulin-signaling pathway, such as daf-2,
is drastically reduced when macroautophagy genes are knocked down (Hars et al., 2007;
Melendez et al., 2003). Functional macroautophagy has also proven necessary to attain the
maximal lifespan extension mediated by mutations in other genes such as the nutrient-sensor
TOR (Hansen et al., 2008), the tumor suppressor protein p53 (Tavernarakis et al., 2008) and
even the lifespan prolonging effect of Sirt-1 (Morselli et al., 2010). Inversely, all these
factors have also shown to exert a regulatory role on macroautophagy both in invertebrates
and in mammals (Crighton et al., 2006; Lee et al., 2008). Other factors that promote
longevity in invertebrates, such as the Foxo family of Forkhead transcription factors, also
upregulate macroautophagy (Salih and Brunet, 2008). Activation of macroautophagy is a
common feature of all the long-lived mutant worms, including the models for dietary
restriction (Hansen et al., 2008; Hars et al., 2007; Melendez et al., 2003; T4th et al., 2008).
In fact, the role of macroautophagy in lifespan extension mediated by caloric restriction has
also been genetically confirmed in C. elegans (Jia and Levine, 2007). An aspect that has
been origin of controversy is whether or not mutation of essential autophagic genes
decreases lifespan. Although some of the studies in worms have failed to see this shortening
(Jia and Levine, 2007; Melendez et al., 2003), studies by other groups in worms and flies
seem to support that functional macroautophagy is necessary to preserve normal lifespan
(Juhasz et al., 2007; Morck and Pilon, 2006; Simonsen et al., 2007).

Highlighting the importance in proteostasis maintenance, recent work in flies has shown that
expression of specific autophagy genes prolongs lifespan and provides resistance to
particular stressors (Simonsen et al., 2007). Interventions using chemical modulators of
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macroautophagy have gained considerable interest during this last year as a result of the
publication of marked increase in lifespan and enhance health-span in mice treated with
rapamycin, a well-characterized inhibitor of mTOR (Harrison et al., 2009). However, it is
premature to attribute the beneficial effect observed with the rapamycin treatment to the
stimulatory effect of this drug on macroautophagy, because inhibition of this major cellular
kinase should also affect other cellular functions such as mRNA translation, ribosome
biogenesis, angiogenesis, mitochondrial metabolism, adipogenesis and cellular growth
(Dennis et al., 2001). Future studies should aim at dissecting the specific contribution of
each of these pathways to the increase in life- and health-span in these mice. In addition,
identification of other chemical modulators more specific for autophagy should also help to
elucidate the role of autophagy in mammalian longevity. On this respect, recent studies with
spermidine, a natural polyamine, have shown promising autophagy-dependent effects on
yeast, flies and worms longevity and on mouse health-span (Eisenberg et al., 2009).

Regarding CMA, the lack of information on this pathway in species commonly used for
genetic manipulations such as flies and worms, has not permitted to generate genetic
evidence linking this autophagic pathway with longevity. However, to determine the
contribution of declined CMA to aging, our laboratory has recently prevented the age-
dependent decrease of CMA in liver through genetic manipulations in mice (Zhang and
Cuervo, 2008). Activation of an exogenously added copy of the CMA receptor in transgenic
mice when its endogenous levels start to decrease prevents the decline in CMA activity in
the old animals. Livers of mice with preserved CMA function show better cellular
homeostasis, improved ability to respond to the cell damage induced by different stressors
and their liver function is comparable to that of young mice (Zhang and Cuervo, 2008). This
is the first evidence in mammals that preventing the decline in autophagic activity slows
down cellular aging and preserves organ function. Interestingly, the activity of other quality
control mechanisms, such as macroautophagy and the UPS, is also improved in these
animals (Zhang and Cuervo, 2008).

5. Concluding remarks and the many open paths ahead

Protein quality control is essential for proper cellular function and in the orchestration of an
efficient cellular response to stress. Growing evidence supports that functional decline of the
different components of the proteostasis network is one of the essential factors that
contribute to cellular and organism aging. The better understanding of the molecular basis
and regulation of the quality control systems inside cells has been the fuel behind the
numerous biochemical and genetic connections recently established between protein
homeostasis and longevity. The future of this field is challenging but exciting. Although
individual studies in preferred experimental systems have offered a good overall view of the
proteostasis network and its malfunctioning in aging, there is still a broad lack of knowledge
on the specific tissue-dependent characteristics in the functioning of this network and on
how networks from different organ and tissues cross-talk in a whole organism. The
components of the quality control mechanisms are highly conserved through evolution,
however, species-specific differences should be expected. For example, CMA is absent, or
at least does not have the same components in unicellular organisms and invertebrates. Why
this proteolytic mechanism appears late in evolution and the repercussions that this late
appearance has on the functioning of the other mechanisms of quality control remains
unknown. In the same context, it is obviously naive considering that the different chaperones
and proteolytic systems act in a completely autonomic manner. Cross-talk between
chaperone families and among the different autophagic and non-autophagic pathways has
been already demonstrated in different model systems. In fact, this coordinated function
could explain why a small improvement in one of the components of the quality control in
old organisms has such dramatic beneficial effects. How aging affects this cross-talk and
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whether functional asynchronism could be behind defective quality control in old organisms
remain to be elucidated. Particular pressure should be placed in the development of genetic
models in which the impairment of the quality control mechanisms can be exerted late in
life, as these models will better mimic the aging conditions and should allow analyzing the
effect of the dysfunction once compensatory mechanisms can no longer take place. Design
of better chemical modulators of the different components of the proteostasis network is also
essential for the development of future anti-aging interventions based on the manipulations
of the quality control mechanisms. Despite these limitations, correction of the defects in
protein homeostasis in aging organism represents one of the more promising avenues in the
fight against the aging process.
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Figure 1. Cellular events that involve protein folding, refolding and degradation

Most cytosolic proteins fold spontaneously after synthesis, but those that fail to acquire a
proper folded conformation are aided by chaperones and chaperonins which provide a
favorable folding environment (1). Chaperones also assist folding of proteins synthesized in
the endoplasmic reticulum (ER) (2). Further failure to fold will destine both cytosolic and
ER luminal proteins for degradation (6). Unfolding of previously folded protein is required
for their trafficking across membranes (3) and for their assembly into protein complexes.
Chaperones also assist these proteins in their refolding after such events. Lastly, proteins can
be targets for damaging agents (4 and 5) which lead to their unfolding and/or their
aggregation. Chaperones will assist in refolding (4) or disaggregation (5). However, when
the damage is irreversible molecular chaperones mediate the degradation of the altered
proteins by the different proteolytic systems (6). Red flags indicate some steps altered with
aging: 1. Reduced content of cytosolic chaperones; 2. Impaired ER response to stress; 3.
Increased content of aggregated proteins; 4. Deficient targeting of damaged proteins toward
degradation.
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Figure 2. Schematic model of the ubiquitin/proteasome system

The main events that mediate targeting and degradation of soluble proteins by the
proteasome are depicted here. 1. Most proteins are targeted for degradation through the
covalent attachment of 4-5 ubiquitins through a lysine residue in their sequence.
Ubiquitinization requires the coordinated action of catalytic enzymes (E1, E2 and E3) that
act sequentially to activate the ubiquitin and ligate it to the substrate presented by the E3. 2.
The proteolytic component, the proteasome or 26S, has a catalytic core (the 20S) formed by
4 rings containing two types of catalytic subunits (o and B), and a regulatory complex (the
19S). 3. Polyubiquitin chains are recognized by components of the regulatory subunit, where
deubiquitinases reverse the covalent conjugation releasing free ubiquitin for recycling. The
substrate is unfolded by unfoldases in the regulatory lid and ATPases in this complex
provide the energy required for the injection of the substrate protein into the catalytic barrel
or 20S proteasome. Red flags indicate described age-related changes in the different steps of
this process: 1. Lower levels of catalytic and/or regulatory subunits and inefficient
assembling of the 26S proteasome; 2. Reduced content/activity of free ubiquitin and
conjugating enzymes; 3. Posttranslational modifications and crosslinking of the substrates
can interfere with proteasome activity.
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Figure 3. Intracellular autophagic pathways and changes with age

Three different mechanisms contribute to the delivery of cytosolic cargo to lysosomes: 1.
macroautophagy, 2. microautophagy and 3. chaperone-mediated autophagy (CMA). Red
flags indicate changes in the autophagic system with age: 1. Defects in the induction of
macroautophagy; 2. Inefficient lysosomal clearance of the double membrane vesicles that
sequester the cargo; 3. Decrease in the levels of the lysosomal receptor that mediates
docking of CMA substrates at the lysosomal membrane and their translocation into the
lumen.
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