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PREFACE

Aging is loosely defined as the accumulation of changes in an organism over
time. At the cellular level such changes are distinct and multidimensional: DNA
replication ceases, cells stop dividing, they become senescent and eventually
die. DNA metabolism and chromosomal maintenance, together with protein
metabolism are critical in the aging process. The focus of this book is on the role
of protein metabolism and homeostasis in aging. An overview is provided of the
current knowledge in the area, including protein synthesis, accuracy and repair,
post-translational modifications, degradation and turnover, and how they define
and influence aging. The chapters mainly focus on well-characterised factors and
pathways, but new areas are also presented, where associations with aging are just
being elucidated by current experimental data.

Protein turnover, the balance between protein synthesis and protein degradation
are carefully maintained in healthy cells. Chapters 1 and 2 illustrate that aging cells
are characterised by alterations in the rate, level and accuracy of protein synthesis
compared to young ones, and that mRNA translation, essential for cell growth
and survival, is controlled at multiple levels. The theory that growth and somatic
maintenance are believed to be antagonistic processes is described in Chapter 3:
inhibition of protein synthesis results in decreased rates of growth and development,
but also confers an extension of lifespan, as shown for example by the effects
of dietary restriction in various models organisms. Quality control mechanisms
ensure misfolded or damaged proteins are remodelled or repaired, but when this
fails proteins are targeted to go through degradation in order to avoid untimely cell
death. The ubiquitin/proteasome system keeps cells clear of abnormal, damaged
or denatured proteins (Chapter 4), while autophagy degrades long-lived proteins
and small organelles (Chapter 5); compromised activity of both processes has been
tightly correlated to aging. Accumulation of damaged or misfolded proteins within
cells has been associated with human age-related, neurodegenerative diseases. The
paradoxical situation of autophagy up-regulation in models of premature aging is
also discussed in Chapter 6.

The insulin/IGF-1, TGFB, TOR and p38/ MAP kinase signalling pathways
play a part in regulating protein turnover and have been linked to aging through a
number of their components, discussed in Chapter 7. Inhibition of the insulin/IGF
and TOR pathways results in lifespan extension in worms, as detailed in Chapter 8§,
similarly with other longevity pathways, including dietary intake and mitochondrial

vii



viii Preface

function. The role of mitochondria in protein quality control and the influence of
reactive oxygen species in aging are presented in detail in Chapter 9. Chapter 10
discusses that different types of stress, intracellular, oncogenic and environmental,
such as food and space restrictions, oxidative stress, temperature fluctuations and
accumulation of damaged proteins, have been shown to induce premature aging and/
or senescence through mechanisms independent of telomere shortening. In Chapter
11 the free radical and oxidative stress theories of aging are portrayed to link such
stress factors to the occurrence of aging through the function of mitochondria, the
activity of detoxifying enzymes and degradation pathways and their effects on
protein turnover, while resistance to stress has been directly associated to lifespan
extension and delayed aging in model organisms. Stress is also a major inducer of
the sumoylation pathway, a post-translational protein modification that, together with
substrate interactions with other ubiquitin-like proteins, show differential activity in
aging tissues and has recently been linked to the onset of cellular senescence; these
pathways are presented in detail in Chapters 12 and 13. The critical importance of
maintaining cell homeostasis is evident in every chapter in this book, but is presented
in more detail in Chapter 14, especially focusing on hormone signalling in response
to environmental cues. Hormones and cytokines that affect muscle homeostasis
during aging are presented in Chapter 15. The main pathways that take part in
skeletal muscle atrophy and regeneration are illustrated, followed by a description
of current gene and cell therapies to rescue muscle atrophy and wasting. The volume
concludes with Chapter 16, where common techniques used in protein metabolism
and homeostasis research are presented and critically reviewed.

We would like to thank all authors of this book for their excellent contributions,
and hope that the reader will enjoy the chapters and be inspired to further their
knowledge in this ever-expanding and exciting field. As the advances of modern
technology and medicine have significantly raised life expectancy, it is becoming
ever more important to gain a deeper insight and understanding of the mechanisms
that influence the aging process. Such knowledge is an essential prerequisite for
the development of effective strategies to increase health span and quality of life
for the elderly.

Artemisia M. Andreou, PhD
Nektarios Tavernarakis, PhD
March 2010, Heraklion, Greece
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CHAPTER 1

Synthesis, Modification and Turnover
of Proteins during Aging

Suresh I.S. Rattan*

Abstract

lterations in the rate and extent of protein synthesis, accuracy, post-translational
Amodiﬁcations and turnover are among the main molecular characteristics of aging. A

decline in the cellular capacity through proteasomal and lysosomal pathways to recognize
and preferentially degrade damaged proteins leads to the accumulation of abnormal proteins during
aging. The consequent increase in molecular heterogeneity and impaired functioning of proteins
is the basis of several age-related pathologies, such as cataracts, sarcopenia and neurodegerative
diseases. Understanding the proteomic spectrum and its functional implications during aging
can facilitate developing effective means of intervention, prevention and therapy of aging and
age-related diseases.

Introduction

A decline in the rate of total protein synthesis is one of the most commonly observed
age-associated biochemical changes in cells, tissues, organs and organisms, including human beings.
The implications and consequences of slower rates of protein synthesis are manifold in the context of
agingand age-related pathology. Although there is a considerable variability among different tissues
and cell types in the extent of decline (varying from 20% to 80%), the fact remains that the bulk
protein synthesis slows down during aging."* However, it should be pointed out that age-related
slowing down of bulk protein synthesis does not mean that the synthesis of each and every protein
becomes slower uniformly during aging. Furthermore, even though bulk protein synthesis slows
down with age, total protein content of the cell generally increases because of an accumulation of
abnormal proteins during aging. Age-related changes in protein synthesis are regulated both at the
transcriptional and pretranslational levels in terms of the availability of individual mRNA species
for translation,? and at the translational and post-translational levels in terms of alterations in the
components of the protein synthetic machinery and the pattern of postsynthetic modifications that
determine the activity, specificity and stability of a protein.

The aim of this chapter is to provide an overview of the regulation and misregulation, synthesis,
modifications and turnover of proteins, including the role of protein errors and accumulation of
abnormal proteins during aging.

Efhiciency and Accuracy of Protein Synthesis during Aging

Eukaryotic protein synthesis is a highly complex process, which requires about 200 small
and large components to function effectively and accurately in order to translate one mRNA
molecule, while using large quantities of cellular energy. There are three major components of the

*Suresh Rattan—Laboratory of Cellular Aging, Department of Molecular Biology, Aarhus
University, DK8000 Aarhus—C, Denmark. Email: rattan@mb.au.dk

Protein Metabolism and Homeostasis in Aging, edited by Nektarios Tavernarakis.
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2 Protein Metabolism and Homeostasis in Aging

translational apparatus: (1) the translational particle, the ribosome; (2) the amino acid transfer
system or charging system; and (3) the translational factors.> The protein-synthesizing apparatus
is highly organised and its macromolecular components are not freely diffusible within cells.
The rate and accuracy of protein synthesis can be critical for aging. Since, the error frequency of
amino acid misincorporation is generally considered to be quite high (10~ to 10-) as compared
with nucleotide misincorporation, the role of protein error feedback in aging has been a widely
discussed issue.*>

So far, no direct estimates of protein error levels in any aging system have been made primarily
due to the lack of appropriate methods to determine spontancous levels of error in a normal situ-
ation. However, several indirect estimates of the accuracy of translation in cell-free extracts, using
synthetic templates or natural mMRNAs have been made. Studies performed on animal tissues, such
as chick brain, mouse liver and rat brain, liver and kidney, did not reveal any major age-related
differences in the capacity and accuracy of ribosomes to translate poly(U) in cell-free extracts.®
However, these attempts to estimate the error frequencies during in vitro translation of poly(U)
template were inconclusive because the error frequencies encountered in the assays were several
times greater than the estimates of natural error frequencies. Another indirect method that has been
used to detect misincorporation of amino acids during aging is the method of two-dimensional
(2D) gel electrophoresis of proteins, but no age-related increase in amino acid misincorporation
affecting the net charge on proteins was observed in histidine-starved human fibroblasts and in
nematodes. In contrast to this, usingmRNA of CcTMV coat protein for translation by cell extracts
prepared from young and old human fibroblasts, a seven-fold increase in cysteine misincorpora-
tion during cellular aging has been observed.”® These studies also showed that an aminoglycoside
antibiotic paromomycin (Pm), which is known to reduce ribosomal accuracy during translation
in vivo and in vitro, induces more errors in the translation of CcTMV coat protein mRNA by cell
extracts prepared from senescent human fibroblasts than those from young cells. Indirect evidence
that indicates the role of protein errors in cellular aging can be drawn from studies on the increase
in the sensitivity of human fibroblasts to the life-shortening and aging-inducing effects of Pm and
another aminoglycoside antibiotic G418.”'° Further evidence in support of the role of errors comes
from experiments which showed that an induction and increase in protein errors can accelerate
aging in human cells and bacteria."*#!"'2 Similarly, an increase in the accuracy of protein synthesis
can slow aging and increase the lifespan in fungi.'*'* Although a global “error catastrophe” as a cause
of aging due to errors in each and every macromolecule is considered unlikely, it is not ruled out
that some kind of errors in various components of protein synthetic machinery, including tRNA
charging, may have long-term effects on cellular stability and survival.

Altered Protein Synthesis during Aging

The translational process can be envisaged to proceed in three steps—initiation, elongation
and termination, followed by post-translational modifications, including folding, which give the
protein a functional tertiary structure. The initiation step is considered to be the main target for
the regulation of protein synthesis during cell cycle, growth, development, hormonal response
and under stress conditions including heat shock, irradiation and starvation.>'* With respect
to aging, however, the rate of initiation appears to remain unaltered. For example, using in vitro
assays, the conversion of isolated 40S and 60S ribosomal subunits into the 80S initiation complex
has been reported to decrease by less than 15% in old Drosophila, rat liver and kidney and mouse
liver and kidney. On the other hand, since polysomal fraction of the ribosomes decreases dur-
ing aging, it implies that the activity of an anti-ribosomal-association factor eIF-3 may increase
during aging. The activity of eIF-2, which is required for the formation of the ternary complex
of Met-tRNAi, GTP and elF-2, has been reported to decrease in rat tissues during development
and aging. Attenuation of hypusine formation on eIF-5A during senescence of human diploid
fibroblasts has been reported.'” Recently, a novel role of eIF-5A in protein chain elongation has
been reported,'® which may also be important in relation to aging. Similar studies on other eIFs
and in other aging systems are yet to be performed and it is necessary that detailed studies on elFs
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are also undertaken in the context of aging and the question of the regulation of protein synthesis
at the level of initiation is reinvestigated.

Several studies have been performed on age-related changes in the number of ribosomes, thermal
stability, binding to aminoacyl-tRNA, the level of ribosomal proteins and rRNAs, sensitivity to
aminoglycoside antibiotics and the fidelity of ribosomes.® Although there is a slight decrease in the
number of ribosomes in old animals, this does not appear to be a rate-limiting factor for protein
synthesis due to ribosomal abundance in cells. Instead, several studies indicate that the biochemi-
cal and biophysical changes in ribosomal characteristics may be more important for translational
regulation during aging. For example, the ability of aged ribosomes to translate synthetic poly(U) or
natural globin mRINA decreases significantly. A decrease in the translational capacity of ribosomes
has also been observed in rodent tissues such as muscle, brain, liver, lens, testis and parotid gland
and in various organs of Drosophila.”*

The reasons for the functional changes observed in aging ribosomes are not known at present.
Some attempts have been made to study the effect of aging on rRNAs and ribosomal proteins.
Although a three-fold increase in the content of rRNA has been reported in late passage senescent
human fibroblasts, it is not clear whether the quantity and quality of individual rRNA species
undergo alterations during aging and what effect such a change might have on ribosome function.
Similarly, although an increase in mRNA levels for ribosomal protein L7 has been reported in aged
human fibroblasts and rat preadipocytes, there are no differences in the electrophoretic patterns
of the ribosomal proteins in young and old Drosophila and mouse liver.®

The formation of the 80S initiation complex is followed by the repetitive cyclic event of peptide
chain elongation, a series of reactions catalysed by elongation factors (EFs; also abbreviated as
eEFs).2!?2 Various estimates of the elongation rates in eukaryotic cells give a value in the range of
3 to 6 amino acids incorporated per ribosome per second, which is several times slower than the
prokaryotic elongation rate of 15 to 18 amino acids incorporated per second.® With regard to
aging, a slowing-down of the elongation phase of protein synthesis has been suggested to be crucial
in bringing about the age-related decline in total protein synthesis. This is because a decline of up to
80% in the rate of protein elongation has been reported by estimating the rate of phenylalanyl-tRNA
binding to ribosomes in poly(U)-translating cell-free extracts from old Drosophila, nematodes and
rodent organs.* In vivo, a two-fold decrease in the rate of polypeptide chain elongation in old
WAG albino rat liver and brain cortex has been reported. Similarly, a decline of 31% in the rate of
protein elongation in the livers of male Sprague-Dawley rats has been reported, by measuring the
rate of polypeptide chain assembly which was 5.7 amino acids per second in young animals and
was 4.5 amino acids per second in old animals.> However, these estimates of protein elongation
rates have been made for “average” size proteins. It will be important to see if there is differential
regulation of protein elongation rates for different proteins during aging.

The elongation of polypeptide chain is mediated by 2 elongation factors, ¢EF-1 and eEF-2
in eukaryotes (a third factor, EF-3, is reported only in yeast), which are highly conserved during
evolution.? The activity of eEF-1 declines with age in rat livers and Drosophila and the drop paral-
lels the decrease in protein synthesis.**” This decline in the activity of eEF-1 has been correlated
only to EF-1A as no changes were observed in the EF-1beta-gamma-mediated activity. Using
more specific cell-free stoichiometric and catalytic assays, a 35-45% decrease in the activity and
amounts of active ¢EF-1A has been reported for serially passaged senescent human fibroblasts,
old mouse and rat livers and brains.®2%2¢

In the case of ¢EF-2 that catalyses the translocation of peptidyl-tRNA on the ribosome during
the elongation cycle, conflicting data are available regarding the changes during aging. For ex-
ample, a lack of difference in the rate of translocation has been observed during the translation of
poly(U) by cell-free extracts prepared from young and old Drosophila and from rodent organs.?”
Similarly, although the proportion of heat-labile ¢EF-2 increases during aging, the specific activity
of ¢EF-2 purified from old rat and mouse liver remains unchanged.” In contrast, a decline of more
than 60% in the amount of active ¢EF-2 has been reported during aging of human fibroblasts in
culture, measured by determining the content of diphtheria toxin-mediated ADP-ribosylatable
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¢EF-2 in cell lysates.*® However, using the same assay, no age-related change in the amount of
ADP-ribosylatable eEF-2 was detected in rat livers.” Increased fragmentation of ¢EF-2 due to
oxidation has also been reported in old rat livers.”? Acidic variants of ¢EF-2 in isolated rat heart
and cultured cardiomyocytes have also been reported.? Further studies are required to determine
if there are any qualitative and quantitative changes in eEF-2 at the levels of transcription, transla-
tion and post-translational modifications and how such changes are related with the regulation of
protein synthesis during aging.

The cycle of peptide chain elongation continues until one of the three stop codons is reached.
There is no aa-tRNA complementary to these codons and instead a termination factor or a release
factor (RF) binds to the ribosome and induces the hydrolysis of both the aminoacyl linkage and the
GTP, releasing the completed polypeptide chain from the ribosome. Studies in aging Drosophila
and old rat livers and kidneys have shown that the release of ribosome bound N-formylmethionine,
a measure of the rate of translation termination, was not affected with age.”® Direct estimates of
the activity of the termination factor during aging have not been yet made.

Post-Translational Modifications during Aging

Accurate translation of mRNA, followed by appropriate modifications of the polypeptide
chain, is essential for its normal folding, targeting and specificity. A misregulation in any of these
steps can have far reaching biological consequences, including its effects on cell growth, division
and survival. A large number of post-translational modifications of proteins have been described
that determine the activity, stability, specificity, transportability and lifespan of a protein. Several
of these modifications are highly specific and regulated involving various enzymatic pathways, but
there are several nonenzymatic modifications of proteins which occur stochastically but depend
on the ternary structures.’¥

Phosphorylation

Phosphorylation of serine, threonine and tyrosine residues is one of the best studied modifica-
tions of proteins. The coordinated activities of protein kinases, which catalyse phosphorylation and
of protein phosphatases which catalyse dephosphorylation, regulate several biological processes,
including protein synthesis, cell division, signal transduction, cell growth and development.*
Altered pattern of protein phosphorylation may be one of the reasons for age-related alterations
in protein function and activity and can be a major cause of the failure of homeodynamics and
aging. For example, inhibition of DNA synthesis and the loss of proliferative capacity is the ulti-
mate characteristic of normal diploid cells undergoing aging in vitro.”” Although several putative
inhibitors of DNA synthesis have been identified in senescent cells, little is known about the
mechanisms of action and the regulation of activity of these inhibitors. It is possible that the activ-
ity of several of these inhibitors is regulated by phosphorylation. For example, several studies have
shown age-related alterations in cell-cycle-regulated gene expression of various genes such as ¢-fos,
c-jun, JunB, c-myc, c-Ha-ras, pS3, cdc2, cycA, cycB, cycD and retinoblastoma gene RB1. Although
phosphorylation is involved in regulating the activities of the gene products of almost all these
genes, a decrease in phosphorylated cyclin E and Cdk2 and failure to phosphorylate RBI gene
product p110* and cdc2 product p34? during cellular aging have been reported at present.®® It
will be important to find out if there are age-related alterations in the phosphorylation state of
other cell cycle related gene products, proteins involved in DNA and RNA synthesis, including
various transcription factors.

Various components of the protein synthetic apparatus undergo phosphorylation and dephos-
phorylation and thus regulate the rates of protein synthesis.”® For example, phosphorylation of
elF-2 correlates with inhibition of initiation reactions and consequently the inhibition of protein
synthesis. Conditions like starvation, heat shock and viral infection, which inhibit the initiation
of protein synthesis, induce the phosphorylation of eIF-2 in various cells. Stimuli such as insulin
and phorbol esters modulate the phosphorylation of eIF-3, eIF-4B and eIF-4F by activating vari-
ous protein kinases.” Since the activity of eIF-2 has been reported to decrease during aging, it is
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possible that the phosphorylation status of eIF-2 also changes during aging. However, no studies
are available on age-related changes in the phosphorylation pattern of initiation factors.

At the level of protein elongation, the phosphorylation of elongation factors ¢EF-1A and
¢EF-2 appears to be involved in regulating their activities. It will be important to see whether the
age-related decline in the activities of elongation factors is accompanied by a parallel change in
the extent of phosphorylation of these enzymes. Incidentally, it has been reported that there is an
increase in the levels of phosphorylated ¢EF-1 and eEF-2 during mitosis when minimal protein
synthesis occurs. Furthermore, there is indirect evidence that alterations in the phosphorylation
and dephosphorylation of ¢EF-2 due to changes in the activities of eEF-2-specific protein kinase
IIL,*' and PP2A phosphatasc* may affect the rates of protein synthesis during aging in rat livers.

Phosphorylation also occurs in other proteins that participate in the translational process. For
example, the regulatory role of phosphorylation of aa-tRNA synthetase in protein synthesis has been
suggested.” However, to what extent the decline in the activity and the accumulation of heat-labile
aa-tRNA synthetases reported in studies performed on various organs of aging mice and rats is
related to their phosphorylation is not known. Furthermore, since the phosphorylation of the S6
ribosomal protein correlates with the activation of protein synthesis, failure to phosphorylate S6
protein in senescent human fibroblasts in response to serum,* can be one of the reasons for the
decline in the rate of protein synthesis observed during aging.

Pathways of intracellular signal transduction depend on sequential phosphorylation and
dephosphorylation of a wide variety of proteins. All phosphorylation reactions result from the
action of one or more kinases and the ratio between two interconvertible forms of kinases (active
and inactive) acts as a control mechanism for many cellular functions. Studies performed on aging
cells have not shown any deficiency in the amount, activity or ability of protein kinase-C (PKC)
to elicit signalling pathway.® There is also evidence that senescent human fibroblasts retain their
ability to phosphorylate proteins in the PKC signal transduction pathway. It appears that the
PKCs are largely unaltered in fibroblasts, although the body of information about phosphoryla-
tion mechanisms is still very limited.”

Growth factor receptors for EGF, FGF, PDGEF, insulin, glucocorticoids and several other
hormones also possess protein kinase activity. Therefore, deficiencies in the phosphorylation
process of receptors would be a logical explanation for the age-related decline of responsiveness to
hormonal action and growth stimulation. However, there is no age-related decline in the autophos-
phorylation activity of various growth factor receptors.®# Similarly, most of the PKC-mediated
pathways of intracellular signal transduction in response to various mitogens including phorbol
esters appear to remain unaltered in senescent fibroblasts.** However, a decline in both serine/
threonine- and tyrosine-specific protein kinase signals after activation has been observed in the
case of T-lymphocytes in aging mice.” Similarly, alterations in MAPK phosphorylation have been
observed in rodents,” while PKC phowsphorylation changes are seen in human pathological aging,
including Alzheimer’s disease and neurodegenerative processes.>'.

Oxidation

It is often observed that inactive and abnormal proteins accumulate in old cells and tissues.
This increased amount of debris in the cytoplasm can be inhibitory for cell growth and normal
metabolism and thus contribute towards failure of homeostasis. One of the reasons for the inactiva-
tion of enzymes can be their oxidative modification by oxygen free radicals and by mixed-function
oxidation (MFOQ) systems or metal catalyzed oxidation (MCO) systems. Since some amino acid
residues, particularly proline, arginine and lysine, are oxidized to carbonyl derivatives, the amount of
carbonyl content of proteins has been used as an estimate of protein oxidation during aging.>¢

An increase in the levels of oxidatively modified proteins has been reported in old human
erythrocytes of higher density and in cultured human fibroblasts from normal old donors and
from individuals suffering from progeriaand Werner ‘s syndrome.*” Similarly, there was a two-fold
increase in the protein carbonyl content of brain proteins of retired breeder Mongolian gerbils,
which was reversed by treatment with the spin-trapping compound N-zer#-butyl-phenylnitrone.*®



6 Protein Metabolism and Homeostasis in Aging

An age-related increase in the carbonyl content has also been reported in houseflies, fruitflies,
nematodes and mouse organs.””®

The loss of activity of 6-phosphogluconate dehydrogenase and liver malic enzyme during aging
is related to the loss of lysine and histidine residues by oxidation.** Oxidation of a cysteine residue in
glyceraldehyde-3-phosphate dehydrogenase may be responsible for its inactivation during aging in rat
muscles.®” It has also been reported that the concentration of the oxidation products of human lens
proteins and skin collagen increases along with the accumulation of oxidative forms of alpha-crystallin
in patients with age-related cataract. However, the content of orzho-tyrosine and dityrosine, formed
by the oxidation of phenylalanine and tyrosine, respectively, did not increase in the aging human lens.”
Structural alterations introduced into proteins by oxidation can lead to aggregation, fragmentation,
denaturation and distortion of secondary and tertiary structure, thereby increasing the proteolytic
susceptibility of oxidized proteins. Furthermore, toxic products of carbonyl modifications can react
with other macromolecules and affect various metabolic processes.

Generally it is thought that there are no systems for the repair of oxidatively damaged proteins
and these must be degraded to avoid their accumulation. However, at least one kind of protein
repair system has been identified. For example, oxidatively-induced disulphide bridges in cysteine
and methionine lead to the formation of sulfenic acid, sulfinic acid and methionine sulphoxide
which can accumulate during aging. These damages can be repaired by the methyl-sulfoxide
reductase (MSR) system comprising of at least 3 Msr enzymes whose activity is decreased dur-
ing aging.*®®® Senile graying of human hair due to increased oxidative stress is accompanied by
a reduction of the activities of MSR system.” In contrast to this, overexpression of one of the
Msr genes increases the lifespan of Drosophila and improves their stress tolerance to oxidative
damage-inducing agents.”

Glycation

Glycation is one of the most prevalent covalent modifications in which the free amino groups
of proteins react with glucose to form a ketoamine called Amadori product. This is followed by a
sequence of further reactions and rearrangements producing the so-called advanced glycosylation
end products (AGEs).”>”> Most commonly, it is the long-lived structural proteins such as lens
crystallins, collagen and basement membrane proteins which are more susceptible to glycation.
In the case of skin, vimentin has been found to be as the main protein becoming glycated during
aging.” The glycated proteins are then more prone to form crosslinks with other proteins, leading
to structural and functional alterations.®

Anincrease in the levels of glycated proteins during aging has been observed in a wide variety of
systems. For example, there is an increase in the level of glycated lysine residues of rat sciatic nerve,
aorta and skin collagen duringaging.” There is an increase in the glycation of human collagen and
osteocalcin during aging.” The formation and the accumulation of the AGEs are implicated in
the physiology and pathology of senescence. It has been observed that pentosidine (cross-linked
glycated lysine and arginine), carboxylmethyllysine (CML, glycated and oxidated proteins) and
pyrroline increase with age in normal and diabetic humans.”” By using AGE-specific antibodies,
an AGE-modified form of human hemoglobin has been identified, whose levels increase during
aging and in patients with diabetes-induced hyperglycemia.”®

Deamidation, Racemization and Isomerization

Age-related changes in the catalytic activity, heat stability, affinity for substrate and other physical
characteristics, such as the conformation of proteins may also be due to the charge change introduced
by conversion of a neutral amide group to an acidic group by deamidation. Spontancous deamida-
tion of asparaginyl and glutaminyl residues of several proteins has been related with the observed
accumulation of their inactive and heat labile isoforms during aging.®® The sequential deamidation of
two asparagine residues of triphosphate isomerase is responsible for the differences of the isoenzymes
present in aging cells and tissues, such as bovine eye lens and human skin fibroblasts from old donors
and patients with progeria and Werner ‘s syndrome.”” Deamidation of glucose-6-phosphate isomerase
produces the variant of the enzyme that accumulates in aging bovine lenses.*
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The interconversion of optical isoforms of amino acids, called racemization, has been reported
to increase during aging. For example, the concentration of D-aspartate in protein hydrolysates
from human teeth, erythrocytes and eye lens increases with age.®! Racemization of tyrosine has
been reported to occur in the aging brunescent human cataract lenses.® The spontancous prolyl
cis-trans isomerization in proteins that may cause some of the so-called spontancous conforma-
tional changes has been implicated in the age-related decline in the activity of certain enzymes.
However, no definitive examples of enzymes undergoing this kind of post-translational modifica-
tion during aging are available. It is also not known to what extent the conformational changes
associated with old rat muscle phosphoglycerate kinase, enolase and other enzymes are associated
with racemization and isomerization.

ADP-Ribosylation

The structure and function of many proteins such as nuclear proteins topoisomerase I, DNA
ligase II, endonuclease, histones H1, H2B and H4, DNA polymerases and cytoplasmic proteins
adenyl cyclase and elongation factor ¢EF-2 is modulated by ADP-ribosylation. ADP-ribosylation
of proteins is involved in various cellular processes such as maintenance of chromatin structure,
DNA repair, protein synthesis, cell differentiation and cell transformation.®>$4

Indirect evidence suggests that poly-ADP-ribosylation of proteins may decrease during aging
because the activity of poly(ADP-ribose) polymerase (PARP) decreases in aging human fibroblasts
both as a function of donor age and during serial passaging in vitro.*” Similarly, the direct relation-
ship observed between maximum lifespan of a species and the activity of PARP in mononuclear
leukocytes of 13 mammalian species indicates its important role in aging and longevity.*%

One cytoplasmic protein that can be specifically ribosylated by diphtheria toxin and exotoxin
A is the protein clongation factor ¢EF-2. ADP-ribosylation of the diphthamide (modified his-
tidine 715) residue of ¢EF-2 results in the complete abolition of its catalytic activity.?! There is
evidence that increased ADP-ribosylation of ¢EF-2 is correlated with cellular aging. For example,
the amount of ¢EF-2 that can be ADP-ribosylated in the presence of diphtheria toxin in cell-free
extracts decreases significantly during aging of human fibroblasts in culture.****

Methylation

Methylation of nitrogens of arginine, lysine and histidine and carboxyls of glutamate and
aspartate residues is a widely observed post-translational modification that is involved in many cel-
lular functions. Although most of our present understanding regarding the significance of protein
methylation has come from studies on bacterial chemotaxis, muscle contraction, electron transport,
processing of pituitary hormones and gene expression, its role in aging is beginning to emerge.”

Proteins whose activities are increased by methylation include alcohol dehydrogenase, histones,
ribosomal proteins, cytochrome C, eEF-1A, myosin, myelin and rhodopsin. Of these, decreased
methylation of histones has been reported in livers and brains of aging rats. On the other hand,
there is no difference in the extent of methylation of newly synthesized histones during cellular
aging of human fibroblasts in culture. Studies on the levels of methylated histidine, arginine
and lysine of myosin isolated from the leg muscles of aging rats, mice and hamsters showed
unchanged levels of histidine, decreased levels of arginine and trimethyllysine and increased levels
of monomethyllysine.*%

During the aging of erythrocytes, there is an increase in the number of methyl groups per
molecule of band 2.1 (ankyrin) and band 3 protein, which correlates with increased membrane
rigidity of erythrocytes during aging.®” Similarly, there is a several fold increase in the number of
methyl acceptor proteins in the eye lenses from aged humans and persons suffering from cataract.”
The number of carboxylmethylatable sites of cerebral membrane-bound proteins also increases in
rat brain during aging.” At present, age-related changes in the methylation of other proteins such
as ribosomal proteins, calmodulin, cytochrome C and myosin have not been studied. It is clear
that protein methylation is involved in diverse functions including protein synthesis and turnover
and that it should be studied thoroughly in relation to the process of aging.
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Proteolytic Processing

Many newly synthesised proteins undergo post-translational proteolytic processing by
which certain conformational restraint on the inactive precursor is released and a biologically
active protein is generated. Several inactive precursors of enzymes called zymogens, precursors
of growth factors, peptide and protein hormones such as insulin, precursors of extracellular
matrix and many other secretory proteins including various proteases such as collagenase, un-
dergo proteolytic processing. There are no systematic studies performed on age-related changes
in post-translational proteolytic processing of any proteins. However, there is some evidence
that alterations in proteolytic processing may be one of the reasons for the appearance or disap-
pearance of certain proteins during aging. For example, the appearance of the “senescent cell
antigen” on the surface of a wide variety of aging cells is derived from the proteolysis of band
3 protein.” The exposure of senescent cell-specific epitopes on fibronectin,” may also be due
to altered proteolytic processing. Progressive proteolysis of a 90 kDa protein, Tp-90 terminin
, into Tp-60 and Tp-30 terminin in senescent cells and in cells committed to apoptosis has
been reported.”

Altered proteolytic cleavage of the beta-amyloid precursor protein is well known to play an
important role in the pathogenesis of Alzheimer’s disease.”>” Increased proteolysis of a confor-
mationally more labile single-chain form of the lysosomal protease cathepsin B has been suggested
as a reason for the age-related decline in its activity during aging of human fibroblasts.”” Similarly,
alterations in the activity of collagenase during aging of human fibroblasts has been suggested to
be due to structural and catalytic changes.”®

Other Modifications

In addition to the types of post-translational modifications mentioned above, there are some
other modifications that determine the structure and function of various proteins and may have
arole to play during aging. For example, the incorporation of ethanolamine into protein elonga-
tion factor eEF-1A may be involved in determining its stability and interaction with intracellular
membranes.”” Whether this modification has any role in the regulation of the activity of ¢EF-1A
during aging is not known at present. Similarly, the protein initiation factor eIF-5A contains an
unusual amino acid, hypusine, which is synthesized post-translationally as a result of a series of
enzymatically catalysed alterations of a lysine residue.'® Since the absence of hypusine in eIF-5A
blocks the initiation of protein synthesis, reduced activity of a hypusine synthase enzyme has been
reported in senescent human fibroblasts."”

Detyrosination of microtubules affecting the cytoskeletal organization and many other
cellular functions, may also be important during aging. Furthermore, the roles of chaperones
in protein folding and conformational organization are yet to be studied in relation to the ag-
ing process. There is some evidence that both the pentose-mediated protein crosslinking and
transglutaminase-mediated crosslinking of proteins is involved in aging. For example, there is
a high correlation between pentosidine protein crosslinks and pigmentation in senescent and
cataract affected human lens.'”" Similarly, an increase in transglutaminase activity during cellular
apoptosis, differentiation and aging of human keratinocytes indicates an important role of this
modification in the process of aging.'”*

Protein tyrosine sulfation is another post-translational modification that may have significance
in protein alteration during aging because it is involved in determining the biological activity of
neuropeptides and the intracellular transportation of a secretory protein.'® Similarly, prenylation,
the covalent attachment of isoprenoid lipids on cysteine-rich proteins, is involved in the regulation
of the activity of some proto-oncogenic ras proteins and the nuclear lamins A and B.'* These stud-
ies have indicated a critical role for prenylation in the regulation of oncogenesis, nuclear structure,
signal transduction and cell cycle progression, functions very much related with the causative
aspects of aging. There is an age-dependent decrease in the activity of prenyltransferases in the
rat liver, which may account for the changcs in the synthesis and turnover of mevalonate pathway
lipids, including cholestrol, ubiquinone and dolichol.'®
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Protein Turnover during Aging

Efficient macromolecular turnover is integral to the normal function and survival of a biological
system. Although there are large variations in the rates of degradation of individual proteins, it is
generally observed that overall protein turnover slows down during aging."** The physiological
consequences of decreased protein turnover include the accumulation of altered and abnormal
proteins in the cell, an altered pattern of post-translational modifications due to increased dwell
time and a disruption of the organisation of the cytoskeleton and extracellular matrix.’

Age-related decline in protein turnover is generally due to a decrease in the proteolytic activity
of various lysosomal and cytoplasmic proteases. Molecular details of various pathways of protein
degradation, such as the proteasome-mediated, ubiquitin-mediated and the lysosome-mediated
pathways, are now being studied in relation to aging.'"!*® For example, ubiquitin marking of
proteins for degradation and ubiquitin-mediated proteolysis did not decline in aging human
fibroblasts and no change in the levels of ubiquitin mRNA and ubiquitin pools was detected.'”
Significantly reduced proteasomal activities during aging, with or without a parallel decrease in
the amount of proteasomal components, have been reported for human fibroblasts, keratinocytes
and other systems.®”!!*!!! The exact reasons for the age-related loss of proteasomal activities are
still not known and may include the accumulation of abnormal proteasomal subunits, damaged
by oxidative and glycoxidative pathways.'? Similarly, reduced lysosomal activity may be due to
altered pH and overcrowding of the lysosomes with abnormal and damaged macromolecules such
as age-pigments or lipofuscin.!'>!*

Other reasons for age-related changes in the activities of various proteases leading to a decrease
in the rate of protein turnover include slower transcription, reduced rates of (protein) synthesis
and altered pattern of postsynthetic modifications, as discussed above. Furthermore, there is
evidence that certain inhibitors of various proteases, such as tissue inhibitor of metalloprotei-
nases,'” and trypsin inhibitor,"'® had increased levels of expression and activity during aging of
human fibroblasts. This results in a decrease in protease activity, thus leading to decreased protein
degradation during aging.

Conclusion

The synthesis, modifications and turnover of proteins are interdependent processes that
practically set a limit on the efficiency of genetic information transfer from coded molecules to
functional molecules. Therefore, analysing the synthesis of proteins, their modifications, which
determine their activity, stability and specificity and turnover of inactive and altered proteins is
central to understanding aging. Only a complete understanding of the proteomic spectrum and
its functional implications with respect to normal aging can facilitate the development of effective
means of intervention, prevention and therapy of aging and age-related diseases.!”!'®
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Abstract

ppropriate regulation of mRNA translation is essential for growth and survival and the
Apathways that regulate mRNA translation have been highly conserved throughout eukary-

otic evolution. Translation is controlled by a complex set of mechanisms acting at multiple
levels, ranging from global protein synthesis to individual mRNAs. Recently, several mutations
that perturb regulation of mRNA translation have also been found to increase longevity in three
model organisms: the budding yeast Saccharomyces cerevisiae, the nematode Caenorhabditis elegans
and the fruit fly Drosophila melanogaster. Many of these translation control factors can be mapped
to a single pathway downstream of the nutrient responsive target of rapamycin (TOR) kinase.
In this chapter, we will review the data suggesting that mRNA translation is an evolutionarily
conserved modifier of longevity and discuss potential mechanisms by which mRNA translation
could influence aging and age-associated discase in different species.

Introduction

Agingis influenced by a complex interaction between genes and environment. Many different
types of damage have been suggested to play a causal role in aging, including oxidation of macro-
molecules (DNA, RNA, lipids and proteins), cell senescence resulting from telomere shortening,
apoptotic cell death, advanced glycation end-products and protein misfolding/aggregation.”
Despite many decades of study, however, the relative contribution of each of these processes to
aging and how this translates into the multitude of age-associated phenotypes seen in people
remains largely unknown.

Many of the primary advances in our understanding of basic mechanisms of aging over the past
several years have come from studies in invertebrate organisms. Three organisms, in particular, have
been particularly informative regarding the genetic and environmental determinants of longevity:
the budding yeast Saccharomyces cerevisiae, the nematode Caenorbabditis elegans and the fruit fly
Drosophila melanogaster. Studies from these organisms have demonstrated the existence of at least a
handful of “public” mechanisms of longevity control—presumably related to aspects of aging that
are conserved across evolutionarily divergent species.® These include the longevity modifying func-
tions of insulin-like signaling (ILS) pathways in nematodes and flies, sirtuin protein deacetylases
in all three organisms and the target of rapamycin (TOR) kinases in all three organisms.
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The best-characterized “public” mechanism of longevity control is dietary restriction (DR). DR
can be defined as a reduction in nutrient availability in the absence of malnutrition and has been
observed to increase life span in a variety of organisms, including yeast, nematodes, flies, mice and
rats.”!® Although it remains unclear whether DR also promotes longevity in humans, initial indica-
tions are that DR improves health and survival in primates.'** The genetic pathway(s) by which
DR slows aging has been studied extensively in invertebrate organisms. Data from both yeast and
nematodes suggest an important role for TOR signaling downstream of DR in these organisms.'!*
TOR activity is reduced by DR, a reduction in TOR activity is sufficient to increase life span and
epistasis studies have placed TOR and DR in the same pathway with respect to longevity.

TOR signaling modulates multiple cellular processes, including protein degradation by au-
tophagy, mitochondrial metabolism and mRNA translation.'® An important question, therefore,
is which of these TOR regulated processes are most relevant for longevity control in response
to nutrient and growth factor abundance. It has been demonstrated that autophagy is necessary
for life span extension from DR or reduced TOR signaling in worms; however, induction of
autophagy does not appear to be sufficient to increase life span on its own.”"” In contrast, muta-
tions that modulate mRNA translation have been found to be sufficient to increase life span in
yeast, nematodes and flies, raising the possibility that DR promotes longevity, at least in part, via
a conserved longevity pathway involving TOR and TOR-regulated translation factors (Fig. 1).2°

Dietary Restriction

(apamein) — 0 — avopnay

(let- 36‘3/TOR1}

(rsks-1/SCH9)

Ribosomal Translation Initiation
proteins Factors

(rpl-6/RPLEB; rpl-9/RPLIA;  (ifg-1/TIF4631; inf-1/TIF1,TIF2)
rpl-19/RPL19A)

Figure 1. A conserved longevity pathway involving TOR signaling and protein translation.
Components of the TOR signaling pathway have been shown to modulate longevity in yeast,
nematodes and flies and may represent a mechanism for lifespan extension in response to
dietary restriction. Many downstream targets of TOR signaling, including ribosomal proteins
and translation initiation factors, have a conserved role in life span determination. Conserved
aging genes highlight the role of the TOR signaling pathway in modulating longevity. Homolog
gene pairs that modulate aging in both yeast and nematodes are shown in parentheses (nema-
tode genes are on the left and yeast genes are on the right). All enclosed factors are known
to affect aging in invertebrate organisms.
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This hypothesis and the evidence supporting an important role for mRNA translation in aging
across evolutionarily divergent species are discussed in detail below.

Genome Scale Longevity Screens in Yeast and Nematodes

With the sequencing of the complete genome of S. cerevisiae, it was possible to create a set of
comprehensive single gene deletion mutants that span every known open reading frame in the
yeast genome. The yeast ORF deletion collection contains haploid MATa and MAT o mating
type strains, as well as homozygous and heterozygous diploids, in an isogenic background.?! Two
distinct aging paradigms have been developed in yeast, referred to as replicative and chronological
agingand the deletion collection has been screened to identify single-gene deletions that increase
life span in both aging models.”>*

Replicative life span (RLS) measures age as the number of mitotic divisions a single cell can
undergo.”* Saccharomyces cerevisiae is a budding yeast, meaning that it mitoses asymmetrically, a
characteristic conferring two particular implications: a mother-daughter pair can be identified
and the mother cell, which retains most of the cell volume and its contents, also retains a major-
ity of the age associated damage, such as damaged proteins and extrachromosomal rDNA circles
(ERCs). Replicative age is monitored by micromanipulation of the daughter cells away from the
mother cell and RLS is defined by the total number of daughter cells produced by each mother
cell. Yeast RLS has been proposed as a model for aging of mitotic cells in higher eukaryotes and
may be particularly relevant for stem cell aging.

In order to model the mechanisms of aging in postmitotic cells using yeast, an alternative
measure of life span, referred to as chronological life span (CLS), monitors the ability of cells
to reenter the cell cycle following a period of quiescence-like growth arrest.” CLS is typically
determined by growing cells to high density in liquid culture, at which point they exit the cell
cycle but remain metabolically active. Viability over time is determined by periodically challeng-
ing a portion of the aging population for the ability to resume vegetative growth under nutrient
rich conditions. The relationship between replicative and chronological aging in yeast remains
incompletely defined; however, a link has been suggested by the observation that chronologi-
cally aged cells subsequently have a shortened replicative life span.

Data from the deletion collection longevity screens to date have identified many new genetic
modulators of aging, some of which can be placed in preexisting pathways, such as the TOR path-
way, while others appear to be novel mechanisms of life span control. Although there appears to
be a wide variety of genetic modifiers of aging in yeast, many of them fall under distinct function
classifications, specifically nutrient response mechanisms, mitochondrial genes and regulators of
protein biosynthesis.””*

Multiple large-scale longevity screens in nematodes have been conducted concurrently with
the yeast screens using RNA interference (RNAi). Though there is no complete worm deletion
set, RNAi has been shown to effectively block gene function in C. elegans and two commercially
available RNAi libraries cover more than 80% of the predicted worm open reading frames.>**! From
these studies, more than 300 genes have been identified that are associated with increased life span
when their function is diminished in the genome.***” Many of the known longevity genes in C.
elegans can be grouped into one of four at least partially distinct classes: (1) genes that function
in ILS, (2) genes involved in mitochondrial function, (3) genes that promote mRNA translation
and (4) genes involved in the response to dietary restriction (DR), which seems to correlate well
with the data obtained from yeast. Thus, while there are many genes involved, only a few major
pathways appear to regulate longevity.*®

While many new longevity genes have been identified through these screens, the possibility of false
negatives should be considered. For example, in one screen from Hansen et al,* only one previously
known longevity gene, daf-2, was identified. However, when RNAI clones for previously known
longevity genes such as age-1 and akt-1 were tested, they were shown to significantly extend lifespan.
This indicated that there was a high level of false negatives in this screen and thus more genes involved
in lifespan regulation remain unidentified. One way to further investigate this possibility has been to
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perform RNAi screens of specific categories of genes, such as developmental arrest genes.?>* Studies
such as these have strengthened the link between mRNA translation, development and lifespan since
the genes identified were enriched for those involved in protein synthesis.

mRNA Translation is a Public Determinant of Longevity

Evidence that mRNA translation is an important modifier of longevity in different species
has been provided by data from several independent studies. As mentioned previously, mutations
that decrease TOR activity are known to increase life span in yeast, nematodes and flies.!>?>%%
Likewise, mutation of the TOR-regulated ribosomal S6 kinase, multiple ribosomal protein genes
and multiple translation initiation factors, has also been shown to be sufficient to increase life span
in cach of these organisms.!#!54-47

The data derived from genome-wide longevity studies in yeast and nematodes have presented a
largely unbiased picture of many of the genes that are relevant for aging in these organisms. This, in
turn, has allowed for the first quantitative analysis of the degree to which genetic control of aging
has been evolutionarily conserved. Smith et al*® used protein sequence homology algorithms to
match reported C. elegans longevity genes with corresponding yeast homologs. The RLS of yeast
strains carrying deletion alleles in these genes (yeast homologs of worm aging genes) was then
determined. In the highest confidence set, defined by a reciprocal BLASTp best-match, a 4-fold
enrichment in life span extending deletions, relative to randomly selected deletion strains, was
observed. This represents a statistically significant enrichment, suggesting that genetic control of
longevity has been evolutionarily conserved between budding yeast and nematodes.

In total, Smith et al® identified 25 homolog-pairs that similarly modulate longevity in both yeast
and nematodes. The most striking feature of the set of 25 conserved aging genes is the substantial
enrichment for genes that code for proteins involved in regulating mRNA translation (Table 1).
Amongthe 25 homolog-pairs, only two were previously known to modulate aging in both yeast and
worms: 7OR1/let-363 and SCH9/rsks-1. SCH9 and rsks-1 are homologs of mammalian ribosomal
S6 kinase.®* In addition to TOR and ribosomal S6 kinase homologs, three ribosomal proteins of the
large subunit (RPL19A4/rpl-19, RPL6B/rpl-6, RPL9A/rpl-9) and three translation initiation factors
(TIF1/inf-1, TIF2/inf1 and TIF4631/ifg-1) were identified. Given that TOR and S6K are known to
negatively regulate both ribosome biogenesis and translation initiation factor activity, it is reasonable
to speculate that all of these factors act in a single conserved longevity pathway (Fig. 1).

Although TOR signaling and regulation of translation initiation are conserved longevity con-
trol mechanisms shared between yeast and worms, it is interesting to note that the mechanisms by
which reduced ribosome biogenesis influences longevity may be somewhat different in the two
species. A functional ribosome is composed of two multi-protein subunits, a 40S “small” subunit
and a 60S “large” subunit. In C. eegans, RNAi knock-down of ribosomal proteins or rRNA pro-
cessing factors that mediate production of either ribosomal subunit are associated with increased
life span."*3233% In yeast, in contrast, decreased abundance of the large ribosomal subunit seems
to be much more important for longevity than the small subunit,*” with potential exceptions.*
Whether these differences reflect overlapping or entirely different downstream mechanisms of
longevity control in yeast and worms is currently unknown.

Is DR Mediated by Reduced mRNA Translation?

As mentioned previously, one appealing hypothesis for DR is that increased life span is mediated
at least in part by modulating mRNA translation in response to reduced TOR signaling. Several
lines of evidence from different species support this hypothesis, including (1) TOR activity is
reduced by DR, (2) reduced TOR activity is sufficient to increase life span under nutrient-replete
conditions, (3) reduced TOR activity leads to reduced S6 kinase activity, (4) reduced S6 kinase
activity is sufficient to increase life span, (5) reduced TOR/S6 kinase activity leads to reduced
mRNA translation via regulation of translation initiation factors and expression of ribosomal
proteins and (6) mutations in translation initiation factors and ribosomal proteins have been found
to be sufficient to increase life span.



18

Protein Metabolism and Homeostasis in Aging

Table 1. Translation-related genes reported to modulate aging in Saccharomyces
cerevisiae and Caenorhabditis elegans. Shading indicates that altered
function of the protein has been reported to increase life span in the
indicated organism. When applicable, homologs are shown for yeast,

nematodes and humans

Type Yeast Nematode Human
Regulatory Kinases TOR1# let-3634 FRAP1
SCH9* rsks-14881 RPS6KB1, SGK2
Translation Initiation Factors TIF148 inf-148 EIF4A2, EIF4AT
TIF248 inf-14¢ EIF4A2, EIF4A1
TIF46314648 ifg-13348.81 EIF4G1, EIF4G3
HYP2 iff-1% EIF5A2, EIF5A
CDC33 ife-21444 EIFAE1B, EIF4AE
GCDM Y39G10AR.8% EIF2S3
GCD6 D2085.3% EIF2B5
RPN8 eif-3.F* EIF3F
SulI3 ifth-1'417 EIF2S2
RPG1 egl-45% EIF3S10
PRT1 eif-3.B* EIF3S9
RRP3 inf-1% EIF4A2
GPI10 T27F7.3% PIGB
Large Ribosomal Subunit Components RPL4B rpl-4' RPL4
RPL6B* rpl-64° RPL6
RPL7A* rpl-7 RPL7A
RPL9A* rpl-9*3 RPL9
RPL13A* rpl-13 RPL13A
RPL10* rpl-10 RPL10A
RPL19A* rpl-1948 RPL19
RPL20B*47 rpl-20 -
RPL21B# rpl-21 RPL18A
RPL22A% rpl-22 -
RPL23A% rpl-23 RPL23A
RPL30 rpl-30™ RPL30
RPL31A¥ rpl-31 -
RPL33B* rpl-33 RPL35A
RPL34B¥ rpl-34 -
RPL43B* rpl-43 RPL37A
Small Ribosomal Subunit Components RPS6B* rps-6' RPS6
RPS3 rps-3* RPS3P3

continued on next page
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Table 1. Continued

Type Yeast Nematode Human
RPS5 rps-5'% RPS5
RPS8B rps-8* RPS8
RPS10B rps-10™ RPS10
RPST1A rps-11143 RPS11P5
RPS15 rps-15™ RPS15P5
RPS18A/B* rps-18 RPS18
RPS22A rps-22' RPS15A
RPS23B rps-23'% RPS23
RPS26B rps-26" RPS26P8

Mitochondrial Ribosomal Components MNP1 W09D10.3"° MRPL12
RSM10 Y37D8A.18'* MRPS10
MRPL4 B0261.4% MRPL47
MRPS9 F09G8.3' MRPS9
- F33D4.5'* MRPL1
- F59A3.3% MRPL24
- tag-264% MRPS30

Nucleolar Proteins NOP58 nol-5% AC064836.1
NOP14 Y48G1A.4% NOP14
NOP12+ F11A10.7 -

Others NPL3 drr-23° WBSCR1
RRP40 exos-3% EXOSC3
- F53F4.11% RSL1D1
SSF1+7 Ipd-6 -
LOC1# - -
REIT# C16A3.4 ZPR9
RPP2B* C37A2.7, rla-2 RPLP2
TMAT9% tct-1 TPT1, RP11

Epistasis studies in yeast add additional support for the hypothesis that TOR-regulated mRNA
translation control undetlies life span extension from DR. In the yeast replicative aging paradigm,
deletion of TOR1, SCHY, or a subset of large subunit ribosomal proteins increases the RLS of
cells under nutrient replete conditions, but fails to further increase the RLS of cells under reduced
glucose conditions,"* which is used as a model of DR in this organism.*"** Similar to the case for
DR,**TOR, Sch9 and ribosomal proteins also modulate RLS in a Sir2-independent manner.'>
These data are consistent with the idea that all of these interventions act in a single pathway to
modulate RLS in yeast.

The relationship between DR and TOR-regulated translation appears to be more complex in
C. elegans. Similar to the case in yeast, inhibition of TOR signaling fails to further increase the
life span of worms subjected to DR and both TOR signaling and DR are reported to promote
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longevity by a mechanism independent of the nematode Sir2 ortholog, SIR-2.1.1175>5¢ It remains
unclear, however, whether S6 kinase and translation initiation factors act downstream of TOR
and DR to promote longevity in C. elegans or in a parallel pathway. For example, deletion of the
gene coding for the nematode S6 kinase homolog 7sks-1 increases life span additively with DR,
which differs from the case in yeast.* One issue that complicates interpretation of these studies,
however, is that multiple methods of DR have been described in C. elegans and the relationship
between DR, TOR and mRNA translation has only been studied using a subset of these methods.
There is also evidence that different methods of DR in C. elegans can promote longevity by distinct
mechanisms,” raising the possibility that decreased mRNA translation could be important for
some, but not all, types of DR in this organism.

Based on the complex genetic interactions between DR, TOR and mRNA translation in
nematodes, as well as additional data from studies of DR and mT'OR in mammals, it seems likely
that a simple linear model placing DR upstream of TOR, upstream of S6K and translation initia-
tion factors is too simplistic to accurately represent the underlying biology of DR. For example,
TOR signaling interacts with ILS, which is known to modulate longevity in both invertebrates
and mammals, through reciprocal cross-talk mediated in part by AKT.* TOR also interacts with
the hypoxic response, which has recently been shown to modulate longevity in C. elegans.” It is
reasonable to speculate that TOR could be influencing longevity through altered ILS, induction
of the hypoxic response, or both. Likewise, as mentioned previously, TOR signaling regulates
additional downstream processes, including mitochondrial function and autophagy. It has previ-
ously been shown that autophagy, in particular, is required for life span extension in response to
reduced ILS," is induced by DR,*¢* and is required for increased life span.””" Taken together,
these observations may suggest that the life span extension associated with DR and reduced TOR
signaling is likely to require multiple TOR-regulated outputs, including enhanced autophagy,
altered ILS or hypoxic response, as well as reduced mRNA translation.

Possible Mechanisms for How Translation Influences Aging

Regardless of whether mRNA translation plays a primary role in life span extension from
DR or reduced TOR signaling, it is clear that mutations to ribosomal S6 kinase, translation
initiation factors, or ribosomal proteins is sufficient to increase life span in yeast, nematodes
and flies. How might mutations that reduce mRNA translation slow aging? Here we describe
experimental evidence supporting three distinct, but not mutually exclusive, hypotheses that
may contribute to life span extension in response to altered mRNA translation: (a) differential
translation of specific mRNAs, (b) improved protein homeostasis with aging and (c) altered
energetics and distribution of resources toward somatic maintenance.

a. Differential translation. Perhaps the simplest explanation to account for the observation
that some mutations leading to altered mRNA translation also increase life span is differential
translation of one (or more) mRNA coding for a protein that modulates aging. For example,
consider a hypothetical protein AGE-X that promotes longevity: AGE-X mRNA is poorly
translated under normal conditions but is efficiently translated when a specific translation
initiation factor is mutated, even though most genes are less efficiently translated. Increased
life span is observed when this translation initiation factor is mutated becanse AGE-X protein
abundance is increased in both relative and absolute terms.

The yeast transcription factor, Gen4, is a longevity gene that fits the AGE-X example. In
a recent study by Steffen et al?” it was found that deletion of several genes encoding proteins
in the 60S ribosomal subunit, but not the 40S ribosomal subunit, increased yeast RLS. Gen4
was found to be differentially translated in long-lived mutants and necessary for full life span
extension.” When functional 60S ribosomal subunits are depleted, global mRNA translation
is decreased while translation of Gen4 is increased. Differential translation of Gen4 is mediated
by post-transcriptional regulation via four inhibitory upstream open reading frames (uORFs)
located in the 5’ leader of the GCN4 mRNA that act to negatively regulate its translation under
certain conditions.> Under conditions of rapid growth, little Gen4 protein is produced due to
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translation of the inhibitory uORFs. It is hypothesized that when 60S subunits are depleted,
translation of the inhibitory uORFs is reduced, leading to increased efficiency of translation
of the Gen4 protein.

It is interesting to note that the deletion of 60S ribosomal proteins and the corresponding
increase in Gen4 translation mimics the regulation of Gen4 in response to stress. Organisms have
evolved specific mechanisms to increase their survival during times of stress and one mechanism
is genetic reprogramming through increased expression of transcription factors such as Gen4. It
has been shown, for example, that translation of Gen4 is specifically up-regulated in response to
nutritional deprivation.® In addition, mammalian ATF proteins such as ATF4 and ATF5 (func-
tional homologs of yeast Gen4), are also translationally regulated in response to various stresses
including food deprivation and amino acid limitation.>“ It is thus logical to hypothesize that
the differential translational regulation of transcription factors such as Gen4 and mammalian
ATFs may be a conserved translational response to DR. In support of this, Gen4 is required
for the full lifespan extension by DR as well as that seen in long-lived TOR and Sch9 deletion
mutants that epistasis experiments have placed in the same pathway as DR.* Thus, DR may act
as a nutritional stressor which signals to an organism to increase translation of transcription
factors, such as Gen4 and mammalian ATFs, thereby activating a genetic program that will in-
crease its chance of survival during times of nutrient scarcity. Along this same notion, reducing
translation by inhibition of TOR signaling may also work in this manner. For example it was
recently shown in a mammalian cellular system that the Tuberous Sclerosis Complex Proteins
1 and 2 (TSC1 and TSC2) negatively regulate protein translation by inhibition of TOR upon
serum withdrawal.®’” Interestingly, this study also found that the TOR complex 1 inhibitor, ra-
pamycin, specifically inhibited a subset of mMRNAs that included many ribosomal proteins and
components of the translational machinery, suggesting that a major function of TOR complex 1
in mammals, as in yeast, is to positively regulate ribosome biogenesis. Thus, when TOR signaling
isinhibited by lack of nutrients, global translation decreases, in part due to reduced translational
machinery; on the other hand, specific mRNAs such as Gen4 and mammalian ATFs increase,
because their translational regulation is geared to be activated by nutritional stressors in order
to increase the survival of the organism. While it appears that mammalian ATFs are regulated
by translation in a similar manner as Gen4, further studies will be needed to determine whether
this mechanism of longevity control extends beyond yeast.

b. Protein homeostasis. A second possibility to account for how reduced mRNA translation
might promote longevity is that protein homeostasis during aging is better preserved under such
conditions. It has been speculated that failure to maintain protein homeostasis may be a primary
molecular cause of aging. Age-associated loss of protein homeostasis could occur from accumula-
tion of damaged, aggregated and misfolded proteins.®® Evidence that such accumulation does occur
with aging is abundant and recent studies have suggested that at least some mutations resulting in
increased life span also confer enhanced resistance to proteotoxic stress. For example, at least three
distinct longevity pathways in C. elegans (DR, insulin-like signaling and the hypoxic response)
also modulate toxicity of aggregation prone peptides,”®7? and reduced TOR signaling has been
found to increase resistance to polyglutamine toxicity in both flies and mice.”?

If failure to maintain protein homeostasis due to accumulation of damaged proteins is a
limiting factor for longevity, then it is reasonable to speculate that a global reduction in protein
synthesis, as is observed in long-lived mutants with impaired mRNA translation, could ameliorate
this process. In cases such as Huntington’s disease, in which the disease-causing proteotoxicity can
be causally linked to a single toxic protein, reduced translation might improve outcome simply by
reducing production of that protein. Evidence in support of this idea was recently published in
which the inhibitor of TOR, rapamycin, was tested in a cellular model of Huntington’s disease.
In this study, the authors sought to understand whether rapamycin clears toxic polyglutamine
aggregates solely through an autophagic mechanism or if it also acts by reduction of protein
synthesis. They found that rapamycin could reduce both the total amount of protein and the
amount of soluble exogenously expressed polyglutamine protein in both autophagy-competent
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Figure 2. Protein homeostasis and aging. With normal aging (thick red arrows), accumulation of
damaged proteins may eventually overburden the repair and removal mechanisms (shown by
darker gradient in the thick red arrows). Regulation of normal proteins may then be disrupted,
causing an imbalance between normal and damaged proteins which may limit longevity. An
overall reduction in the synthesis of new proteins (thin green arrows) could ameliorate the over-
load of repair and clearance mechanisms and reduce the amount of damaged proteins to below
the critical threshold, thereby restoring the regulation of normal proteins and possibly increasing
longevity. A color version of this figure is available online at www.landesbioscience.com/curie.

and incompetent cells, suggesting that in addition to autophagy, rapamycin also acts through
a global reduction of protein synthesis to prevent polyglutamine-induced toxicity.” This find-
ing has important implications for normal aging as well, since it is likely that accumulation of
a variety of damaged protein species contributes to loss of protein homeostasis. In this case, a
general reduction in protein synthesis could improve protein homeostasis both by reducing
the flux of newly synthesized proteins into the system and by allowing the endogenous repair
and degradation machinery to maintain a lower steady-state burden of misfolded and damaged
peptides (Fig. 2).

c. Improved energy balance. A third possible mechanism by which reduced translation
could influence aging is by redistributing resources toward somatic maintenance at the expense
of fecundity. A large investment of energy is required in order to maintain high levels of pro-
tein synthesis. As such, mRNA translation is generally tightly coupled to nutrient availability
and environmental conditions related to growth.”””” In general, evolutionary pressures are
likely to have selected for individuals that are able to respond to growth-favoring conditions by
developing rapidly and reproducing abundantly. In contrast, many long-lived mutants develop
more slowly and show reduced fecundity.”®” This has been taken as evidence that one strategy
for slowing aging is to shift the balance of energy expenditure away from reproduction toward
somatic maintenance.

Evidence from both yeast and nematodes suggests that long-lived mutants with altered mRNA
translation do, indeed, have reduced fecundity. In worms, rsks-1 and ifg-1 deletion mutants
have been shown to have as much as a 50% decrease in mean brood size.***! Iftb-1, rps-15 and
let-363 (TOR) RNAi treatments have been shown to decrease fecundity by 83%, 59% and 18%
respectively.' In the yeast replicative aging paradigm, reproductive fitness is most analogous
growth rate. For yeast in the wild, under conditions favoring growth, those (clonal) individuals



Regulation of mRNA Translation as a Conserved Mechanism of Longevity Control 23

able to grow most rapidly will have a selective advantage. Although the relationship between
replicative longevity and growth rate has not been comprehensively examined, at least within
the class of longevity genes represented by TOR, SCH9 and translation-related genes, there is
a significant inverse correlation between doubling time and RLS.

Does mRNA Translation Modulate Aging in Mammals?

Although it remains unclear whether mRNA translation factors will play a conserved role in
determining the longevity of mammals, translation has been indirectly implicated in the mammalian
aging process. As covered in detail above, multiple mutants with altered mRNA translation have
shown a moderate life span extension in invertebrate animal models. Specifically, TORC1 activity,
which promotes mRNA translation through at least two different downstream targets, ribosomal S6
kinase and eukaryotic initiation factor 4E (eIF4E) binding proteins (4E-BPs), has been implicated
in the aging process, as well as its down-stream effectors. Activation of ribosomal S6 kinase promotes
the activity of other translation initiation factors, such as eukaryotic initiation factor 4B (eIF4B)
and stimulates production of ribosomal proteins and ribosome biogenesis (Table 2).* Decreased
ribosomal S6 kinase activity, translation initiation factor activity, or ribosomal protein expression
have all been found to promote longevity in yeast, worms and flies. Analogous mutants, however,
have yet to be tested for life span extension in the context of a mammalian system. Rather, the role of
mRNA translation in mammalian aging has been implicated through its role in age-related diseases
such as cancer, diabetes, cardiovascular defects and neurodegenerative diseases.

mRNA Translation and Cancer

The major hallmark of DR in rodents is a significant reduction in age-associated cancer inci-
dence.® It has been speculated that the reduction of cancer occurrence may account for a large
fraction of the longevity benefit associated with DR in rodents.* Mutations of mMTOR pathway

Table 2. Representative mouse models with altered translation

Mouse Model Phenotype

mTOR knockout'?*1?” Early postimplantation lethality; mTOR (+/-) have reduced
S6 kinase phosphorylation but normal S6 phosphorylation.

Raptor knockout'®” Early embryonic lethality

Rictor knockout'® Early embryonic lethality

mLST8 knockout'® Early embryonic lethality

S6 kinase 1 (S6k1) knockout'04128 Decreased body size from embryonic stage compared to

WT. Compensatory up-regulation of S6 kinase 2 (S6k2).
Protected against age- and diet-induced obesity. Increased
insulin sensitivity.

Adipose-specific raptor knockout'®  Leanness, protection against diet-induced obesity and
hypercholesterolemia, improved insulin sensitivity.

S6k1/56k2 double knockout' Perinatal lethality; compensatory S6 phosphorylation by
MAP kinase in response to mitogens.

elF6 knockout™? Preimplantation lethality; elF6 (+/-) mice have reduced
body weight. 70% of elF6 (+/-) mice have reduced
insulin-stimulated initiation of translation in liver.

4E-BP1/4E-BP2 knockout™' Increased s6 kinase activity. Increased sensitivity to
diet-induced obesity and insulin resistance.

RPL22 knockout'? Impairs ap T-cell development.
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components (the effectors of which are involved in mRNA translation) and/or elevated mT’OR
activity have been discovered in many cancers including lymphomas, melanomas, gliomas and
CNS malignancies as well as carcinomas of lung, bladder, kidney, ovary, breast, prostate, stomach,
pancreas and head and neck.®> Up-regulation of mI'OR signaling by mutation in its upstream
negative regulators, TSC1 or TSC2, results in an increased risk of renal cell carcinoma.®%
Furthermore, up-regulation of mT'OR signaling is correlated with poor tumor prognosis for
melanoma,® prostate,® pancreatic,” thyroid,” breast,”* and cervical cancers.” These findings have
prompted extensive development and clinical testing of rapamycin derivatives (termed rapalogs)
as therapeutic treatments toward a wide variety of tumors.”*

mRNA Translation and Diabetes

The mT'OR signaling pathway has also been implicated in both Type 1 and Type 2 diabetes.
Type 1 diabetes is characterized by reduced insulin production due to destruction of pancreatic
[-cells, while Type 2 diabetes is characterized by a form of insulin resistance. Insulin-induced protein
translation and proliferation® as well as growth induced by glucose and branched amino acids'®
is dependent on mT'OR signaling in pancreatic -cells. Desensitization of cells to insulin has been
linked in part to S6 kinase-dependent phosphorylation and inhibition of the insulin-receptor sub-
strate proteins (IRS1 and 2).!°"1% Furthermore, S6K1-deficient mice have smaller islets and exhibit
hypersensitivity to insulin and glucose intolerance.®® These mice also display reduced weight gain
and resistance to obesity due to age or challenge with a high calorie diet compared to wild-type
mice.!” Similarly, disruption of 4E-BP1, another downstream component of mTOR signaling,
results in mice with reduced adipose tissue.'” Taken all together, this suggests that chronic TOR
activation results in insulin resistance (i.c., hyperglycemia and Type 2 diabetes).

In addition mTOR has also been shown to play a role in lipid metabolism. mTOR expression
is increased during adipogenesis and dosing with rapamycin results in the inhibition of adipo-
cyte differentiation and a reduction of adipogenesis and lipogenesis.'®'"” Mice containing an
adipose-specific knockout of the TOR complex 1 accessory protein Raptor are lean and are resistant
to diet-induced obesity and insulin resistance.'® These adipose-specific Raptor knockout mice also
have enhanced mitochondrial uncoupling in adipose, which leads to increased energy expenditure.
Not surprisingly, the consequences of Raptor knockout vary depending on the specific tissue and
a complete knockout results in developmental lethality.'® For example, while an adipose-specific
knockout of Raptor seems to have beneficial consequences, skeletal muscle-specific knockout mice

have a muscular dystrophy phenotype.'

mRNA Translation and Cardiovascular Disease

Cardiac hypertrophy, an enlargement of the heart due to increased cell size and protein synthesis,
is directly linked to elevated activity of the PI3K/Ake/mTOR pathway.""! mT'OR inhibition by
rapamycin treatment has been shown to regress cardiac hypertrophy.!''** These effects are ac-
companied by suppression of ribosomal S6 protein and eIF4E phosphorylation, which occurs due
to pressure overload."” These data indicate that the specific activity of mI'OR regulating mRNA
translation may play a key role in cardiac health. With age there is an increase in the prevalence
of cardiovascular diseases, such as congestive heart failure and coronary artery disease. Studies are
indicate that regulation of mRNA translation through modulation of mTOR activity may prove
aviable cardioprotective strategy.

mRNA Translation and Neurodegenerative Disease

DR has been long been suggested to have a neuroprotective effect and to decrease age-related
neuronal loss, though the underlying mechanism remains poorly understood."'*!"> mT'OR signal-
ing has been shown to have a protective role against polyglutamine toxicity,"'*""® which is associ-
ated with several neurodegenerative diseases in people, including Huntington’s disease.!"” Thus
such disorders, as well as normal brain function, may benefit from pharmacological modulation
of the mT'OR signaling pathway. It has been speculated that an enhanced autophagic response
induced by DR or rapamycin treatment may help remove toxic protein aggregates; however, it
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remains possible that altered mRNA translation also plays an important mechanistic role. Further
studies will be needed to determine precisely which aspects of TOR signaling are most relevant
for enhanced resistance to proteotoxic stress in both invertebrate and mammalian models.

Conclusion

It is clear that mRNA translation control is a central determinant of longevity in invertebrates.
Indeed, other than DR, only two proteins have been shown to modulate longevity in yeast, nematodes
and flies: TOR and ribosomal S6 kinase. Multiple additional translation factors have been found
to modulate aging in both yeast and nematodes and it seems likely that this will be extended to flies
in the near future. The importance of this pathway in mammalian aging has yet to be determined.
In the absence of mammalian longevity data, however, there is reason to be optimistic that reduced
TOR signaling may be beneficial for a variety of age-associated diseases in mammals. For example,
mice treated with rapamycin show resistance to cancer, neurodegeneration and cardiac disease.'!!?
Additionally, raptor and S6 kinase knockout mice show phenotypes consistent with a partial ge-
netic mimetic of DR, including improved insulin sensitivity, reduced adiposity and resistance to
age-associated obesity.'" There is also emerging data that inhibition of TOR is likely to have beneficial
health effects in humans. Rapamycin (Sirolimus) is used clinically as an immunosuppressant and to
prevent coronary stent restenosis,’* and is also in clinical trials as an anti-cancer therapeutic.'” It
is noteworthy that reduced age—associated cancer incidence is a primary feature of DR in rodents,
suggesting that rapamycin mimics at least some DR phenotypes in humans. It will be of great interest
to determine whether rapamycin exposure can prevent or treat other age-associated human diseases.
The mechanistic explanations underlying these beneficial effects are likely to be complicated and the
consequences of reduced TOR or SK6 activity may well be different from tissue to tissue. It is of vital
importance to know whether reduced TOR activity enhances longevity in mammals. Fortunately,
longevity experiments with mice fed a diet supplemented with rapamycin are well underway as part
of the National Institute on Aging Interventions Testing Program'** and results are likely to be avail-
able by the time this chapter is published.

In the last few years, the relationship between protein translation and aging has begun to come
into sharper focus.'?*'* The next few years should see increasingly successful efforts to elucidate
the mechanisms underlying enhanced longevity resulting from reduced TOR signaling and/or
translation initiation, as well as a better understanding of whether the translation control genes
identified from longevity studies in model organisms are likely to be useful therapeutic targets for
treating age-related diseases in humans.

References
1. Bohr VA, Anson RM. DNA damage, mutation and fine structure DNA repair in aging. Mutat Res
1995; 338:25-34.
2. de Magalhaes JP, Faragher RG. Cell divisions and mammalian aging: integrative biology insights from
genes that rcgulatc longcvity. Bioessays 2008; 30:567-78.
3. Jeyapalan JC, Sedivy JM. Cellular senescence and organismal aging. Mech Ageing Dev 2008; 129:467-74.
4. Morimoto RI, Cuervo AM. Protein homeostasis and aging: taking care of proteins from the cradle to
the grave. ] Gerontol A Biol Sci Med Sci 2009; 64:167-70.
5. Ramasamy R, Vannucci SJ, Yan SS et al. Advanced glycation end products and RAGE: a common thread
in aging, diabetes, neurodegeneration and inflammation. Glycobiology 2005; 15:16R-28R.
6. Sohal RS, Weindruch R. Oxidative stress, caloric restriction and aging. Science 1996; 273:59-63.
7. Warner HR. Superoxide dismutase, aging and degenerative disease. Free Radic Biol Med 1994;
17:249-58.
8. Kaeberlein M. Genome-wide approaches to understanding human ageing. Hum Genomics 2006;
2:422-8.
9. Masoro EJ. Overview of caloric restriction and ageing. Mech Ageing Dev 2005; 126:913-22.
10. Weindruch RH, Walford RL. The Retardation of Aging and Disease by Dietary Restriction. (Thomas,
Springfield, IL., 1988).
11. Colman R]J, Beasley TM, Allison DB et al. Attenuation of sarcopenia by dietary restriction in rhesus
monkeys. ] Gerontol A Biol Sci Med Sci 2008; 63:556-9.
12. Ingram DK, Young J, Mattison JA. Calorie restriction in nonhuman primates: assessing effects on brain
and behavioral aging. Neuroscience 2007; 145:1359-64.



Protein Metabolism and Homeostasis in Aging

15.

16.

17.

19.

20.
21.

22.

23.

24.

25.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

. Messaoudi I, Warner ], Fischer M et al. Delay of T-cell senescence by caloric restriction in aged long-lived
nonhuman primates. Proc Natl Acad Sci USA 2006; 103:19448-53.

. Colman RJ, Anderson RM, Johnson SC, et al. Caloric restriction delays disease onset and mortality in
rhesus monkeys. Science 2009; 325:201-4.

. Hansen M, Taubert S, Crawford D et al. Lifespan extension by conditions that inhibit translation in

Caenorhabditis elegans. Aging Cell 2007; 6:95-110.

Kaceberlein M, Powers RW 3rd, Steffen KK et al. Regulation of yeast replicative life span by TOR and

Sch9 in response to nutrients. Science 2005; 310:1193-6.

Waullschleger S, Loewith R, Hall MN. TOR signaling in growth and metabolism. Cell 2006;

124:471-84.

Hansen M, Chandra A, Mitic LL et al. A role for autophagy in the extension of lifespan by dietary

restriction in C. elegans. PLoS Genet 2008; 4:¢24.

. Jia K, Levine B. Autophagy is required for dietary restriction-mediated life span extension in C. elegans.

Autophagy 2007; 3:597-9.

Meléndez A, Talléczy Z, Seaman M et al. Autophagy genes are essential for dauer development and

life-span extension in C. elegans. Science 2003; 301:1387-91.

Kaceberlein M, Kennedy BK. Protein translation, 2007. Aging Cell 2007; 6:731-4.

Winzeler EA, Shoemaker DD, Astromoff A et al. Functional characterization of the S. cerevisiac genome

by gene deletion and parallel analysis. Science 1999; 285:901-6.

Kaeberlein M, Kennedy BK. Large-scale identification in yeast of conserved ageing genes. Mech Ageing

Dev 2005; 126:17-21.

Powers RW 3rd, Kacberlein M, Caldwell SD et al. Extension of chronological life span in yeast by

decreased TOR pathway signaling. Genes Dev 2006; 20:174-84.

Kacberlein M. in Handbook of models for human aging (ed. Conn, P.M.) 109-120 (Elsevier Press,

Boston, 2006).

Fabrizio P, Longo VD. The chronological life span of Saccharomyces cerevisiae. Aging Cell 2003; 2:73-81.

. Ashrafi K, Sinclair D, Gordon JT et al. Passage through stationary phase advances replicative aging in

Saccharomyces cerevisiae. Proc Natl Acad Sci USA 1999; 96:9100-5.

Jazwinski SM. Molecular mechanisms of yeast longevity. Trends Microbiol 1999; 7:247-52.

Jazwinski SM. Yeast longevity and aging—the mitochondrial connection. Mech Ageing Dev 2005;
126:243-8.

Steinkraus KA, Kaeberlein M, Kennedy BK. Replicative aging in yeast: the means to the end. Annu

Rev Cell Dev Biol 2008; 24:29-54.

Kamath RS, Fraser AG, Dong Y et al. Systematic functional analysis of the Caenorhabditis elegans

genome using RNAI. Nature 2003; 421:231-7.

Rual JF, Ceron J, Koreth J et al. Toward improving Caenorhabditis elegans phenome mapping with an
ORFeome-based RNAi library. Genome Res 2004; 14:2162-8.

Chen D, Pan KZ, Palter JE et al. Longevity determined by developmental arrest genes in Caenorhabditis

elegans. Aging Cell 2007; 6:525-33.

Curran SP, Ruvkun G. Lifespan regulation by evolutionarily conserved genes essential for viability. PLoS

Genet 2007; 3:¢56.

Dillin A, Hsu AL, Arantes-Oliveira N et al. Rates of behavior and aging specified by mitochondrial

function during development. Science 2002; 298:2398-401.

Hamilton B et al. A systematic RNAi screen for longevity genes in C. elegans. Genes Dev 2005;
19:1544-55.

Hansen M, Hsu AL, Dillin A et al. New genes tied to endocrine, metabolic and dietary regulation of

lifespan from a Caenorhabditis elegans genomic RNAi screen. PLoS Genet 2005; 1:119-28.

Lee SS et al. A systematic RNAI screen identifies a critical role for mitochondria in C. elegans longevity.

Nat Genet 2003; 33:40-8.

Jia K, Chen D, Riddle DL. The TOR pathway interacts with the insulin signaling pathway to regulate
C. elegans larval development, metabolism and life span. Development 2004; 131:3897-906.

Vellai T, Takacs-Vellai K, Zhang Y et al. Genetics: influence of TOR kinase on lifespan in C. elegans.

Nature 2003; 426:620.

Fabrizio P, Pletcher SD, Minois N et al. Chronological aging-independent replicative life span regulation

by Msn2/Msn4 and Sod2 in Saccharomyces cerevisiac. FEBS Lett 2004; 557:136-42.

Fabrizio P, Pozza F, Pletcher SD et al. Regulation of longevity and stress resistance by Sch9 in yeast.

Science 2001; 292:288-90.

Kapahi P, Zid BM, Harper T et al. Regulation of lifespan in Drosophila by modulation of genes in the

TOR signaling pathway. Curr Biol 2004; 14:885-90.

Pan KZ, Palter JE, Rogers AN et al. Inhibition of mRNA translation extends lifespan in Caenorhabditis

elegans. Aging Cell 2007; 6:111-9.



Regulation of mRNA Translation as a Conserved Mechanism of Longevity Control 27

44

45.
46.
47.
48.
49.
50.
S1.
52.
53.
54.
55.
56.
57.
58.

59.

60

61.
62.
63.
64.
65.
66.

67.

68.
69.
70.
71.
72.

73.

. Syntichaki P, Troulinaki K, Tavernarakis N. eIF4E function in somatic cells modulates ageing in
Caenorhabditis elegans. Nature 2007; 445:922-6.

Chiocchetti A, Zhou J, Zhu H et al. Ribosomal proteins Rpl10 and Rps6 are potent regulators of yeast
replicative life span. Exp Gerontol 2006.

Managbanag JR, Witten TM, Bonchev D et al. Shortest-path network analysis is a useful approach
toward identifying genetic determinants of longevity. PLoS ONE 2008; 3:¢3802.

Steffen KK, MacKay VL, Kerr EO et al. Yeast life span extension by depletion of 60s ribosomal subunits
is mediated by Gen4. Cell 2008; 133:292-302.

Smith ED, Tsuchiya M, Fox LA et al. Quantitative evidence for conserved longevity pathways between
divergent cukaryotic species. Genome Res 2008; 18:564-70.

Urban J, Soulard A, Huber A et al. Sch9 is a major target of TORC1 in Saccharomyces cerevisiae. Mol
Cell 2007; 26:663-74.

Chiocchetti A, Zhou J, Zhu H et al. Ribosomal proteins Rpl10 and Rps6 are potent regulators of yeast
replicative life span. Exp Gerontol 2007; 42:275-86.

Lin SJ, Defossez PA, Guarente L. Requirement of NAD and SIR2 for life-span extension by calorie
restriction in Saccharomyces cerevisiae. Science 2000; 289:2126-8.

Lin SJ et al. Calorie restriction extends Saccharomyces cerevisiae life span by increasing respiration.
Nature 2002; 418:344-48.

Jiang JC, Jaruga E, Repnevskaya MV et al. An intervention resembling caloric restriction prolongs life
span and retards aging in yeast. FASEB J 2000; 14:2135-7.

Kaceberlein M, Kirkland KT, Fields S et al. Sir2-independent life span extension by calorie restriction
in yeast. PLoS Biol 2004; 2:E296.

Kacberlein TL, Smith ED, Tsuchiya M et al. Lifespan extension in Caenorhabditis elegans by complete
removal of food. Aging Cell 2006.

Lee GD, Wilson MA, Zhu M et al. Dictary deprivation extends lifespan in Caenorhabditis elegans.
Aging Cell 2006.

Greer EL, Brunet A. Different dietary restriction regimens extend lifespan by both independent and
overlapping genetic pathways in C. elegans. Aging Cell 2009; 8:113-27.

Avruch J, Hara K, Lin Y et al. Insulin and amino-acid regulation of mT'OR signaling and kinase activity
through the Rheb GTPase. Oncogene 2006; 25:6361-72.

Mechta R, Steinkraus KA, Sutphin GL et al. Proteasomal regulation of the hypoxic response modulates
aging in C. elegans. Science 2009.

. Juhasz G, Erdi B, Sass M et al. Atg7-dependent autophagy promotes neuronal health, stress tolerance
and longevity but is dispensable for metamorphosis in Drosophila. Genes Dev 2007; 21:3061-6.
Morck C, Pilon M. C. clegans feeding defective mutants have shorter body lengths and increased au-
tophagy. BMC Dev Biol 2006; 6:39.

Takeshige K, Baba M, Tsuboi S et al. Autophagy in yeast demonstrated with proteinase-deficient mutants
and conditions for its induction. J Cell Biol 1992; 119:301-11.

Hinnebusch AG. Translational regulation of yeast GCN4. A window on factors that control initiator-trna
binding to the ribosome. J Biol Chem 1997; 272:21661-4.

Yang R, Wek SA, Wek RC. Glucose limitation induces GCN4 translation by activation of Gen2 protein
kinase. Mol Cell Biol 2000; 20:2706-17.

Shimizu YI, Morita M, Ohmi A et al. Fasting induced up-regulation of activating transcription factor
S in mouse liver. Life Sci 2009.

Zhou D, Palam LR, Jiang L et al. Phosphorylation of eIF2 directs ATFS translational control in response
to diverse stress conditions. ] Biol Chem 2008; 283:7064-73.

Bilanges B, Argonza-Barrett R, Kolesnichenko M et al. Tuberous sclerosis complex proteins 1 and 2
control serum-dependent translation in a TOP-dependent and -independent manner. Mol Cell Biol
2007; 27:5746-64.

Balch WE, Morimoto RI, Dillin A et al. Adapting proteostasis for disease intervention. Science 2008;
319:916-9.

Cohen E, Bieschke J, Perciavalle RM et al. Opposing activities protect against age-onset proteotoxicity.
Science 2006; 313:1604-10.

Hsu AL, Murphy CT, Kenyon C. Regulation of aging and age-related disease by DAF-16 and heat-shock
factor. Science 2003; 300:1142-5.

Morley JF, Morimoto RI. Regulation of longevity in Caenorhabditis elegans by heat shock factor and
molecular chaperones. Mol Biol Cell 2004; 15:657-64.

Steinkraus KA, Smith ED, Davis C et al. Dietary restriction suppresses proteotoxicity and enhances
longevity by an hsf--1-dependent mechanism in Caenorhabditis elegans. Aging Cell 2008.

Ravikumar B, Vacher C, Berger Z et al. Inhibition of mTOR induces autophagy and reduces toxic-
ity of polyglutamine expansions in fly and mouse models of Huntington discase. Nat Genet 2004;

36:585-95.



Protein Metabolism and Homeostasis in Aging

83.
84.
85.
86.
87.
88.

89.

90.
91.
92.

93.

94.

95.

96.

97.

98.
99.

100.

101.

102.

. King MA, Hands S, Hafiz F et al. Rapamycin inhibits polyglutamine aggregation independently of
autophagy by reducing protein synthesis. Mol Pharmacol 2008; 73:1052-63.

. Barbet NC, Schneider U, Helliwell SB et al. TOR controls translation initiation and early G1 progres-
sion in yeast. Mol Biol Cell 1996; 7:25-42.

. Dennis PB, Fumagalli S, Thomas G. Target of rapamycin (TOR): balancing the opposing forces of
protein synthesis and degradation. Curr Opin Genet Dev 1999; 9:49-54.

. Holcik M, Sonenberg N. Translational control in stress and apoptosis. Nat Rev Mol Cell Biol 2005;
6:318-27.

. Barnes Al Partridge L. Costing reproduction. Animal Behaviour 2003; 66:199-204.

. Kenyon C. The plasticity of aging: Insights from long-lived mutants. Cell 2005; 120:449-460.

. Friberg J. in Umea Centre for Molecular Pathogenesis 39 (Umea University, Umea, 2006).

. Pan KZ, Palter JE, Rogers AN et al. Inhibition of mRNA translation extends lifespan in Caenorhabditis
elegans. Aging Cell 2007; 6:111-119.

. Jastrzebski K, Hannan KM, Tchoubrieva EB et al. Coordinate regulation of ribosome biogenesis and

function by the ribosomal protein S6 kinase, a key mediator of mTOR function. Growth Factors 2007;

25:209-26.

Weindruch R, Walford RL. The Retardation of Aging and Disease by Dictary Restriction.

Springfield: Charles C. Thomas, 1988.

Spindler SR. Rapid and reversible induction of the longevity, anticancer and genomic effects of caloric

restriction. Mech Ageing Dev 2005; 126:960-6.

Guertin DA, Sabatini DM. An expanding role for mTOR in cancer. Trends Mol Med 2005;
11:353-61.

Sampson JR, Patel A, Mee AD. Multifocal renal cell carcinoma in sibs from a chromosome 9 linked
(TSC1) tuberous sclerosis family. ] Med Genet 1995; 32:848-50.

Al-Saleem T, Wessner LL, Scheithauer BW et al. Malignant tumors of the kidney, brain and soft tissues

in children and young adults with the tuberous sclerosis complex. Cancer 1998; 83:2208-16.

Daido S, Yamamoto A, Fujiwara K et al. Inhibition of the DNA-dependent protein kinase catalytic

subunit radiosensitizes malignant glioma cells by inducing autophagy. Cancer Res 2005; 65:4368-75.

Mita MM, Mita AC, Chu QS et al. Phase I trial of the novel mammalian target of rapamycin inhibitor

deforolimus (AP23573; MK-8669) administered intravenously daily for 5 days every 2 weeks to patients

with advanced malignancies. J Clin Oncol 2008; 26:361-7.

Yamamoto S, Tomita Y, Hoshida Y et al. Prognostic significance of activated Akt expression in pancreatic

ductal adenocarcinoma. Clin Cancer Res 2004; 10:2846-50.

Vasko V, Saji M, Hardy E et al. Ake activation and localisation correlate with tumour invasion and

oncogene expression in thyroid cancer. ] Med Genet 2004; 41:161-70.

Zhou BP, Liao Y, Xia W et al. Cytoplasmic localization of p21Cipl/WAFI by Akt-induced phospho-

rylation in HER-2/ncu-overexpressing cells. Nat Cell Biol 2001; 3:245-52.

Faried LS, Faried A, Kanuma T et al. Predictive and prognostic role of activated mammalian target of

rapamycin in cervical cancer treated with cisplatin-based neoadjuvant chemotherapy. Oncol Rep 2006;
16:57-63.

Blando J, Portis M, Benavides F et al. PTEN deficiency is fully penetrant for prostate adenocarcinoma

in C57BL/6 mice via mOR-dependent growth. Am J Pathol 2009; 174:1869-79.

Ebi H, Tomida S, Takeuchi T et al. Relationship of deregulated signaling converging onto mTOR with

prognosis and classification of lung adenocarcinoma shown by two independent in silico analyses. Cancer

Res 2009; 69:4027-35.

Kim SH, Zukowski K, Novak RE. Rapamycin effects on mT'OR signaling in benign, premalignant and

malignant human breast epithelial cells. Anticancer Res 2009; 29:1143-50.

Meier F, Guenova E, Clasen S et al. Significant response after treatment with the mTOR inhibitor

sirolimus in combination with carboplatin and paclitaxel in metastatic melanoma patients. ] Am Acad

Dermatol 2009; 60:863-8.

Raimondi AR, Molinolo A, Gutkind JS. Rapamycin prevents carly onset of tumorigenesis in an

oral-specific K-ras and p53 two-hit carcinogenesis model. Cancer Res 2009; 69:4159-66.

McDaniel ML, Marshall CA, Pappan KL et al. Metabolic and autocrine regulation of the mammalian

target of rapamycin by pancreatic beta-cells. Diabetes 2002; 51:2877-85.

Briaud I, Dickson LM, Lingohr MK et al. Insulin receptor substrate-2 proteasomal degradation medi-

ated by a mammalian target of rapamycin (mTOR)-induced negative feedback down-regulates protein

kinase B-mediated signaling pathway in beta-cells. ] Biol Chem 2005; 280:2282-93.

Manning BD. Balancing Akt with S6K: implications for both metabolic diseases and tumorigenesis.

J Cell Biol 2004; 167:399-403.

Harrington LS, Findlay GM, Gray A et al. The TSCI-2 tumor suppressor controls insulin-PI3K signal-

ing via regulation of IRS proteins. J Cell Biol 2004; 166:213-23.



Regulation of mRNA Translation as a Conserved Mechanism of Longevity Control 29

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.
120.

121.
122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

Pende M, Kozma SC, Jaquet M et al. Hypoinsulinaemia, glucose intolerance and diminished beta-cell
size in S6K1-deficient mice. Nature 2000; 408:994-7.

Um SH, Frigerio F, Watanabe M et al. Absence of S6K1 protects against age- and diet-induced obesity
while enhancing insulin sensitivity. Nature 2004; 431:200-5.

Tsukiyama-Kohara K, Poulin F, Kohara M et al. Adipose tissue reduction in mice lacking the translational
inhibitor 4E-BP1. Nat Med 2001; 7:1128-32.

Cho HJ, Park J, Lee HW et al. Regulation of adipocyte differentiation and insulin action with rapamycin.
Biochem Biophys Res Commun 2004; 321:942-8.

Kim JE, Chen J. regulation of peroxisome proliferator-activated receptor-gamma activity by mammalian
target of rapamycin and amino acids in adipogenesis. Diabetes 2004; 53:2748-56.

Polak P, Cybulski N, Feige JN et al. Adipose-specific knockout of raptor results in lean mice with
enhanced mitochondrial respiration. Cell Metab 2008; 8:399-410.

Guertin DA, Stevens DM, Thoreen CC et al. Ablation in mice of the mTORC components raptor,
rictor, or mLST8 reveals that mTORC2 is required for signaling to Akt-FOXO and PKCalpha, but
not S6K1. Dev Cell 2006; 11:859-71.

Bentzinger CF, Romanino K, Cloétta D et al. Skeletal muscle-specific ablation of raptor, but not of
rictor, causes metabolic changes and results in muscle dystrophy. Cell Metab 2008; 8:411-24.

Shioi T, McMullen JR, Tarnavski O et al. Rapamycin attenuates load-induced cardiac hypertrophy in
mice. Circulation 2003; 107:1664-70.

Sanada S, Node K, Asanuma H et al. Opening of the adenosine triphosphate-sensitive potassium channel
attenuates cardiac remodeling induced by long-term inhibition of nitric oxide synthesis: role of 70-kDa
S$6 kinase and extracellular signal-regulated kinase. ] Am Coll Cardiol 2002; 40:991-7.

Gao XM, Wong G, Wang B ct al. Inhibition of mTOR reduces chronic pressure-overload cardiac hy-
pertrophy and fibrosis. ] Hypertens 2006; 24:1663-70.

Gillette-Guyonnet S, Vellas B. Caloric restriction and brain function. Curr Opin Clin Nutr Metab Care
2008; 11:686-92.

Levenson CW, Rich NJ. Eat less, live longer? New insights into the role of caloric restriction in the
brain. Nutr Rev 2007; 65:412-5.

Malagelada C, Jin ZH, Greene LA. RTP801 is induced in Parkinson’s disease and mediates neuron
death by inhibiting Akt phosphorylation/activation. ] Neurosci 2008; 28:14363-71.

Millino C, Fanin M, Vettori A et al. Different atrophy-hypertrophy transcription pathways in muscles
affected by severe and mild spinal muscular atrophy. BMC Med 2009; 7:14.

Sarkar S, Ravikumar B, Rubinsztein DC. Autophagic clearance of aggregate-prone proteins associated
with neurodegeneration. Methods Enzymol 2009; 453:83-110.

Bonini NM, La Spada AR. Silencing polyglutamine degeneration with RNAi. Neuron 2005; 48:715-8.
Cheng-Lai A, Frishman WH. Sirolimus-cluting coronary stents: novel devices for the management of
coronary artery disease. Am J Ther 2004; 11:218-28.

Weil RJ. Incorporating molecular tools into early-stage clinical trials. PLoS Med 2008; 5:¢21.

Miller RA, Harrison DE, Astle CM et al. An aging interventions testing program: study design and
interim report. Aging Cell 2007; 6:565-75.

Syntichaki P, Troulinaki K, Tavernarakis N. Protein synthesis is a novel determinant of aging in
Caenorhabditis elegans. Ann N'Y Acad Sci 2007; 1119:289-95.

Tavernarakis N. Ageing and the regulation of protein synthesis: a balancing act? Trends Cell Biol 2008;
18:228-35.

Kim Y, Sun H. Functional genomic approach to identify novel genes involved in the regulation of
oxidative stress resistance and animal lifespan. Aging Cell 2007; 6:489-503.

Gangloff YG, Mueller M, Dann SG et al. Disruption of the mouse mTOR gene leads to carly postim-
plantation lethality and prohibits embryonic stem cell development. Mol Cell Biol 2004; 24:9508-16.
Murakami M, Ichisaka T, Maeda M et al. mTOR is essential for growth and proliferation in carly mouse
embryos and embryonic stem cells. Mol Cell Biol 2004; 24:6710-8.

Shima H, Pende M, Chen Y et al. Disruption of the p70(s6k)/p85(s6k) gene reveals a small mouse
phenotype and a new functional S6 kinase. EMBO J 1998; 17:6649-59.

Pende M, Um SH, Mieulet V et al. S6K1(~/-)/S6K2(~/-) mice exhibit perinatal lethality and rapamy-
cin-sensitive 5'-terminal oligopyrimidine mRNA translation and reveal a mitogen-activated protein
kinase-dependent S6 kinase pathway. Mol Cell Biol 2004; 24:3112-24.

Gandin V, Miluzio A, Barbieri AM et al. Eukaryotic initiation factor 6 is rate-limiting in translation,
growth and transformation. Nature 2008; 455:684-8.

Le Bacquer O, Petroulakis E, Paglialunga S et al. Elevated sensitivity to diet-induced obesity and insulin
resistance in mice lacking 4E-BP1 and 4E-BP2. J Clin Invest 2007; 117:387-96.

Anderson SJ, Lauritsen JP, Hartman MG et al. Ablation of ribosomal protein L22 selectively impairs
alphabeta T-cell development by activation of a p53-dependent checkpoint. Immunity 2007; 26:759-72.



CHAPTER 3

Protein Synthesis and the Antagonistic
Pleiotropy Hypothesis of Aging

Pankaj Kapahi*

Abstract

rowth and somatic maintenance are thought to be antagonistic pleiotropic traits, but the
G molecular basis for this tradeoff is poorly understood. Here it is proposed that changes in

protein synthesis mediate the tradeoffs that take place upon genetic and environmental
manipulation in various model systems including yeast, worms, flies and mice. This hypothesis
is supported by evidence that inhibition of the TOR (target of rapamycin) pathway and various
translation factors that inhibit protein synthesis lead to slowing of growth and development
but extend lifespan. Furthermore, dietary restriction (DR) that leads to antagonistic changes in
growth and lifespan, also mediates this change by inhibiting protein synthesis. Direct screens to
identify genes that extend lifespan from a subset of genes that are essential for growth and develop-
ment have also uncovered a number of genes involved in protein synthesis. Given the conserved
mechanisms of protein synthesis across species, I discuss potential mechanisms that mediate the
lifespan extension by inhibition of protein synthesis that are likely to be important for aging and
age-related disorders in humans.

Evolution of Aging

‘Nothing in Biology makes Sense except in Light of Evolution’ Dobzhansky.

Though a number of single gene mutations have yielded important insights into the cel-
lular processes involved in determining lifespan, a better understanding of the aging process
is likely to be achieved by understanding their function in terms of evolution. The underlying
principle of evolutionary theories of aging is that the force of natural selection declines with
age.! Medawar observed that the inevitable loss of individuals in a population over time due
to accidents or discases leaves fewer animals alive even in the absence of senescence or any age
related decline. Therefore, the younger animals contribute the most to the succecding genera-
tions and the gene pool. Two possible theories have been proposed to explain the existence of
aging based on this principle. The first proposed by Medawar himself, is known as the mutation
accumulation theory. According to this, deleterious mutations that manifest their effects late
in life would accumulate in a population and lead to senescence as they are not removed due to
lack of selective pressure. The second, proposed by Williams? is termed the antagonistic pleiotropy
theory. In his classic paper, Williams postulated the existence of pleiotropic genes that endow
benefits early in life at the cost of deleterious effects later to explain the evolution of senescence.”
Williams also predicted “Ir would be expected that if development could be completely arrested there
would be no senescence”. He gave calcification of bones as an example of a pleiotropic process
that strengthens skeletal structures early in life but causes deleterious effects later in life due to
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calcification of arteries. These alleles confer an early advantage and are favored in a population.
However, these alleles may have deleterious effects later on (post-reproductive period) but are
not removed due to reduced selective pressure. The disposable soma theory is based on resource
allocation and is compatible with the antagonistic pleiotropy theory. According to this theory
aging takes place due to tradeoffs resulting from partitioning of finite energy resources spent
cither on somatic maintenance or growth and reproduction. Antagonistic pleiotropy has been
suggested as a ‘public’ mechanism of aging which would be common to various species, compared
to mutation accumulation which may be a ‘private’ mechanism.? Strong support for antagonistic
pleiotropic mechanisms comes from various methods of lifespan extension that are conserved
across species. However the molecular mechanisms of how antagonistic pleiotropic phenotypes
are mediated remain unclear and hold keys for important insight into the aging process. Genetic
mutations in various signaling pathways offer hope to probe into understanding the mechanisms
of antagonistic pleiotropy and are described below.

Insulin-Like Signaling (ILS)

Antagonistic pleiotropic mechanisms that modulate lifespan are at play in single gene mutants
that extend lifespan. Modulation of genes in the ILS pathway, known to alter nutrient sensing,*
has been shown to extend lifespan in various species.>” Inhibition of ILS pathway using genetic
mutants, mirrors the cellular and organismal effects of starvation and leads to a reduction in body
size in Drosophila.*® On the other hand hypomorphic mutations in Jzr (insulin-like receptor)
and chico (insulin receptor substrate), both components of the insulin signaling pathway, extend
lifespan.”!* In C. elegans crowding and starvation conditions lead to formation of dauer larvae, an
alternative developmental state that is nonreproducing, stress resistant and longlived."* Mutants
in the ILS pathway, such as daf-2 (insulin receptor) and age-I (PI3 kinase), lead to significant
lifespan extensions, but the animals are also more prone to dauer formation.”*!* Both the dauer
formation and lifespan extension phenotypes are suppressed by mutations in daf°16, a forkhead
family transcription factor'>!>'¢ that regulates stress responsive genes.'”'* Competition experiments
in worms show that insulin pathway mutants have greatly reduced fitness which is exacerbated
under conditions of starvation.'” These results together demonstrate that modulation of the ILS
pathway mediates tradeoffs between somatic maintenance, by modulating stress responses and
fitness early on life.

TOR Pathway

Similar to mutants in the ILS pathway mutants in the TOR pathway, a nutrient sensing
pathway conserved from yeast to humans show antagonistically pleiotropic phenotypes. In D.
melanogaster, larvae lacking TOR show similarities to amino acid-deprived animals, such as
reduced nucleolar size, developmental arrest and lipid vesicle aggregation in the larval fat body.»
However, inhibition of the TOR signaling pathway, including the products of the tuberous
sclerosis complex genes (Tscl and Tsc2), TOR and S6K, extend lifespan in D. melanogaster In
C. elegans, deletion of CeTOR leads to developmental arrest at the L3 larval stage and intestinal
atrophy.”” A similar phenotype was observed for homozygous daf~15 mutants.> DAF-15, the
worm ortholog of the mammalian protein raptor (regulatory associated protein of mammalian
TOR), forms a stoichiometric complex with TOR. Interestingly, neither the developmental
arrest nor the fat accumulation of homozygous daf-15 mutants is suppressible by daf 16 muta-
tions.” Inhibition of genes in the TOR pathway in worms can extend lifespan.?*?* In C. elegans
inhibition of S6 Kinase reduces body size and growth but extends lifespan.?® Thus, although
mutations that affect the TOR pathway can result in phenotypes similar to those caused by
mutations that affect the ILS pathway, the TOR pathway is either acting downstream or in
parallel to the ILS pathway in C. elegans. ILS is believed to have evolved to allow coordination
of growth signals in multicellular organisms, while the TOR pathway plays a cell autonomous
role in growth.”
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Protein Synthesis

Inhibition of protein synthesis is one of the key outputs of reducing the flux through the ILS
and TOR pathways and is likely to mediate the phenotypic effects of modulating these pathways
at least in mammals.’**! Protein synthesis is a regulated cellular process that plays a key role in
keeping organismal growth and development in tune with environmental conditions.* Direct
inhibition of protein synthesis by attenuating expression of various mRNA translation factors
or reducing protein in the diet has been shown to antagonistically slow growth and develop-
ment on one hand and enhance somatic maintenance and lifespan on the other in multiple spe-
cies. 2426283336 A well-studied translation factor in the context of aging is #fg- 1, the worm ortholog
of the eIF4G translation factor. A reduction in overall protein translation upon inhibition of
ifg-1 has been previously observed.? Inhibition of #fg-1 during development causes larval ar-
rest while its reduced expression during adulthood increases lifespan and stress resistance in C.
elegans. 2837 ¢]F-4G acts as a scaffold for the highly conserved eIF-4F cap-binding complex
that bridges eIF-4E, which binds the 5’ methylated cap, to the poly-A binding protein (PABP),
which associates with the poly-A tail, aiding in the circularization of mRNAs and increasing
translation initiation.?**® Inhibition of a number of components in the eIF4F complex leads to
lifespan extension.?® Over-expression of eIF4E in cultured mammalian cells causes transforma-
tion of fibroblasts and increased cell size, which can be reversed by increasing the abundance
of 4EBP.**¥ eIF4e is also critical for growth in Drosophila.”® Overexpression of eIF4E has been
shown to increase cellular senescence in mammalian cells as determined by B-galactosidase
staining.*! Inhibition of eIF4E in somatic cells has been shown to be sufficient to extend lifespan
in C. elegans in a DAF-16 independent manner.?* Following mRNA translation initiation, the
ribosome plays a key role in catalyzing the assembly of amino acids into polypeptide chains.
Ribosomal proteins have an established role in protein synthesis and growth in various species.
Studies from both S. cerevisiae and C. elegans demonstrate a conserved role for inhibition of
ribosomal proteins in lifespan extension.?>* Together, these observations support the idea that
inhibition of protein synthesis regulates growth and somatic maintenance antagonistically, a
phenomenon that is likely to be conserved across species.

Direct Screens to Identify Genes That Antagonistically Regulate
Growth and Longevity

Genome-wide RNAI screens for longevity genes have been performed by several groups.
Surprisingly, only 3 genes were common in the two screens, which identified a total 112 genes,
suggesting the screens for extended longevity have not been saturated. In these screens, animals
were exposed to RNAI either from an embryonic or the first larval stage.*** Thus, genes that
cause lethality and/or developmental arrest upon inhibition, were excluded from lifespan analysis.
However, the antagonistic pleiotropy theory of aging suggests that genes playing essential roles
during development may influence lifespan in adulthood. Two recent studies tested this idea
and revealed that a significant proportion of genes that cause developmental arrest or lethality in
C. elegans can extend lifespan when inhibited after development.¥7#4

To get a better understanding of the molecular mechanisms of antagonistic pleiotropy, our
group examined the effect on adult lifespan of genes that cause larval arrest based on the previous
genome-wide screen performed by the Ahringer lab.” We specifically chose genes that show larval
arrest, as mutants in the TOR pathway display a similar phenotype. Inhibition of ig-1 results in
developmental arrest accompanied by the appearance of large, refractile intestinal vesicles and
severe intestinal atrophy resembling that of CeTOR deficiency.”* From a pool of 57 genes that cause
developmental arrest after inhibition using RNA interference, 24 genes that extend lifespan were
identified when inactivated during adulthood. Many of these genes are involved in regulation of
mRNA translation and mitochondrial functions. Genetic epistasis experiments indicate that the
mechanisms of lifespan extension by inactivating the identified genes may be different from those
of the insulin/insulin-like growth factor 1 (IGF-1) and dietary restriction pathways. Inhibition of

42,43
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many of these genes also results in increased stress resistance and decreased fecundity, supporting
the notion that they may mediate the trade-offs between somatic maintenance and reproduction.
In the second study 2,700 genes essential for C. elegans development were screened and identified
64 genes that extend lifespan when inactivated during adulthood. Genes thatare part of the insulin
and metabolic pathways, as expected, but also genes involved in protein synthesis and chromatin
factors came out of this study.

The two studies identified some common and significant features relevant to the genetics of
aging. One important finding was the identification of highly conserved genes with orthologs in
flies, mammals and humans, which are likely to extend lifespan by conserved mechanisms across
species. Secondly, a number of genes found by both studies showed longer lifespan extension than
previously identified in the field by RNAI of other genes. Remarkably, the number of positives
from these screens was much higher than those achieved so far, with the first study identifying 23
out 57 genes to be long lived while the second identified 64 out of 2700 genes tested. This was
much higher than the 1-2% hit rate obtained from unbiased genome-wide screens in C. elegans. >
These studies suggest that the key determinants of aging are likely to have antagonistic pleiotropic
phenotypes. There is evidence that protein synthesis may play a role in contributing to evolution
of differences in lifespan between species. An inverse correlation across species between rate of
protein synthesis and longevity has been previously described.””* Future studies in this area will
reveal insights into how protein synthesis mediates the intrinsic link between organism develop-
ment and adult lifespan.

Dietary Restriction (DR), Protein Synthesis and Antagonistic
Pleiotropy

DR has also been hypothesized to influence lifespan by antagonistically pleiotropic mechanisms.
It has been proposed that a shift in metabolic investment away from reproduction and growth
toward somatic maintenance ensures extended survival under DR.* Trade-offs due to genetic
changes that influence evolution of species-specific lifespan are important mechanisms invoked
for understanding the effects of particular genotypes on life history comparisons in metazoans.
Trade-offs can also result from fluctuating environments that require a shift in an organism’s physiol-
ogy to adapt to the environmental change. I postulate that inhibition of protein synthesis plays an
important role in both genetic and environmental trade-offs. Given the high cost of maintaining
mRNA translation in a cell, with as high as 35-45%° of genes involved in this process, it is likely
that under periods of dietary restriction there is a shift of investment from continuing protein
synthesis for growth to somatic maintenance.

There are a number of observations that support the idea that a reduction in protein syn-
thesis plays an important role in extending lifespan upon DR. It was previously believed that
total caloric intake was the most important aspect of extending lifespan by manipulating diet.
However a number of studies over the past two decades have demonstrated that restricting
protein is more important than restricting the total number of calories. Results comparable to
restricting ad libitum feeding have been demonstrated by restricting intake of a particular amino
acid, such as methionine or tryptophan3¢* in rodent studies. Although total body weight was
reduced in methionine-restricted animals, they actually ate more per unit of body mass than
the controls.’® These results suggest that a decrease in energy intake or expenditure on a body
weight basis is not necessary for lifespan extension. In D. melanogaster, restriction of total food
yields extended lifespan.’* Fly media primarily consists of yeast, the major source of protein
and sugar. It has been shown by a number of groups that reducing yeast alone is also sufficient
to extend lifespan in flies.*"**>” The importance of individual macronutrients was underscored
by a recent study validating that reduction of yeast and not total calories in the diet extends
lifespan in D. melanogaster.””

The TOR pathway, which responds to the presence of amino acids, has been shown to play
important roles in DR-dependent lifespan extension in D. melanogaster,” S. cerevisiae®® and
C. elegans.>** The effects of TOR in mediating its lifespan extension effects have been suggested
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to be through inhibiting protein synthesis in D. melanogaster.® 4EBP (eukaryotic initiation
factor eI F4E binding protein), a translational repressor that acts as a downstream effector of the
TOR pathway, is a key player in mediating the lifespan extension effects of DR in flies. 4EBP
is phosphorylated upon insulin stimulation and is also targeted by TOR, to regulate mRNA
translation and growth.>** When inactive, the hypophosphorylated form acts as a translational
repressor by binding the protein synthesis initiation factor eIF4E, thus blocking the activity of
the eIF4F complex. The eukaryotic initiation factor 4F (eIF4F) initiation complex mediates
growth-dependent protein synthesis.”**? Together the observations that reduction of protein in
the diet and the role of the amino acid sensing TOR pathway in mediating lifespan extension
by TOR support the idea that modulation of protein synthesis plays a role in mediating the
lifespan extension by DR.

Mechanism of Lifespan Extension by Inhibition of Protein Synthesis

What are the mechanisms by which inhibiting protein synthesis mediates antagonistic pleio-
tropic phenotypes? Given that amino acids are building blocks of proteins, it is easy to conceive
how reduction in protein synthesis slows growth and development but why this would extend
lifespan is not intuitive. This is also apparently paradoxical if one takes into account that there
is a global decline in protein synthesis with age. A model depicting how inhibition of protein
synthesis leads to antagonistic pleiotropic effects on growth and somatic maintenance is shown
in Figure 1. One possible mechanism for the lifespan extension is that the inhibition in protein
synthesis enhances lifespan by reducing the burden on the protein homeostatic apparatus.®¢
The advent of new technologies that can assess the half-life of individual proteins and quantify
the damage inflicted to individual proteins will be of great use in examining the hypothesis. It
would also be of great interest to understand if the autophagy machinery plays a role in altering
protein homeostasis under conditions of low protein synthesis.

Another important question with regards to the mechanisms of lifespan extension is, whether
there is simply a global decrease in protein synthesis, or differential translation of particular mRNAs
despite an overall decrease in mRNA translation. Previous studies have pointed out the importance
of regulation of mRNA translation especially under environmental stresses and the apparent lack
of correlation between the transcriptome and proteome.%*%> A recent study shows that RAS
and Akt contribute to growth and tumor formation only modestly by transcriptional changes but
largely by altered recruitment of mRNAs to large polysomes.® This study found that genes that
regulate growth, transcriptional regulation, cell-to-cell interactions and morphology were mostly
altered in their mRNA translation state. Selective increase in translation of particular mRNAs

Wild-type conditions Reduced Protein synthesis
Stress response, Growth, nucleotide
Somatic maintenance synthesis
) Stress response,
Growth, nucleotide : .
syn hesi Wﬂmﬂﬂ
translation translation
Normal lifespan Increased lifespan

Figure 1. A model for how inhibition of protein synthesis leads to antagonistic pleiotropic
effects on growth and somatic maintenance. Under normal conditions there is higher protein
synthesis, which leads to increased resources for growth and reproduction. Under conditions
of reduced protein synthesis there is a shift in the balance leading to an increased investment
in somatic maintenance and a reduction in growth.
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under conditions that result in most mRNAs being translationally repressed has been described
in other systems. Inhibition of eIF4E in mammalian cells has been shown to decrease cell growth
and protein synthesis but increase the protein levels of HSP 90, HSP 70, HSP 65 and HSP 27.
This increase in protein was found to be due to an increased association of the respective mRNAs
with larger polysomes.” Furthermore, under well-fed conditions, yeast transcriptional regulator
GCN4 mRNAs are attached to only a single ribosome. Upon starvation, its mRNAs are found
associated with polysomes due to an increased rate of translation initiation.® While the global
rate of protein synthesis decreases under these conditions, production of GCN4 protein increases
as suggested by the increase in ribosomal loading for GCN4-specific mRNA, driven by short
upstream open reading frames in the 5’UTR of the gene.”” A recent study has shown that GCN4
is important for mediating changes in lifespan in Saccharomyces cerevisiae. The transcriptional
regulator GCN4 has been shown to be translationally upregulated and contributes to increased
lifespan when overall mRNA translation is reduced via inhibition of 60S ribosomal subunit expres-
sion.”” In order to investigate regulation of mRNA translation, a method to study genome-wide
mRNA translation state has been previously established.”° This translational profiling method
assesses the mRNA translation state based on the separation of mRNAs bound to varying num-
ber of polysomes via density gradient centrifugation. This method is likely to prove very useful
in identifying translational changes in gene expression which will help reveal new insights into
how mRNA translation regulation plays a role in mediating the antagonistic pleiotropic effects
of inhibiting protein synthesis.

Conclusion

In summary, the effects of inhibition of protein synthesis in different model systems, provides
a novel paradigm to explore the mechanisms of antagonistic pleiotropy. The advent of new tech-
nologies to examine mRNA translation state, protein turnover and de novo protein synthesis are
likely to play a critical role in understanding the mechanisms of phenotypic changes upon inhibi-
tion of protein synthesis. Given the high degree of genetic homology between cellular processes,
especially mRNA translation regulation, in humans and model systems like worms, flies and yeast
and given the importance of protein translation in human disease, this area is likely to be of extreme
significance for understanding various age-related human discases.
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CHAPTER 4

Proteasome Function Determines
Cellular Homeostasis and the Rate
of Aging

Niki Chondrogianni and Efstathios S. Gonos*

Abstract

omeostasis is a key feature of cellular lifespan. Maintenance of cellular homeostasis

influences the rate of aging and its efficiency is determined by the cooperation between

protein stability and resistance to stress, protein refolding, protein repair and proteolysis
of damaged proteins. Protein degradation is predominately catalyzed by the proteasome which is
responsible for cell clearance of abnormal, denatured or in general damaged proteins as well as for
the regulated degradation of short-lived proteins. Impaired proteasome function has been tightly
correlated to aging both in vivo and in vitro and thus, emphasis has been given recently in identify-
ing ways of its activation. A number of studies have shown that the proteasome can be activated by
genetic manipulations as well as by factors that affect either its conformation and stability or the
expression of its subunits and the rate of proteasome assembly. This “readjustment” has been shown
to have a great impact on retention of cellular homeostasis since it promotes lifespan extension.
This chapter focuses on protein homeostasis and its direct link to proteasome function, dysfunction
and manipulation and provides insights regarding the activation of proteasome-mediated protein
degradation that, in turn, ensures health maintenance.

Protein Homeostasis and Aging: Which Are the Key Players?

Maintenance of cellular homeostasis is a basic feature that determines organismal lifespan.
Cellular homeostasis is affected by several intracellular functions since there are different pathways
that need to be properly protected and maintained in order to assure organismal homeostasis.'
Protein homeostasis is one of the major nodal points that need to be preserved in order to retain
homeostatic balance. Efficient protein maintenance that is determined by protein stability and
resistance to stress per se is accompanied by potential protein repair but also by efficient protein
degradation, processes that in turn influence organismal homeostasis and lifespan.

Proteome homeostasis is characterized by “preventing” as well as by “repairing” steps. Preventing
functions that contribute to protein homeostasis include resistance of proteins per se to oxidative
and other cytotoxic damage(s). Several studies have revealed the central role of protein stability and
resistance to oxidative stress as determinants of longevity. These studies have revealed the central
role of the cellular antioxidant mechanisms to the ameliorated survival and extended lifespan,
depending on the model used® and their positive correlation to maximum lifespan potential.?
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More recently, studies in long-lived species have further revealed the role of the “preventing”
step of protein homeostasis in extended lifespan. More precisely, Chaudhuri and colleagues have
examined the possible causes of extended lifespan in the longest-living rodent, the naked mole-rat*
aswell asin long-lived bats.” Specifically, two species of long-lived bats exhibit enhanced resistance
to protein oxidation and increased resistance of their proteins to unfolding per se. Moreover, these
levels of protein self-protection seem to be adequate for the recorded extended lifespan of these
species since, surprisingly, they do not possess any other enhanced protective systems, like for in-
stance increased protein removal.’ In contrast, the naked mole-rats display enhanced resistance to
oxidative stress with concominant ability of the native proteins to resist against in vitro unfolding.
Moreover these animals are characterized with attenuated age-related changes in cystein oxidation
and in general a tightly modulated protein-redox state, systems that may also contribute to their
exceptional longevity.*

Given that the proteome of most species has not yet shown to be equipped with the above
“preventing” characteristics, the “repairing” steps against oxidative stress are of equal or even
higher importance. Therefore, when protein damage occurs, the homeostatic mechanisms are
activated to refold the protein, to repair the protein damage (when it is possible) or to degrade
the damaged molecules in order to prevent their accumulation and aggregation inside the cell.
Three “cellular players” are involved: the chaperones, the protein repair enzymes that reverse
some of the protein oxidative damage and the cell clearance arsenal that includes the systems
that are involved in the removal of damaged proteins. Regarding the chaperones, their role in
agingis well established as they constitute the intermediate point of protein rescue if, at all, pos-
sible.* Depending on the amino acids that are subjected to oxidation/damage, there are also few
protein repair enzymes; the glutaredoxin/glutathione/glutathione reductase, the thioredoxin/
thioredoxin reductase and the methionine sulfoxide reductases are the best characterized systems.
These enzymes can reduce catalytically the oxidation of sulfur-containing amino acids, cysteine
and methionine that have been shown to be the most susceptible to oxidation.” Among these few
protein repair enzymes, MsrA and MstB enzymes have been shown to play a major role in protein
homeostasis during aging. Their role has been largely addressed once they were overexpressed,
leading to extended lifespan and better coping against oxidative challenges.®® In support, Friguet
and colleagues have also shown that replicative senescence of human fibroblasts is accompanied
with their reduced expression and function.!” However, despite the high importance of the above
mentioned repairing enzymes, the major “repairing” system against protein damage is protein
degradation. Protein degradation can be mediated by lysosomes,!! proteasomes' and the Lon
protease in mitochondria.”> Although all three proteolytic machineries are highly important,
the proteasome represent the basic cellular machinery governing regulated proteolysis of both
normal and abnormal proteins.

An Introduction to the Proteasome Biology

Controlled protein degradation is predominately catalyzed by the proteasome. The proteasome
is responsible for cell clearance of abnormal, denatured or in general damaged proteins as well as
for the regulated degradation of short-lived proteins.'*!* The proteolytic core, the 20S proteasome
isa700 kDa multisubunit enzyme complex composed by 7 different a- and 7 different -subunits
arranged as a barrel-shape stack of four heptameric rings localized in both cytoplasm and nucleus.
The two outer 0-subunits rings (01, ;) embrace two central head-to-head oriented rings containing
B-subunits (B,.;). The proteolytic active sites are hosted in the internal chamber that is composed
by B-subunits. Three of the B-subunits, B, 3, and Bs, are responsible for the proteasome hydro-
lyzing activities that cleave peptide bonds on the carboxyl site of acidic (peptidylglutamylpeptide
hydrolyzing activity, PGPH), basic (trypsin-like activity, T-L) and hydrophobic (chymotrypsin-like
activity, CT-L) amino acids respectively (Fig. 1)."2

Once the 20S particle is capped by 19S regulatory complexes, the 26S proteasome is as-
sembled which is central for the ATP/ubiquitin-dependent protein degradation. The 19S
particle is composed by two subcomplexes, namely the lid and the base (Fig. 1). The lid covers
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Figure 1. Schematic representation of the 20S proteasome and the 19S regulatory particle.

the base and it is involved in the substrate uptake and deubiquitination. The base is consisted of
six AT Pase subunits as well as four non-ATPase subunits involved in the recognition, unfold-
ing and further translocation of the substrate.”” The target protein is firstly labeled via covalent
attachment of multiple ubiquitin molecules before the degradation by the 26S complex. Three
steps are involved in the conjugation of ubiquitin to the substrate. Ubiquitin is activated by E1,
the ubiquitin-activating enzyme, then transferred by an E2 enzyme, the ubiquitin-carrier protein
or ubiquitin-conjugating enzyme, to a member of the ubiquitin-protein ligase family, E3, to
which the target protein is specifically bound. This enzyme catalyzes the repeated conjugation
of ubiquitin to the substrate prior of the 26S complex-mediated degradation.'*

Proteasome has also been implicated in antigen presentation process and immune response,
mainly through immunoproteasomes. In this proteasome type, the constitutively expressed B, B,
and f35 subunits are substituted during de novo proteasome biosynthesis by f;, 3, and f3; subunits
respectively. Asa result, although these particles digest proteins at rates similar to those for constitu-
tive proteasomes, they generate a higher fraction of peptides with the appropriate C-termini and
length to serve in antigen presentation. In immunoproteasomes, PA28/11S activator can replace
the 19S complex.'¢ Finally additional tissues may also have their own type of proteasomes as it was
shown for cortical thymic epithelial cells where the f5; subunit is substituted by fs."”

Proteasome biogenesis is an accurately ordered multistep event. It is initiated with the biosyn-
thesis of - and f-subunits, followed by the organization of a-subunits in seven-member rings
under the supervision and assistance of proteasome assembling chaperones, 1,2 and 3 (PAC1-3)."*
Then the precursor $-subunits assemble’ and associate with UMP1/POMP accessory protein
that, in conjunction to the a-subunits rings, give rise to half proteasomes. Upon dimerization
of two half proteasome precursors, the preholeoproteasome is produced that is then activated
through the cleavage of the precursor and still inactive -subunits, thus giving rise to the mature
20S proteasomes.”
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Proteasome during Aging

Aging is a natural biological process that involves the gradual decline of a variety of physi-
ological functions and the eventual failure of homeostasis. Mammalian aging can be studied
in vitro as mitotic cells loose their proliferative capacity following serial passaging, a process
termed as replicative senescence.?’ Senescent cells are characterized by several morphological
and biochemical alterations when compared with their young counterparts, including changes
in proteasome function. Specifically, a number of studies have shown an ~50% decline of pro-
teasomal activities in several aged tissues in humans (muscle, lens, lymphocytes and epidermis)
as well as in other mammals such as mice, rats and bovines (liver, spinal cord, lens, heart and
retina).”? A similar decline of proteasome activities has also been revealed in human primary
cultures undergoing replicative senescence,” whereas, in support, proteasome inhibition in
young cells induces premature senescence.* Earlier work has attributed the observed decrease of
proteasome function to the accumulation of damaged proteins, such as lipofuscin, during aging
and senescence.” To understand the molecular basis of these findings, work in our laboratory
has determined that the decreased function of proteasome in senescence is, in addition to the
accumulation of damaged proteins, primarily due to the reduced rates of proteasome biosyn-
thesis and assembly. Moreover, we have determined that replicative senescence is accompanied
with reduced levels of the B-type subunits, thus acting as the “rate-limiting” subunits for ef-
ficient proteasome assembly.*® Immunoproteasomes have also been investigated during aging.
Ponnappan and coworkers* have recently reported lower expression of a.- and p-type proteasome
subunits in T-cells derived from old donors, while we have reported the inability of senescent
human fibroblasts to induce proteasome immunosubunits following interferon-y treatment as
opposed to their young counterparts.”” Interestingly, in tissues irrelevant to the immune system,
like the muscle, an age-related up-regulation of immunoproteasomes in parallel to the decreased
amount of constitutive proteasomes has been demonstrated, thereby implying for a potential
compensatory mechanism which may result in an overall proteasome function fine-tuning.?®
Additional work in 19S complex has identified several subunits to be down-regulated during
replicative senescence, 2% ourunpublished dawn whereas a lower ability of proteasome activators to as-
semble with 20S complex in aged rat muscle has also been reported.?* In support, studies in
lower eukaryotes like Drosophila melanogaster have shown that aging also perturbs 26S protea-
some assembly,* whereas more recently Miura and colleagues have provided genetic evidence in
Drosophila melanogaster that links age-dependent attenuation of the 26S proteasome function
and assembly with the aging process.’ Finally, aging has been also shown to have profound
effects in the whole axis of ubiquitin/proteasome. Some of the compounds of this machinery,
e.g., E1 and several E2 enzymes, like E2,, and E2,5;, have been correlated to aging and oxidative
stress in lens. Specifically, Shang et al*® have found increased ubiquitination activities following
oxidative stress without any change, however, of the mentioned E2 protein expression levels.
The same work highlights that lens have the ability to increase ubiquitin conjugation activity
in response to oxidative stress and this ability is attenuated upon aging. Recently, components
of the Skp1-Cull-F-Box E3 ligase complex have been identified to regulate the lifespan of
Caenorbabditis. elegans> In complementary studies, worms lacking AIP-1, the homologue of
mammalian AIRAP (arsenic-inducible proteasomal 19S regulatory particle-associated protein),
were not only impaired in their ability to resist exposure to arsenite but also exhibited shortened
lifespan and hypersensitivity to misfolding-prone proteins under normal laboratory conditions.®
In contrast, the overexpression of this regulator protected animals against AP toxicity.*® Apart
from the above mentioned studies that show mainly alterations in the proteasome content or
in the assembly of the 26S complex during aging, several studies have also demonstrated protea-
some inactivation through modification of proteasome subunits and inhibition of its function
through endogenously heavily modified and cross-linked proteins that practically block the
proteasome.” In summary, these data strongly suggest that aging has profound effects on pro-
teasome biosynthesis, assembly and function and moreover, that the progression of the process
is highly affected or even accelerated by proteasome dysfunction.
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Proteasome Activation: Is There a Way to Restore Proteasome Function?

Proteasome can be activated by several regulators, such as the 19S and 11S complexes, for per-
forming its ordinary functions as described previously.'*"* However, over the last years it became
evident that proteasome, in addition to its known regulators, can also be activated by genetic or
other means. This activation is mediated either through conformational changes of the structure
of the proteasome or through increased expression of the proteasome subunits and regulators and
the downstream enhanced assembly of the complex.

Genetic Activation of the Proteasome

Goldberg and coworkers®” were the first to demonstrate the enhancement of CT-L and T-L
proteasome activities following 35i transfection in lymphoblasts and HeLa cells. The same group
in a follow-up study has shown a similar stimulation of T-L and PGPH activities following 1i
and B1 subunit overexpression in HeLa cells.® We have also overexpressed the 35 subunit stably in
WI38/T and HLG60 cells.”” We found that transfection of the 85 subunit resulted to upregulation of
other B-type subunits, thus implying for acommon regulatory loop that is still under investigation
and to the recruitment of “free” a-type subunits that are normally found in excess to produce new
and functional proteasomes. This was evident as the developed “proteasome activated cell lines”
exhibited increased rates of proteolysis as well as enhanced resistance against various oxidative chal-
lenges. Importantly, a similar 35 subunit overexpression in primary human embryonic fibroblasts
(IMRO0 cells) resulted in the extension of lifespan by ~15-20% with the parallel maintenance of
the young phenotype for longer periods.”” The observed coregulation of f-type subunits has also
been confirmed in other cell types, such as the lens epithelial cells* or the murine neuroblastoma
cells,*! following overexpression of the 35 subunit. Moreover, it was recently shown that restoration
of the normal level of proteasome subunits in aged human fibroblasts reduces the levels of various
aging biomarkers,” thereby confirming our assumption regarding the vital association between
optimal proteasome function and retention of cellular homeostasis. Additionally, we have achieved
proteasomal upregulation via overexpression of hUMP1/POMP protein.® hUMP1/POMP stable
clones exhibited increased rates of proteasome assembly and function as assayed by their enhanced
recovery ability following administration of oxidative stressors. In support, Keller and colleagues
have shown that UMP1 overexpression in yeast enhances viability during oxidative stress mainly
through the enhanced preservation of proteasome-mediated protein degradation which, in turn,
extends lifespan.* Moreover, silencing of UMP1 by RNA interference has been shown to induce
proteasome inhibition in yeast that eventually promotes a robust increase of protein oxidation that
results to autophagic death,® whereas, deletion of UMP1 has a neutral effect on cellular viability
under normal growth conditions, but impairs the ability of yeast cells to survive under stationary
phase conditions.* Finally, more recently, Miura and colleagues suggested that improving the
amount and/or activity of the 26S proteasome by overexpressing a lid subunit such as Rpn11,
could provide an extension to the mean lifespan and suppress the age-related progression of neu-
rodegenerative diseases.”? In total, these data reveal that the proteasome system (20S and 26S) can
be genetically modulated and have great impact on the progression of aging and longevity.

Proteasome Activation by Natural or Chemical Compounds

Structural alterations of proteasome subunits have been shown to affect proteasome activity
through changes of the 20S barrel conformation. Initially, SDS and some fatty acids have been
shown to stimulate proteasome activities in the test tube,”” whereas potassium chloride has a
negative effect by favoring the open or the closed conformation of the proteasome, respectively.
Proteasome-activating hydrophobic peptides have been shown to be bound as modifiers at non-
catalytic sites, thus mimicking the effect of 11S complex by opening the a-gated pore.” On the
basis of these studies, we have recently isolated oleuropein, the most abundant of the phenolic
compounds in Olea europaca leaf extract, olive oil and olives® and we have demonstrated that it has
a stimulatory impact on proteasome activities in vitro.”! The increased activities promote cellular
resistance to oxidants and confer extension of human fibroblasts lifespan.”’ Oleuropein most likely
acts through structural changes of the 20S a-gated channels conformation in a similar manner to
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Figure 2. Protein maintenance determines cellular homeostasis. Protein homeostasis plays
a central role in order to retain cellular homeostatic balance and can be preserved due to
protein stability per se as well as to resistance to stress (A). Upon protein damage through
the action of ROS or other cytotoxic insults, efficient protein maintenance is determined by
chaperones that may refold the unfolded proteins or by protein repair enzymes that restore
damage through specific enzymatic reactions (B). Finally, if the above mentioned mechanisms
are not efficient in converting a damaged protein into its native form, protein degradation oc-
curs (C). The equilibrium between these mechanisms may promote longevity and reduction
of the rate of aging; in contrast dysfunction of this balance confers the opposite results.

SDS, albeit its effects are considcrably stronger. A similar stimulatory effect on proteasomes has
been observed by an algae extract of human keratinocytes, as it provides protection from UVA
and UVB irradiation.”

Proteasome activation has also been achieved following treatment with various antioxidants.
Specifically, Kensler and coworkers have shown natural antioxidants, such as dithiolethione and
sulforafane, to enhance mammalian proteasome expression through the Keapl-Nrf2 signaling
pathway, resulting to increased protection against various oxidants®*** and lately against Af
cytotoxicity.”® Nrf2 is a key molecule involved in cellular protection against chemically induced
oxidative stress, since it is a central transcription factor of Phase 2 dctoxifying enzymes and an-
tioxidative genes.® Nevertheless, the correlation between aging and Nrf2 pathway is still under
investigation. For example, Nrf2 knock out mice were not identified to exhibit further alterations
of lifespan following caloric restriction.”” In contrast we have shown that treatment with a Nrf2
inducer results to enhance cell survival following oxidative stress while continuous treatment leads
to lifespan extension in human fibroblasts. These positive results have been shown to be linked
with proteasome activation.’®

In Vivo Evidence of Proteasome Activation
The previously reported studies establish the beneficial effects of proteasome activation in
various in vitro systems. To test the in vivo relevance of these findings, we have determined
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proteasome biosynthesis and function in cultures derived from skin fibroblasts biopsies of
several healthy donors of various ages including healthy centenarians. Although we observed
a proteasome function decline with the age of the donors, importantly, we found that healthy
centenarians exhibit a more functional proteasome when compared with the elderly donors.” We
hypothesize that their functional proteasome provides enhanced rates of proteolysis of damaged
proteins, thus indirectly contributing to their longevity. In support various studies have shown
that in caloric restricted animals the proteasome function is maintained or even enhanced, thus
possibly contributing to the observed extended lifespan of these animals.**¢"¢2

Conclusion

Itis clear that cellular and organismal homeostasis is highly related to protein homeostasis which
is affected by multiple molecular and biochemical pathways as mentioned above (Fig. 2). Although
the direct interactions and cross-talks between all those pathways are not yet fully elucidated, it is
obvious that “recalibration” of one of them triggers a wave of readjustments of the whole system
that eventually lead to better survival, maintenance and longevity. This intra-molecular connec-
tion gives important value to the system of protein homeostasis and opens new dimensions for
future therapeutic interventions, not only regarding aging and age-related diseases but also in many
pathological conditions that are related to proteotoxicity. The elucidation of the unknown links
between different pathways like protein stability, refolding, repair and degradation will constitute
the new “holy grail” in designing strategies for promotion of cellular health maintenance.
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CHAPTER S

Autophagy and Longevity:
Lessons from C. elegans

Kailiang Jia* and Beth Levine*

Abstract

ging is a process in which individuals undergo an exponential decline in vitality, lead-
Aing to death. In the last two decades, the study of the molecular regulation of aging in

model organisms, particularly in C. elegans, has greatly expanded our knowledge of aging.
Multiple longevity pathways, such as insulin-like growth factor signaling, TOR signaling, dietary
restriction and mitochondrial activity, control aging in C. elegans. Recent genetic studies indicate
that autophagy, an evolutionary conserved lysosomal degradation pathway, interacts with various
longevity signals in the regulation of C. elegans life span. Here, we review the current progress in
understanding the role of autophagy in the regulation of C. elegans life span.

Introduction

Biogerontologists have long argued that the aging process is under genetic control. A major
aim of aging research is to identify longevity-determining genes and their functions. Studies
in model organisms such as C. elegans have provided significant insight into the molecular
mechanisms underlying aging.

C. elegans is a free-living soil nematode. In abundant food, the postembryonic development
of C. elegans consists of four larval stages (L1-L4) and the adult (Fig. 1). The mean adult life
span is about two weeks. However, if food is scarce and the animals are overcrowded (the popu-
lation density is measured by the constitutively secreted pheromone), the animals will enter a
specialized third larval stage called the dauer larva (Fig. 1). The dauer larva is a developmentally
arrested dispersal stage that can live up to six months. Aging seems to be suspended in dauer
larvae.! Indeed, four daf (dauer formation) genes, daf-2, age-1, daf-16 and daf-18, have been
shown to regulate adult life span.”* daf-2 and age-1 mutants form dauer larva constitutively.
However, if these mutants are grown at low temperature, they do not form dauer larvae, but
grow to adules with extended life spans.** It has been proposed that a specific life span exten-
sion program is activated in dauer larvae and this program is inappropriately activated in daf-2
and age-1 adults.’

C. elegans is well suited to aging studies; it has a rapid life cycle and a short life span and is
amenable to genetic analysis. Like higher eukaryotic organisms, C. elegans goes through a visible
aging process.’ In addition, a variety of cellular and developmental processes in higher organisms,
including mammals, have been elucidated through studies of similar processes in C. elegans. Thus,
findings in C. elegans are often applicable to more complex animals. Furthermore, the technique
of RNAj, coupled with the availability of the complete genomic sequence of C. e/egans has made
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Figure 1. The life cycle of C. elegans. C. elegans has two alternative developmental pathways
that are determined by at least three environmental conditions: food supply, temperature and
the constitutively secreted dauer-inducing pheromone. The pheromone level is an indicator
of the population density. Under favorable growth conditions (abundant food and/or low
pheromone level), development proceeds continuously through four larval stages (L1, L2, L3
and L4) to the adult. However, if food is scarce and/or the pheromone level is high prior to
the L1 stage, development will lead to the predauer (L2d) stage. The L2d will enter the dauer
stage if environmental conditions remain adverse; otherwise it will switch to continuous de-
velopment to the adult. When environmental conditions improve, the dauer larva can resume
development, molt to the L4 and grow to the adult.

it easy to study gene function at a global level. In the last two decades, C. elegans model systems
have led the way in the elucidation of molecular mechanisms in life span regulation.

In this chapter, we will first review genetic pathways regulating C. elegans life span including
the DAF-2 insulin-like signaling pathway, dietary restriction and mitochondrial factors (Fig. 2).
Then we will briefly review the process of autophagy (Fig. 3) and discuss its interaction with lon-
gevity pathways in C. elegans (Fig. 2, Table 1). Quite strikingly, this protein degradation pathway

is emerging as a central mediator of life span extension.

DAF-2 Insulin/IGF-1-Like Signaling

Mutations in single genes, daf-2* and age-1,>* significantly extend the life span of nematodes.
daf2 encodes an insulin receptor-like tyrosine kinase® and age-I encodes a homologue of the
catalytic subunit of phosphatidylinositol 3-kinase (PI3K).” PI3K acts downstream of dimeric
growth factor receptor tyrosine kinases, including the insulin receptor family.®* DAF-16 is a major
target of DAF-2/AGE-1 signaling and daf"16 activity is required for the enhanced longevity
of daf-2 and age-1 mutants. daf-16 encodes a FOXO (forkhead box O) transcription factor.”'
Upon stimulation by insulin-like peptide, the DAF-2 receptor kinase activates PI3K that in
turn activates the serine-threonine kinase Akt. The activated Akt kinase phosphorylates. The
DAF-16/FOXO transcription factor, which results in the export of DAF-16 from the nucleus
to the cytoplasm." However, in the absence of DAF-2 ligand, dephosphorylated DAF-16 enters
the nucleus and turns on the transcription of a spectrum of genes required for longevity such
as antioxidant genes and heat shock resistance genes.' Thus, DAF-2 and AGE-1 are major
signaling molecules and DAF-16 is a major transcription factor that function in the control
of aging (Fig. 2).
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Figure 2. Model depicting potential interrelationships between autophagy and longevity pathways
in C. elegans based on studies in C. elegans and other organisms. Proposed wild-type functions
are shown, with arrows indicating stimulation of activities and T-bars indicating inhibition, but the
steps do not indicate direct protein interactions. Dashed arrows signify that the proposed interac-
tion has not been determined in C. elegans but has been found in other organisms. This model
focuses onthree longevity pathways: the daf-2 insulin-like signaling pathway, dietary restriction and
mitochondrial activity. Daf-2 signaling negatively regulates the DAF-16 Foxo transcription factor,
a key player in life span regulation. The phosphorylation by AKT kinase of DAF-16 prevents its
nuclear localization and transcriptional activation of genes required for longevity. In contrast, the
phosphorylation of DAF-16 by JNK kinase promotes its nuclear localization. Sir2.1 can enter the
nucleus and form a complex with DAF-16 to turn on gene transcription. TAX-6 acts downstream
of DAF-2 and is partially dependent on DAF-16 to control life span. Dietary restriction is another
conserved life span extension mechanism and functions through at least three pathways, AMPK,
TOR and PHA-4, depending on the dietary restriction method applied to worms. AMPK activity
is also influenced by DAF-2 signaling. When AMPK functions downstream of DAF-2, it controls
life span independently of DAF-16 whereas DAF-16 is required for AMPK to regulate life span
under certain dietary restriction protocols. The third group of longevity mutants increases C.
elegans life span in a DAF-16 independent manner by reducing mitochondrial activity. Notably,
all these longevity pathways regulate autophagy, directly or indirectly. Downstream of daf-2
signalling, DAF-16 stimulates autophagy whereas TAX-6 inhibits autophagy. DAF-2 signalling
may also inhibit autophagy through an unknown protein(s) independently of DAF-16. Besides
interacting with DAF-16, Sir2.1 directly interacts with the autophagy proteins and deacetylates
them to induce autophagy in mammalian cells. NK kinase may stimulate autophagy through
DAF-16. In addition, JNK induces autophagy in starvation conditions in mammalian cells by
regulating the interaction of Beclin 1 and Bcl-2 (mammalian orthologs of BEC-1 and CED-9,
respectively). Under dietary restriction, TOR is inhibited and autophagy is upregulated. Dietary
restriction also induces autophagy through the PHA-4 transcription factor and AMPK. Free reac-
tive oxygen species produced by mitochondria can induce autophagy and presumably promote
the autophagic clearance of damaged mitochondria. Taken together, current studies of various
longevity pathways place autophagy at a central position in the regulation of C. elegans life span.
It has been shown that autophagy is required for life span extension conferred by reduction of
daf-2 signaling and TOR signaling, dietary restriction, decreased TAX-6 activity and reduced
mitochondrial activity. Further studies are required to evaluate the role of autophagy induction
in JNK, AMPK, Sir2.1 and PHA-4 regulation of C. elegans life span.
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Table 1. Role of autophagy genes in life span extension in long-lived mutant C. elegans

C. elegans
Longevity
Mutation  Life Span Effect Autophagy Gene(s) References
daf-2 Increase (loss-of-function)  Required: bec-1, atg-7, Melendez et al, 2003
Igg-1, atg-12, atg-18, vps-34 Hars et al, 2007
Hansen, et al, 2008
Toth et al, 2008
eat-2 Increase (loss-of-function)  Required: unc-51, bec-1, Jia and Levine, 2007
atg-7, vps-34 Hansen et al, 2008
Toth et al, 2008
TOR Increase (loss-of-function)  Required: unc-51, bec-1, Hansen et al, 2008
atg-18 Toth et al, 2008
atp-3 Increase (loss-of-function)  Required: unc-51, atg-18 Toth et al, 2008
clk-1 Increase (loss-of-function)  Required: unc-51, atg-18 Toth et al, 2008
Not required: bec-1 Hansen et al, 2008
isp-1 Increase (loss-of-function) ~ Not required: bec-1 Hansen et al, 2008
tax-6 Increase (loss-of-function)  Required bec-1, atg-7 Dwivedi et al, 2009
sir2.1 Increase (overexpression) Not determined
JNK Increase (overexpression)  Not determined
AMPK Increase (overexpression)  Not determined

The activated PI3K converts the plasma membrane lipid phosphatidylinositol-4,5-bispho-
sphate (PIP2) to phosphatidylinositol-3,4,5-trisphosphate (PIP3). PIP3 can bind to various
signaling proteins including Akt and activate them® and PI3K signaling is terminated by the
degradation of PIP3. The phosphatase PTEN (Phosphatase and Tensin homolog deleted
on chromosome TEN) dephosphorylates the 3 position of PIP3 to produce PIP2.% daf18
encodes a C. elegans homolog of PTEN that opposes the activity of AGE-1 (Fig. 2)."*!° In
fact, the pathway from the insulin-like receptor tyrosine kinase to the FOXO transcription
factor is conserved from C. elegans to mammals.'>" Interestingly, longevity resulting from
reduced insulin-like signaling is observed in a variety of species, ranging from C. elegans, to
Drosophila and mice.'>"”

The nuclear localization of DAF-16 is also regulated by other kinases. For example, INK-1
(c-Jun N-terminal kinase), a member of the MAPK superfamily, phosphorylates DAF-16
and promotes the translocation of DAF-16 into the nucleus.’ As expected, overexpres-
sion of JNK-1 results in DAF-16-dependent life span extension.'® In mammals, the FOXO
transcription factor is deacetylated by sirtuin, an NAD-dependent protein deacetylase.'?
DAF-16 may be also deacetylated by sirtuin although biochemical evidence for this is lack-
ing. Interestingly, overexpression of the C. elegans sirtuin, SIR-2.1, increases the life span
of wild type worms in a DAF-16-dependent manner, suggesting that sirtuin may modify
DAF-16 activity.? In addition to being post-translationally modified, DAF-16 interacts with
several different transcription factors to control the expression of genes that extend life span
by promoting stress resistance.'” As a central regulator of life span downstream of DAF-2
signaling, the identification of additional DAF-16 target genes and regulators of DAF-16
function will further our understanding of how insulin-like signaling controls life span in C.
elegans and other organisms.
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Dietary Restriction

Of all the known longevity pathways, dietary restriction (DR) is the only intervention con-
clusively and reproducibly shown to slow aging and maintain health and vitality in metazoans.
DR has been shown to extend life span in C. elegans and several other organisms, including
yeasts, Drosophila and mammals (including primates).'>**?* Two methods are widely used to
apply dietary restriction to C. elegans.?**> One method is to feed worms with diluted bacteria®
(different dilution protocols have been developed.?”). Worms show a parabolic response to dif-
ferent dilutions of bacteria and maximum life span extension is reached at specific dilutions.”
Dietary restriction is also achieved by using a genetic mutant called eas-2.” Eas-2 mutants
have defects in pharyngeal muscle function leading to insufficient food intake and a starvation
phenotype. The eas-2 mutation prolongs life span, presumably by restricting the food intake
of the worm.?

The molecular mechanisms mediating dietary restriction have been studied in yeast,” C.
elegans® and Drosophila®® In C. elegans, they involve the DAF-2/insulin-like growth factor
pathway, the TOR (Target of Rapamycin) pathway and other proteins such as sirtuins and the
transcription factor PHA-4.” However, none of these mechanisms is the master regulator of
dietary restriction. They are required to extend life span by dietary restriction only under very
specific conditions. The complexity of these effects may be partly due to lack of a consistent
methodology to apply dietary restriction to C. elegans.”

Mitochondrial Activity

All organisms live in an environment that contains free radicals (ROS: reactive oxygen
species) because mitochondrial respiration constantly generates ROS by leaking intermediates
from the electron transport chain. The free radical theory postulates that free radicals cause
the accumulation of oxidant-damaged molecules and organelles that result in senescence.’
Consistent with this theory, C. elegans mitochondrial mutations either extend or decrease life
span depending on their effects on mitochondrial activity

isp-1 encodes the C. elegans iron sulfur protein of mitochondrial complex III. A mutation in
this gene results in a decrease of oxygen consumption, insensitivity to ROS and extension of life
span.*> Mutations in the C. elegans coenzyme Q biosynthetic gene c/k-1 also cause an increase in
life span.” Coenzyme Q is an essential component of the electron transport chain of mitochon-
driaand is required to biosynthesize ubiquinone Q. c/k-1 mutants accumulate high levels of the
precursor, demethoxy ubiquinone (DMQ).** The increased life span of c/k-1 mutants may result
from the decrease of ROS due to the presence of DMQ.? By contrast, mutations in a subunit of
the enzyme succinate dehydrogenase cytochrome & (mev-1) cause oxidative stress and short life
spans.* Interestingly, the treatment of C. elegans with free radical detoxifying mimetics results
in a 44% increase in life spans of wild type animals.”” In addition, these compounds rescue the
life span defect of the mev-1 mutants.”

Consistent with studies of these mitochondrial mutants, a group of mitochondrial genes
has been identified in systematic RNA interference (RNAI) screens of C. elegans genes involved
in life span regulation.®*” RNAi-induced mitochondrial defects result in increased life span
and decreased production of ATP.*** The long-lived worms become more resistant to hy-
drogen peroxide and heat shock treatment.’” However, the extended life span of worms with
defective mitochrondria cannot simply be assigned to lower free radical production because
some of them show a heightened sensitivity to the superoxide-inducing agent paraquat.’ This
conclusion is supported by a recent study in which overexpression of the antioxidant enzyme
superoxide dismutase (SOD-1) extends the life span of worms but increases their sensitivity
to paraquat.”’ Thus, the superoxide radical appears not to be a major determinant of aging in
C. elegans. Therefore, although mitochondria clearly play an important role in regulation of
C. elegans life span, the exact mechanisms by which mitochondrial mutations extend life span
warrant further investigation.
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Autophagy

In recent years, increasing evidence has emerged that the cellular pathway of autophagy may be a
central regulator of life span that is required for the effects of DAF-2 insulin/IGF-1-like signaling,
dietary restriction and some mitochondrial mutations (e.g., A7 P-synthase-3 RNAi inactivation) on
nematode longevity. The autophagy pathway has been extensively reviewed in numerous excellent
recent reviews.*** In this section, we will provide a brief overview of autophagy as background for
understanding the potential role(s) of autophagy in anti-aging pathways (Fig. 3).

Autophagy (derived from the Greek meaning “to eat oneself”) is an evolutionary conserved
lysosomal degradation pathway. It is present in all eukaryotic cells and conserved from yeast to
humans.* There are three types of autophagy, macroautophagy, microautophagy and chaper-
one-mediated autophagy (CMA). Macroautophagy is a dynamic process involving the rearrange-
ment of subcellular membranes to sequester cytoplasm and organelles for delivery to the lysosome
or vacuole, where the sequestered cargo is degraded and recycled.* By contrast, microphagy is a
direct engulfment of cellular components by invagination of the lysosomal membrane. Unlike
macroautophagy and microautophagy that involve the rearrangement of subcellular membranes,
CMA is used specifically to degrade cytosolic proteins that bear a particular pentapeptide consensus
motif and are directly targeted to the lysosome.*® A cytosolic chaperone protein recognizes and
binds these proteins to form a substrate—chaperone complex that is delivered to the lysosome
through the lysosome-associated membrane protein (LAMP) Type 24, a lysosomal membrane
receptor for the CMA pathway.*® Of note, macroautophagy is the only known cellular pathway for
removing mitochondria and other organelles and is a major cellular pathway for the degradation
of long-lived and aggregate-prone proteins. Furthermore, genetic studies of tissue-specific dele-
tion of macroautophagy genes in mice reveals a critical role for this pathway in vivo in protein and
organelle quality control, cellular and tissue homeostasis and the prevention of the accumulation
of ROS, ubiquitinated cellular aggregates and abnormal organelles.””

In this chapter, we will focus exclusively on macroautophagy (herein referred to as autophagy).
Autophagy is involved in many different biological functions such as starvation adaptation, tu-
mor suppression, development and differentiation, cell death, innate immunity and anti-aging.*
Basal levels of autophagy occur constitutivcly at low levels even under normal growth conditions,
which is critical for “cellular housekeeping” functions.”® Autophagy activity can also be induced
by nutrient starvation, deprivation of growth factors and various intracellular and extracellular
stress conditions such as hypoxia, high temperature, or overcrowding.” Nutrient starvation and
repression of TOR strongly induce autophagy from yeast to mammals, including in C. e/egans.® In
multicellular eukaryotic organisms, various signal transduction pathways including insulin, TOR,
stress-activated kinases (e.g., JNK) and eukaryotic initiation factor 2a kinase signaling pathways
are orchestrated to respond to nutrient status in the regulation of autophagy activity.”

The autophagy process involves the formation of a double-membraned structure called the
autophagosome, which involves sequential steps including induction, vesicle nucleation, vesicle
expansion and completion and retrieval, that are then followed by fusion with the lysosome and
degradation of the sequestered contents (Fig. 3). In yeast, more than thirty autophagy-related
(ATG) genes have been identified by genetic screens and they all function downstream of TOR
kinase. Under normal nutrient conditions in yeast, TOR inhibits the interaction between Atgl3
and Atgl by causing hyperphosphorylation of Atgl3 through an unknown mechanism. However,
under starvation conditions, this inhibition is released and the activated Atgl3-Atgl complex
results in the induction of autophagy.* In the first step of autophagosome formation, an isolated
membrane called a phagophore forms at the phagophore assembly site and sequesters cytosolic
proteins and organelles.”® A Class ITI PI3K complex involving Vps34 and Atg6 in yeast (Beclin 1
in mammalian cells) is required for the initiation of this vesicle nucleation process.**** The elonga-
tion of the phagophore membrane results in the formation of autophagosome. Two ubiquitin-like
protein system are required for this step.”® Atg8, one of the ubiquitin-like proteins in these systems,
associates with the autophagosomal membrane as a phosphatidylehanolamine-conjugated form
during the process of autophagy.”® Therefore, GFP-labeled ATGS is widely used as a marker to
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visualize autophagosomes that appear as green puncta. After the formation of the autophagosome,
autophagy proteins except for Atg8 are retrieved; Atg9 and Atgl8 are required for this retrieval step.
Then the outer membrane of the autophagosome fuses with the lysosome and the inner membrane
along with sequestered cytosolic components are delivered into the lysosome. The fused vesicles
are called autolysosomes, in which cytosolic components are degraded by lysosomal enzymes. The
resulting breakdown products such as amino acids and free fatty acids are released into cytosol and
recycled to synthesize new macromolecules and to maintain cellular energy homeostasis.*

Orthologs of many yeast A7G genes have been identified in different species including C.
elegans, Drosophila, mice and humans.* Sixteen worm orthologs of A7G genes are known to
exist in the C. elegans genome and their putative functions in the autophagy process have been
reviewed.”! Moreoever, recent studies have shown that autophagy plays a role in survival during
starvation, dauer development, aging, cell death and neurodegenerative diseases in C. elegans.’
In the remainder of this chapter, we will discuss the role of autophagy in aging, as revealed by
genetic studies in C. elegam.

Autophagy and C. elegans Longevity Pathways

Many longevity genes have been identified in C. eegans and recent studies indicate that au-
tophagy is involved in several highly conserved longevity pathways (Table 1), including insulin-like
signaling, dietary restriction and mitochondrial respiratory function.

One of the best-studied longevity pathways in the nematode is the DAF-2 insulin/IGF-1-like
signaling pathway. In 2003, the first study of autophagy in C. elegans showed that the autophagy
gene bec-1 (ortholog of yeast A7G6) is essential for the longevity phenotype of daf"2 mutant ani-
mals.>* Subsequent studies showed that five additional autophagy genes, azg-7, lgg-1 (ortholog of
yeast a1g8), atg-12, atg-18 and vps-34 are also required for life span extension in daf"2 mutants.”>
Consistent with the life span data, several studies have shown that autophagy is induced in daf-2
dauer larvae and adults, using worms that transgenically express a fluorescent autophagy marker,
GFP fused to LGG-1 (the worm ortholog of Atg8).>>*%> Together, these studies suggest that the
upregulation of autophagy in the setting of decreased insulin-like signaling mechanistically un-
derlies the longevity phenotype of nematodes with a loss-of-function mutation in the insulin-like
receptor tyrosine kinase, daf-2. To date, no studies have been published that examine whether
autophagy genes are also, as one would predict, required for age-I-mediated life span extension.

An open question is whether autophagy regulation by DAF-16 contributes to daf-2-mediated
life span extension. A recent report indicates that overexpression of the DAF-16/Foxo transcription
factor induces autophagy in C. elegans.>® Furthermore, FOXO overexpression induces autophagy
in Drosophila®” and Foxo3 regulates autophagy in mouse muscle cells,”®>” suggesting that Foxo tran-
scription factors play an evolutionarily conserved role in autophagy induction. However, Hansen
et al found that a daf"16 null mutation does not block autophagy induction in daf-2 mutants.>*
One potential explanation for this apparent discrepancy is that another unidentified protein may
function redundantly with DAF-16 in autophagy regulation. In such a case, the requirement for
both DAF-16 and for autophagy genes in daf-2-mediated life span extension may reflect a dual
necessity for autophagy-independent DAF-16-regulated functions and for autophagy (that can
be activated in a DAF-16-independent manner) (Fig. 2).

Dietary restriction is another mechanism regulating C. elegans life span, which functions, at
least in part, by reducing the activities of the TOR signaling pathway. Mutations in C. elegans that
result in TOR inhibition extend C. elegans life span.®¢! Dietary restriction cannot further extend
the increased life span produced by TOR RNAA, suggesting that TOR mediates the effect of dietary
restriction in regulating C. elegans life span.®* As in other organisms, TOR negatively regulates
autophagy in C. elegans.>* Importantly, autophagy gene RNAi blocks life span extension that results
from reduced TOR activity.**>* Thus, it is predicted that dietary restriction inhibits TOR, which in
turn induces autophagy. Indeed, increased autophagy activity is observed not only in TOR RNAi
animals, but also in ea#-2 and ear-3 dietary restriction mutants®>>% and in dietary-restricted wild
type worms.>* Accordingly, it not surprising that RNAi knockdown of autophagy genes suppresses
the extended life span of e4z-2 mutants.>*>¢ Thus, autophagy is a central cellular target regulated
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by both dietary restriction and daf-2/insulin-like signaling pathway that is important in the control
of C. elegans life span (Fig. 2). One caveat is that all studies performed to date to demonstrate that
autophagy is required for dietary restriction-mediated C. elegans life span extension utilized the
eat-2 genetic mutant;***>* it will be critical to confirm this conclusion by using the traditional
bacteria dilution method which is a more physiological model for dietary restriction.

Itis important to note that dietary restriction is considered to represent a pathway that is paral-
lel to the daf-2/insulin-like signaling pathway in the control of C. elegans life span, based on the
differential requirements of downstream transcription factors in each pathway. As noted above,
the longevitiy phenotypes of daf2 mutants requires DAF-16, whereas the longevity phenotype
of ear-2 mutants is independent of DAF-16.% Instead, the FOXA transcription factor PHA-4
is required for the life span extension of animals subjected to dietary restriction.® Interestingly,
PHA-4 is also required for dietary restriction to induce autophagy.>* Therefore, it will be important
to determine whether PHA-4-dependent autophagy is an essential mechanism by which dietary
restriction extends life span in C. elegans and more generally, whether mammalian FOXA transcrip-
tion factors regulate dietary restriction-induced autophagy and/or life span extension.

Similar to dietary restriction, mitochondrial mutants extend C. elegans life span in a
DAF-16-independent manner. Mutations in a#p-3 and c/k-1 decrease mitochondrial respiration
and extend C. elegans life span.3*¥ RNAI of azp-3 and c/k-1 extend life spans of wild type worms
but not of autophagy mutants, suggesting that autophagy may be required for life span extension
in these two mitochondrial mutants.>> However, RNAi of bec-1 during adulthood cannot sup-
press the longevity phenotype of the mitochondrial mutants isp-1 and c/k-1.>* Therefore, further
experiments are required to confirm the involvement of autophagy in the mitochondrial pathway
of life span regulation. Since one postulated mechanism by which autophagy may function in
longevity is through the removal of damaged mitochondria and through decreasing intracellular
levels of ROS,? it is possible that the autophagic machinery may be superfluous in certain longevity
phenotypes that result from decreased mitochondrial activity.

In addition to the daf*2/insulin-like signaling pathway, dietary restriction and mitochondrial
mutants, there are many other genes that influence C. elegans life span. For example, overexpres-
sion of Sir2.1, a worm ortholog of sirtuin, extends C. elegans life span, which depends on DAF-16
activity.?! Under stress conditions, Sir2.1 enters the nucleus and forms a complex with nuclear
DAF-16 to turn on the transcription of longevity genes. It has not been tested whether autophagy
is required for Sir2.1 to extend life span. However, interestingly, one of the mammalian sirtuins,
Sirtl, forms a molecular complex with autophagy proteins including Atg5, Atg7 and Atg8 and
directly deacetylates these proteins.” Furthermore, transient overexpression of Sirtl stimulates
basal level of autophagy.®” Therefore, it is tempting to speculate that autophagy may be regulated
by Sir2.1 in C. elegans and required for life extension conferred by Sir2.1 overexpression.

In contrast to Sir2.1, TAX-6 or CNA-1, the C. elegans calcineurin A protein that is the
catalytic subunit of a serine or threonine protein phosphatase, controls C. elegans life span in
a DAF-16-partially-dependent manner.®® 7ax-6 loss-of-function mutants display a weak daf-2
mutant phenotype including life span extension and dauer formation.*® A loss-of-function muta-
tion of daf~16 incompletely suppresses these phenotypes.® Interestingly, a recent study reported
that autophagy is induced in zzx-6 mutants and RNAi of autophagy genes suppresses life span
extension of fax-6 mutants.”” Therefore, autophagy genes are required for the life span regulation
by calcineurin in C. elegans.

In addition to these well-characterized pathways that require autophagy in life span regulation,
there is reason to speculate that autophagy may be also involved in other longevity pathways, based
on known interactions between certain longevity signals in C. elegans and their established roles
in autophagy induction in other organisms. The two major examples of this are AMP-activated
protein kinase (AMPK) and JNK. AMPK is a sensor of low energy levels and becomes active when
the AMP:ATP ratio is high.” The C. elegans AMPKo: subunit AAK-2 is activated by AMP and
influences life span independently of DAF-16; both daf"1 6 and aak-2 are required for the life span
extension of daf-2 mutants and they act in parallel.” However, dietary restriction-induced longevity
requires AMPK and this involves multisite phosphorylation of the transcription factor DAF-16.7>
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Consistent with the involvement of AMPK in the daf-2/insulin-like signaling pathway, metformin,
an oral biguanidine that is widely used in humans for the treatment of Type 2 diabetes, reduces
plasma glucose and lipids and improves insulin sensitivity by activating AMPK.”>” Furthermore,
chronic treatment of female outbred SHR (spontaneously hypertensive rat) mice with metformin
increases mean life span by 37.8%.7¢ Interestingly, various stressful conditions such as hypoxia and
ischemia induce autophagy in an AMPK-dependent manner in mammals,”””® suggesting that
autophagy is regulated by AMPK. In flies, the y subunit of AMPK SNF4Ay regulates develop-
mental and stress-induced autophagy’ and the yeast AMPK, SNF1p, also regulates autophagy.®
Therefore, autophagy may also be controlled by AMPK in C. elegans and it is possible that such
control may play a role in AMPK-mediated life span regulation.

JNK is an evolutionarily conserved stress-activated protein kinase. Overexpression of JNK
results in increased stress tolerance and extended life span in flies and worms, by a mechanism
that is believed to involve promoting the nuclear localization of Foxo transcription factor.'88"2
Interestingly, in flies, JNK signaling is thought to protect animals from oxidative stress by transcrip-
tionally activating the autophagy pathway.* In mammals, JNK-1 is required for starvation-induced
autophagy through a mechanism that involves Bcl-2 multisite phosphorylation, which leads to
release of Bel-2 (an inhibitor of autophagy) from the Bcl-2/Beclin 1 complex.® Thus, JNK may
regulate autophagy by both transcriptional and post-translational mechanisms and autophagy regu-
lation by JNK, which is conserved in flies and mammals, may also exist in C. elegans. Accordingly,
it will be interesting to determine whether autophagy is required for life extension conferred by
overexpression of JNK in C. elegans. Furthermore, since JNK activity is essential for starvation-in-
duced autophagy, at least in mammals,* another important question is whether JNK-mediated
autophagy may be involved in life span extension that results from dietary restriction.

One critical dilemma in the field of autophagy and longevity control in C. elegans is how au-
tophagy function in aging can be truly separated from other phenotypes that result from autophagy
gene inactivation. For example, a null mutation in bec- 1 is embryonically lethal®* and a null mutation
in atg18 causes decreased brood size (Jia and Levine, unpublished data). The dominant phenotype
of unc-51 (worm ortholog of azg!) is a neuronal defect resulting in abnormal movement. Thus, it
is unknown how the pleiotropic effects of autophagy gene mutations affect aging. Knockdown of
autophagy genes by RNAI has eliminated some of these “non-aging” phenotypes and still shows
arequirement for autophagy in life span extension in different longevity mutants. However, some
of these RNAI studies were performed during the development stage of the nematode life cycle,
raising the question of whether these “aging” phenotypes are merely secondary to the effect of
autophagy on development. Indeed, it has been reported that RNAI of bec-1 in young adults,
i.e., after development, does not shorten the life span of long-lived translation mutant and mito-
chondrial mutants isp-1 and c/k-1°* whereas bec-1, unc-S1 and atg-18 mutations (present during
development) do suppress the longevity phenotypes of azp-3 and c/k-1 mutants.> Surprisingly, in
one study, RNAi of unc-51, bec-1 or atg-9 after development was reported to extend life span in
wild-type animals and 44f°2 mutants.® Therefore, further studies are needed to clarify the conflict-
ing results regarding the role of autophagy in the control of C. elegans life span.

Despite certain unresolved questions, taken together, the genetic studies described above
provide compelling evidence that many longevity mutants require autophagy to extend life span.
Furthermore, itis predicted that other longevity signals, such as AMPK and JNK, may also require
autophagy. The central question arises—why is autophagy involved in so many different pathways?
Perhaps, these genetic studies are pointing to a central downstream essential function of autophagy
asan anti-aging process, upon which different longevity signals converge. In theory, the anti-aging
effects of autophagy could either relate to its functions in promoting cell survival during adverse
conditions (presumably through nutrient recycling and energy homeostasis), or perhaps more im-
portantly, to its functions in specific aspects of cellular housekeeping. As the genetic link between
autophagy and life span extension has been discovered relatively recently, few studies, if any, have
addressed the underlying mechanisms by which autophagy is required for life span extension.
Nonetheless, an obvious hypothesis is that autophagy is a key cellular defense mechanism against
what has historically been referred to as the “free radical theory of aging”
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According to this theory, mitochondria are the major source of damaging oxygen radicals and
the first compartment in the cell to be damaged by these radicals. The accumulation of mitochon-
drial DNA damage and decline of mitochondrial function is a common feature in aging cells* and
thought to be mechanistically important in the aging process. Indeed, as discussed above, studies
of agingin C. elegans suggest an important role of mitochondria in regulating life span. Of note,
mitochondrial damage and cellular oxidative stress induce autophagy®” and in turn, autophagy may
selectively remove damaged mitochondria and decrease intracellular levels of ROS and thereby,
protect cells from oxidative damage.®*'% Thus, one common theory is that cells utilize autophagy
to fight against oxidative damage and retard aging. In addition, autophagy plays a role in protect-
ingagainst cellular damage by removing toxins and harmful aggregate-prone proteins® as well as a
role in cellular lipid metabolism.'"" It seems likely that all of these, as well as yet-to-be-discovered,
functions of autophagy may contribute to its anti-aging effects.

Conclusion

In this chapter, we review our current understanding of the role of autophagy in the regula-
tion of C. elegans life span. In the past six years, since the initial discovery of a role of bec-1 in
daf-2-mediated life span extension,” there is accumulating evidence that multiple different
autophagy genes are required for life span extension in multiple different C. elegans longevity
mutants. Despite these advances, many important questions remain. We still know relatively
little about how autophagy is regulated in vivo, whether autophagy impairment contributes
directly or indirectly to aging and how autophagy functions at the cellular and molecular level in
life span extension. We anticipate that continued studies in C. e/egans, as well as in other model
organisms, will likely shed light on these questions and open new frontiers in our understanding
of aging. Meanwhile, perhaps the major lesson we have learned from C. e/egans—that autophagy
is a downstream point of convergence in evolutionarily conserved longevity pathways—can
be exploited to extend life span in other species by using lifestyle and/or pharmacological ap-
proaches to upregulate autophagy.
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CHAPTER 6

Autophagy and Aging:
Lessons from Progeria Models

Guillermo Marifo, Alvaro F. Fernindez and Carlos Lépez-Otin*

Abstract

utophagy is an evolutionarily conserved process essential for cellular homeostasis and
Aorganismal viability. In fact, this pathway is one of the major protein degradation mecha-

nisms in eukaryotic cells. It has been repeatedly reported that the autophagic activity of
living cells decreases with age, probably contributing to the accumulation of damaged macromol-
ecules and organelles during aging. Moreover, autophagy modulation in different model organisms
hasyielded very promising results suggesting that the maintenance of a proper autophagic activity
contributes to extend longevity. On the other hand, recent findings have shown that distinct
premature-aging murine models exhibit an extensive basal activation of autophagy instead of the
characteristic decline in this process occurring during normal aging. This unexpected autophagic
increase in progeroid models is usually associated with a series of metabolic alterations resembling
those occurring under calorie restriction or in other situations reported to prolong life-span. In
this chapter, we will discuss the current knowledge on the relationship between the autophagy
pathway and aging with a special emphasis on the unexpected and novel link between premature
aging and autophagy up-regulation.

Introduction

Aging is a natural process which affects most biological functions and appears to be a conse-
quence of the accumulative action of different types of stressors. Thus, oxidative damage, telomere
attrition and the decline of DNA repair and protein turnover systems are thought to be major
causes of aging.! Among the diverse events associated with this age-dependent functional decline,
the accumulation of damaged proteins and organelles has been proposed to contribute in a decisive
manner to cellular malfunction.” In eukaryotic cells, there are two major pathways involved in the
quality control and turnover of cellular components: the ubiquitin/proteasome system and the
autophagic/lysosomal system. The ubiquitin/proteasome system plays a major role in the mainte-
nance of cellular homeostasis and in protein quality control, but also regulates essential processes
such as cell cycle progression or signal transduction.* Nevertheless, the constitutive degradation
of proteins by this ubiquitin/proteasome system is mostly limited to short-lived proteins. By
contrast, the autophagic/lysosomal system is able to degrade long-lived proteins and even entire
organelles. The autophagic degradation routes can be classified into at least three different path-
ways: macroautophagy, microautophagy and chaperone-mediated autophagy.>® Macroautophagy
is the major lysosomal pathway for the turnover of cytoplasmic components and will hereafter be
referred to as autophagy. This process begins with the engulfment of cytoplasmic constituents by
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a membrane sac: the isolation membrane. Then, this structure forms a double-membrane vesicle
called the autophagosome which contains bulk portions of cytoplasm and eventually fuses with
the lysosome. Finally, the inner membrane of the autophagosome and its protein and organelle
contents are degraded by lysosomal hydrolases and recycled.

It has been proposed that accumulation of cellular garbage associated with aging is mainly
caused by an age-related decline of autophagic and lysosomal activity.”® This hypothesis is based on
reports showing an age-related decrease of autophagic degradation rate, although direct evidences
supporting a causal relation between age-related autophagy dysfunction and aging—especially in
mammals—need to be supported by additional experimental data. In this chapter, we will discuss
the current knowledge on the impact and relevance of autophagy in aging and life-span exten-
sion, paying special attention on recent and unexpected findings suggesting a detrimental role for
abnormally increased autophagy in the development of premature aging syndromes.

Autophagy and Physiological Aging

A characteristic feature of aging is the accumulation of damaged proteins and organelles, which
is in fact one of the most persistent alterations widely observed in aged cells. This phenomenon
probably derives from the decay of folding and protein turnover control mechanisms. In this
regard, many authors have postulated that a gradual age-related decrease of autophagic activity
could play an essential role in the functional deterioration of aging organisms.*” Given that the
recently generated mouse models with impaired autophagy present dramatic phenotypes show-
ing accumulation of misfolded protein aggregates and defective organelles, this hypothesis seems
very reasonable.”'? In fact, long before the molecular basis of the autophagic pathway began to be
understood, some authors had observed that lysosomal activity decreases with age.!"'? The observed
decrease in this activity is accompanied by a series of alterations, such as lysosome expansion and/
or accumulation of undigested material as an autofluorescent pigment called lipofuscin.” These
alterations ultimately lead to lysosomal dysfunction and to the accumulation of immature au-
tophagic vesicles, which remained undegraded due to deficient lysosomal activity. In fact, lipofuscin
accumulation, together with the lysosomal damage caused by toxic protein products, affects the
ability of lysosomes to fuse with autophagic vesicles and reduce hydrolases activity, thus delaying
or even stopping autophagosome maturation.'*

In addition to the mentioned lysosomal dysfunction, some authors have proposed a link
between the age-related autophagic decline and alterations in the levels of circulating hormones
or in the response to them. In fact, an autophagy de-regulation has been observed in aged rodent
livers, mainly characterized by a progressive resistance to glucagon signalling in terms of autophagy
induction.'>" In young organisms, a rise in glucagon levels, occurring in starvation periods, induces
autophagosome formation, whereas an increment in circulating insulin, mainly observed after
feeding, largely inhibits autophagy.>'® This effect is mediated by hormonal regulation of Mm'OR
kinase activity, which is linked to insulin receptor activity, in turn regulated by the insulin/glucagon
balance and by other activators as growth factors or cytokines.'”' In aged organisms, basal insulin
receptor activity is usually increased,'” which may lead to severe metabolic disorders, such as insulin
resistance. The observed age-related autophagy de-regulation may be also related to this event,
finally resulting in a constitutive increase in mI'OR activity and thus in a stronger basal autophagy
inhibition. All these observations showing the existence of an age-related decline of autophagic
activity have provided very valuable information, but are somewhat limited by the relative lack of
knowledge on the molecular mechanisms involved in autophagy regulation.

Knowledge on the molecular basis of autophagy has considerably improved in the last
years, mainly due to the isolation and characterization of autophagy-defective mutants in
the yeast Saccharomyces cerevisiae.”*** The subsequent identification of the orthologues of
autophagy-related yeast genes in higher eukaryotes has made possible the dissection and study
of the relevance of autophagy in diverse physiological and pathological processes, including
aging. In this regard, the selective targeting of autophagy genes in diverse model organisms has
shown a tight connection between autophagic activity and longevity (Fig. 1). In the nematode
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Figure 1. Effects of autophagy modulation in longevity. A) Silencing of a variety of
autophagy-related genes results in a decrease in the longevity of long-lived C. elegans mutants,
which suggests that a proper autophagic activity is required to attain the maximal life-span
extension in worms. B) In D. melanogaster, overexpression of autophagy-related genes leading
to increased autophagic activity results in life-span extension and prevents age-related neuronal
damage. C) Although restoration of age-dependent loss of CMA improves hepatic function in
mice, additional studied are required to determine the real impact of autophagy modulation
in terms of life-span extension in mammals.

Caenorbabditis elegans, disruption of daf-2, the functional equivalent for the insulin receptor in
mammals, substantially extends life-span.” The knock-down of essential proteins for autophagy
execution significantly reduces the life-span extension caused by daf-2 disruption (Fig. 1A).%
Similarly, a proper autophagic activity seems to be rcquircd to achieve the maximum lifc—span
extension obtained by the deletion of mMTOR or p53.2%¢ All these results suggest an important
role for autophagy in longevity, at least in nematodes. In flies, recent findings also suggest that
increased basal autophagy in the nervous system enhances longevity and oxidant resistance (Fig.
1B).?” By contrast, no life-span studies in mammalian models with reduced autophagy have been
reported so far and although several murine models totally lacking autophagic activity have
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been generated, their phenotypes are so dramatic that make impossible to study the putative
implications of this process in aging.*** However, very interesting results have been obtained
in mice by manipulating chaperone-mediated autophagy (CMA), a specific form of autophagy
in which proteins with a determined amino-acid sequence are directly delivered to the lysosome
lumen without the participation of autophagosomes. In fact, restoration of chaperone-mediated
autophagy in aging liver improves cellular maintenance and hepatic function (Fig. 1C).*
Although these results are not a bona fide evidence that autophagy up-regulation promotes
longevity in mammals, they suggest that maintaining a proper autophagic activity throughout
life span prevents or at least slows down some of the functional failures associated with aging.
In this regard, a very recent work focused on the use of the immunosuppressant rapamycin,
which inhibits mTOR activity and induces autophagy, has shown that this drug extends both
median and maximal life-span even when fed late in life.”’ However, as mT'OR activity affects
multiple and essential processes apart from autophagy, the real implication of this process in
life-span extension mediated by rapamycin treatment has to be evaluated in more detail. Finally,
itis worthwhile mentioning that caloric restriction (CR), the only ‘natural’ intervention known
to extend longevity, seems to help maintain an adequate basal and induced autophagic activity,
possibly due to changes in circulating hormonal and biochemical parameters, as low levels of
glucose, insulin or growth factors, observed after CR.3** In this regard, recent studies have
demonstrated that CR increases the expression of sirtuin-1 and the life-span extension associ-
ated with CR is dependent on sirtuin-1 expression.* The fact that sirtuin-1 is able to activate
autophagy in cells even in the presence of nutrients also supports the idea of an essential role for
autophagy CR-mediated life-span extension in mammals. Consistently, the very recent findings
showing that CR in primates not only extends substantially life-span, but also delays the onset of
age-associated pathologies™ highlights the importance of understanding the precise role played
by autophagy in CR-mediated life-span extension. In fact, pathologies as cancer, cardiovascular
diseases, or brain atrophy have been previously associated with autophagy impairment.?>3¢3
The finding that all these age-related alterations are substantially reduced in rhesus monkeys
subjected to CR* also supports the idea of an important role of autophagy in mediating the
anti-aging effects of CR.

Taken together, all these observations show that autophagic activity decreases with age, mainly
due to a decline in lysosomal activity and also to a de-regulation of the autophagic response to
circulating hormones. It seems clear that maintaining an adequate autophagic activity is essential
for achieving the maximum life-span extension in invertebrates, but additional experimental evi-
dences are necessary to confirm these correlative observations in mammals. However, although
the idea of manipulating autophagy to delay human aging—alone or in combination with other
treatments—is very tempting, further efforts to analyze the impact of CR, CR pharmacological
mimetics, or rapamycin treatment in models with reduced autophagic activity will clarify the real
role for this process in aging and/or in life-span extension.

Autophagy and Premature Aging

Although the precise molecular determinants of aging are still very far from being com-
pletely understood, our knowledge of the molecular basis of this complex process has improved
considerably, in part due to the study of segmental progeroid syndromes.** These syndromes
are dramatic diseases in which certain features of human aging are prematurely developed
and mainly derive from deficiencies in DNA-repair systems or from defects in components of
the nuclear envelope, which ultimately lead to the activation of DNA-damage and chromo-
some instability responses.*** Apparently, one would expect that given that premature aging
models manifest precociously many features of normal aging, they would show a decrease in
autophagic activity. Surprisingly, it has been recently reported that progeroid mice fed ad
libitum present a clear increase in their tissue autophagic activity. It is remarkable that this
unexpected increase in autophagic activity has also been observed in premature aging murine
models caused by defects in either nuclear envelope components or DNA repair machinery,**
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Table 1. Mouse models of premature aging also showing autophagy alterations
Model Phenotype Autophagy Status Refs
Zmpste24”-  Growth retardation and premature Increased systemic basal 44,45
aging phenotype caused by nuclear autophagy accompanied by
envelope alterations metabolic alterations similar to
those found in long-lived mice
XPF-- Growth retardation and premature ag-  Increased systemic basal 49,50
ing phenotype caused by deficiencies  autophagy accompanied by
in DNA repair mechanisms metabolic and somatotroph axis
alterations similar to those found
in long-lived mice
CSB/XPA~~  Growth retardation and premature ag-  Very similar to XPF- 49,50
ing phenotype caused by DNA repair
mechanisms deficiencies
Cisd2"- Premature aging phenotype caused by Increased basal autophagy 46
mitochondrial defects accompanied by mitochondrial
breakdown and dysfunction
PTHrP Growth retardation and early lethality  Increased basal autophagy 47
Knock-In showing features of premature aging accompanied by hypoglucemia

caused by deletion of the nuclear
localization sequence and C-terminus
of PTHrp

mitochondrial dysfunction,® or parathyroid hormone activity de-regulation,?” suggesting that
autophagy increase is a common feature of diverse premature-aging syndromes (Table 1). This
abnormal autophagy increase is commonly associated with a complex metabolic shift in glucose
and lipid metabolism, involving the up-regulation of key genes for gluconeogenesis, glycogen
accumulation, fatty acid synthesis and B-oxidation.*>* The metabolic shift is in turn linked
to a substantial increase in the levels of hepatic glycogen and also to liver steatosis, as well as
to significant changes in biochemical parameters, such as reduced levels of blood glucose,
insulin, leptin and increased values of plasma adiponectin.* All these profound metabolic
alterations likely lead to mTOR inhibition and up-regulation of LKB1-AMPK axis activity,
both observed in progeroid murine models.> In fact, a decrease in blood glucose levels or an
increase in circulating adiponectin leads to an in vivo induction of AMPK activity,” which
in turn inhibits mMTOR activity.’> Given that both mTOR inhibition and AMPK activity in-
crease have been shown to induce autophagy, the metabolic shift characteristic of progeroid
mice likely underlies their unexpected autophagy increase. However, there could be additional
mechanisms underlying the increase of autophagic activity in premature aging syndromes.
In fact, it has been recently shown that nuclear blebs—a common feature of aged cells, also
characteristic of cells from progeria patients—are degraded by autophagy, thus resulting in a
modest but consistent increase in cellular autophagic activity.>

It is remarkable that the majority of the detected alterations in progeroid mice are associated
with longer life-span rather than with the shortened longevity characteristic of these progeroid
animals. As mentioned previously, autophagic activity is essential for dauer development and
life-span extension in C. elegans* and a down-regulation of TOR-signaling extends life-span
in both yeast and nematodes.*** Similarly, AMPK over-expression promotes longevity in C.
elegans>® and the metabolic alterations such as hypoinsulinemia and hypoglycaemia found in
progeroid mice, increase life-span in diverse model organisms.***” In addition, many of the
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transcriptional alterations observed in key genes for glucose and lipid metabolism regulation
resemble those observed in animals subjected to calorie restriction.’®%

Taken together, all these observations suggest that the different molecular defects leading
to the development of premature aging trigger a complex and conserved metabolic response
including many features tightly associated with life-span extension. At first sight, this fact seems
intriguing. However, most of these features point towards a reduction in the metabolic activity
of the organism, which inevitably leads to a reduction in cell division rate. This appears to be an
adequate strategy to reduce the accumulation of cellular damage, as it has been reported that cell
division drastically increases the rates of abnormal chromosome segregation and binucleation in
cells from progeria patients.®*¢! Thus, it is reasonable to think that a normal growth rate would
compromise somatic integrity in progeroid animals. In this case, a metabolic response aimed at
re-allocating resources from growth to somatic preservation could be the best way to attenuate the
consequences of the molecular alterations underlying progeroid syndromes. However, it is clear
that this adaptive response fails to counteract the mentioned alterations, which irreversibly lead
to the premature death observed in progeroid mice.

Conclusion

In summary, although it has been repeatedly shown that autophagic activity decreases with
age, the paradoxical finding that autophagy is up-regulated in progeroid mice may also help to
understand the mechanisms underlying the multiple tissue alterations observed in these syndromes.
Although the observed metabolic shift could be beneficial, it could also be detrimental for the
organism if overactivated. In this regard, we must take into account that although autophagy
activation facilitates temporary adaptation to metabolic stress, this catabolic pathway may also
lead to cell death when chronically activated.>** This situation could contribute to the progres-
sive muscular and cardiac wasting observed in both progeroid mice and progeria patients.®*¢*
However, this hypothesis has to be tested using viable animal models with reduced autophagy
or specific autophagy inhibitors, which are currently unavailable. These further studies will be
helpful to clarify whether the observed increase of autophagic activity in progeroid mice helps
to slow down the effects of the molecular alterations leading to premature aging, or by contrast,
contributes to the development of the multiple pathologies observed in these mice. In this lat-
ter case, the autophagy pathway could be a future clinical target which may help to improve the
prognosis of progeria patients.
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CHAPTER 7

Regulation of Protein Turnover

by Longevity Pathways

Tibor Vellai* and Krisztina Takacs-Vellai

Abstract

ellular homeostasis, which is needed for the cells to survive, requires a well-controlled
‘ balance in protein turnover. Both protein synthesis and degradation are influenced by dis-

tinct genetic pathways that control aging in divergent eukaryotic species. These conserved
mechanisms involve the insulin/IGF-1 (Insulin-like Growth Factor-1), TGF-f (Transforming
Growth Factor-f3), JNK (c-Jun terminal kinase), RTK/Ras/MAPK (Receptor Tyrosine Kinase/
Ras/Mitogen-Activated Protein Kinase) and TOR (kinase Target Of Rapamycin) signaling
cascades and the mitochondrial respiratory system—each of them promotes protein synthesis;
as well as the intracellular protein degradation machineries, including the ubiquitin-proteasome
system and lysosome-mediated autophagy. In addition to providing building blocks for genera-
tion of new proteins and fuelling the cell with energy under starvation, the protein degradation
processes eliminate damaged, nonfunctional proteins, the accumulation of which serves as the
primary contributory factor to aging. Interestingly, a complex, intimate regulatory relationship
exists between mechanisms promoting protein synthesis and those mediating protein degrada-
tion: under certain circumstances the former downregulate the latter. Thus, conditions that favor
protein synthesis can enhance the rate at which damaged proteins accumulate. This may explain
why genetic interventions and environmental factors (e.g., dietary restriction) that reduce protein
synthesis, at least to tolerable levels, extend lifespan and increase resistance to cellular stress in vari-
ous experimental model organisms of aging. In this chapter, the molecular mechanisms by which
protein synthesis-promoting longevity pathways and protein degradation pathways interact with
cach other are discussed.

Protein Metabolism and Aging

Life is dependent on continuous generation, readjustment and renewal of cellular proteins,
which become possible by processes of protein synthesis and degradation. The availability of
newly produced proteins hence is a requirement for cellular homeostasis, a function known to be
impaired during aging. Notably, a general decline in the rate of protein synthesis is a phenomenon
that characterizes essentially all aging cells." Recent genetic studies, however, indicate that lowering
protein synthesis to tolerable levels that still enable cell growth and other vital cellular processes
can significantly extend lifespan in the nematode Caenorhabditis elegans, awidely used invertebrate
model of aging."* This finding was somehow unexpected as generation of new proteins should
contribute to the rejuvenation and efficient working of the cells and cventually to the survival of
the organism. To solve this apparent paradox, one should understand the molecular mechanisms
by which protein synthesis and degradation are coupled in aging control. Furthermore, it also
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Figure 1. Turnover of intracellular proteins. Many cellular proteins are constantly degraded
and resynthesized. Intracellular proteins that pass their life time or become damaged (e.g.,
misfolded) due to diverse cellular stress factors can form protein damages (cellular toxins),
the accumulation of which contributes to the driving of the aging process. Elimination of such
types of cellular damage occurs by the protein degradation processes. An age-dependent
decline characterizes the rate of both protein synthesis and degradation.

remains to be elucidated whether lowered rate of protein synthesis at advanced ages is a cause, i.c.,
a contributory factor to, or consequence of the aging process. In general, elucidating how protein
metabolism is linked to the aging process is a fundamental and fascinating issue in biology, with
significant medical implications.

Protein turnover comprises the synthesis and degradation processes of proteins (Fig. 1). Translation
of eukaryotic (messenger) mRNAs yields the short- and long-lived proteins, which can be damaged
due to cellular stress or become intrinsically nonfunctional after passing their natural life time. For
example, heat shock, a rapid elevation in temperature that occurs frequently under natural condi-
tions, can cause misfolding, aggregation and cross-linking of various proteins. Reactive oxygen
species (ROS)—which are small, short-lived and highly reactive molecules formed by incomplete
one-electron reduction of oxygen and produced as a result of mitochondrial respiration, activity of
specific enzymes or ionizing radiation—can also effectively damage (oxidize) proteins. Abnormal and
thereby nonfunctional proteins generated by such effects can then be repaired by molecular chaperons
or undergo degradation. The end-products of intracellular protein degradation processes are used to
supply the cells with energy or as building blocks for protein synthesis, or further processed by the
urea cycle removing the nitrogen in the form of urea. Damaged proteins are not simply unable to
perform their biological activity, but can actively interfere with normal cellular functions. These fac-
tors, for example, can bind signaling proteins, thereby sending erroneous signals or blocking cell-cell
communication. Thus, damaged proteins, together with other types of cellular damage, act as unde-
sired cellular toxins.>” Their effective removal from the cytoplasm is essential for the cells to operate
persistently. In divergent eukaryotic species ranging from yeast to mammals, the lifelong, progressive
accumulation of unrepaired cellular damage drives the aging process and leads to a decreased ability
of the cell and, eventually of the organism, to survive.””

Locally, protein synthesis takes place on ribosomes (for reviewing the biochemical mechanism of
cukaryotic mRNA translation, see ref. 1). Briefly, proteins are synthesized in the amino-to-carboxyl
direction by the successive addition of amino acids to the carboxyl terminus of the growing
peptide chains (Fig. 2). The amino acids are incorporated into the growing chain in activated
form as aminoacyl-tRNAs. The linking of an amino acid to its specific tRNA is catalyzed by an
aminoacyl-tRNA synthetase (AARS) and requires energy released from ATP hydrolysis. For each
amino acid, there is usually one activating AARS enzyme and at least one kind of tRNA. Translation
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Figure 2. The main phases and components of mRNA translation in eukaryotes. mRNA
translation consists of three main phases: initiation, elongation and termination. elF denotes
eukaryotic initiation factors, eEF stands for eukaryotic elongation factors, eRF indicates the
eukaryotic release factor. Other abbreviations: GTP, guanosinetriphosphate; ATP, adenos-
inetriphosphate; PABP, poly-A binding protein; Cap, 7-monomethyl guanosine cap at the 5’
end of MRNA; Met-tRNA, methionyl transfer RNA; AA, aminoacyl; AARS, aminoacyl-tRNA
synthetase; 40S and 60S, eukaryotic ribosomal subunits. The elFs that play a crucial role in
the global regulation of mRNA translation are indicated by red coloring. For details, see the
introductory paragraph.
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of mRNA molecules into proteins consists of three distinct, tightly controlled phases: initiation,
clongation and termination. In ecukaryotes, the initiation process involves a large number of initia-
tion factors (eIFs), which dictate the formation of the so-called 43S pre-initiation complex (43S
PIC) on the mRNA being translated. This complex integrates the activated 40S ribosomal subunit
and initiator methyonil-tRNA (Met-tRNA) and joins with the 60S ribosomal subunit to form the
80S initiation complex. After formation of the 80S ribosome, elongation of the polypeptide chain
startsand then proceeds with the appropriate amino acid-loaded tRNAs, which are synthesized by
the corresponding AARSs. During the elongation process, the ribosome is translocated along the
mRNA. Finally, mRNA translation is terminated by the eukaryotic release factor that reads a stop
codon. Then, the ribosome dissociates from the mRNA, releasing the two ribosomal subunits.

The initiation process contains two crucial steps, where global mRNA translation is mostly
regulated (for details, also see later chapters in the text). First, eIF2, which mediates binding of
Met-tRNA to the 43S PIC, can be phosphorylated by eIF2B. This step influences the ability of
elF2B to convert GDP to GTP on elF2, which is required for the incorporation of Met-tRNA
into the 43S ribosomal subunit. Second, the recruitment of the 43S PIC on the 7-monomethyl
guanosine cap at the 5’ end of all eukaryotic mRNAs is controlled by the cap-binding protein
eIF4E, whose activity in turn can be modulated by the eIF4E-binding protein 4E-BP.

The assembly of new proteins requires a source of amino acids, which are generated by the
digestion of proteins in the intestine and the degradation of proteins within the cell. The break-
down of intracellular proteins occurs by highly regulated degradative processes, including the
ubiquitin-proteasome system and lysosome-mediated autophagy (Fig. 3A). Various proteins can
become covalently modified with ubiquitin, which itself is a small protein and, after being tagged
with chains of four or more ubiquitins, delivered to the ATP-dependent proteasome system for
destruction.*” Hence, ubiquitin is the tag that marks proteins for breakdown. Typically, the ubiq-
uitin conjugation process involves three enzymes: ubiquitin-activating (E1), ubiquitin-conjugating
(E2) and ubiquitin-ligase (E3) enzymes. The proteasome is a large, barrel-shaped, multiprotein
protease complex that predominantly digests short-lived and misfolded proteins. Elimination
of misfolded proteins can often be mediated by molecular chaperones, also called heat-shock
or stress proteins, which either assist in the refolding of damaged proteins or sequester them
for proteasome-mediated degradation.'® Chaperones thus play a pivotal role in maintaining the
conformational homeostasis of cytosolic proteins. Autophagy is the other main mechanism for
intracellular protein degradation.!* It is required for the bulk clearance of damaged and long-lived
proteins. During autophagy, proteins, together with other cytosolic constituents, are delivered into
lysosomes for breakdown that occurs by acidic proteases. Depending on the mechanism by which
proteins are transported into lysosomes, three main types of autophagy can be distinguished:
microautophagy, chaperon-mediated autophagy (CMA) and macroautophagy (for details, see
the legend of Fig. 3B)." The products of autophagic breakdown are released back into the cytosol
and utilized for the building of new proteins according to the actual needs of the cells. Therefore,
autophagy is a vital mechanism for the renewal of intracellular proteins. It also plays a pivotal role
in the cellular response to various stress conditions, such as amino acid deprivation, hypoxia, or
elevated temperature, when fast reorganization of cellular functions is necessary.

In healthy cells, protein turnover (recycling) operates in a balanced way: unneeded, damaged
proteins are effectively degraded by the cellular clearance mechanisms, providing building blocks
and energy for the resynthesis process. Therefore, many cellular proteins are constantly degraded
and resynthesized. However, the levels of both protein synthesis and degradation become de-
creased in aging cells. This could be the result of general deterioration in metabolic processes
that accompanies aging. Alternatively, a developmental program mediated by signaling inputs
or chromatin remodeling factors may adjust down the rate of protein metabolism over time. In
addition, a complex regulatory interaction exists between longevity pathways promoting protein
synthesis and molecular mechanisms underlying protein degradation. Nevertheless, intracellular
protein damages inevitably accumulate as the (somatic) cells age and lowering protein synthesis
can confer life span extension in certain eukaryotic organisms, probably through lowering the rate
at which such types of damage accumulate.
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Longevity Pathways That Promote Protein Synthesis

During the last three decades, a surprisingly large number of genes have been identified
that regulate the aging process in divergent eukaryotic species. The recognition of their role in
aging control was usually based upon the identification of the long-lived phenotype that their
inactivation or overexpression cause (mutations that shorten life span generally have nothing
to do with the aging process; rather they confer a nonspecific toxicity to the organism and
thereby kill it prematurely). Combination of such genetic interventions (e.g., in the form of
double mutant animals) often results in no additive increase in life span extension, rendering
the corresponding genes into the same genetic (also called longevity) pathway. We mentioned
daf-2 and age-1 as illustrative examples. These genes encode the nematode Caenorhabditis elegans
insulin/IGF-1 receptor and class I phosphatidylinositol-3-kinase [PI3K (I)], respectively.!*!®
Lowering the activity of either of these genes through hypomorphic mutations can double
the natural life span of worms.”>!® Double mutant nematodes defective for both DAF-2 and
AGE-1, however, do not live longer than either of the single mutants. Thus, daf-2 and age-1
act within a single signaling axis to control aging in this organism."” Indeed, the evolutionarily
conserved insulin/IGF-1 hormonal system has been emerged as a central regulatory mechanism
of aging in animal species ranging from worms to mammals.'*"*!? In contrast, downregulat-
ing daf-2 in clk-1 mutant background confers an extreme increase in longevity as the double
mutants live almost three-four times longer than the wild type (i.c., much longer than daf-2
single mutants).>* c/k-1, loss-of-function mutations of which increase life-span moderately,
encodes an enzyme that is necessary for the biosynthesis of ubiquinone, an integral part of the
mitochondrial electron transport chain.?! These genetic interactions imply that the insulin/
IGF-1 signaling cascade and mitochondrial respiratory system function as two distinct, parallel
acting longevity pathways.

Insulin/IGF-1 Signaling

Once the insulin/IGF-1 receptor is activated upon ligand binding, it further activates PI3K
(I) (for reviews, see for example refs. 22, 23)(Fig. 4). This kinase converts phosphatidylinositol
(3,4)-bisphosphate [PI(3,4)P,] into phosphatidylinositol (3,4,5)-trisphosphate [PI(3,4,5)P;],
which is an important membrane-bound signaling molecule. The phosphatase and tensin ho-
molog PTEN antagonizes PI3K (I) in this biochemical reaction. P1(3,4,5)P;, either directly or
through the 3-phosphoinositide-dependent protein kinase (PDK), mediates the activation of
the serine-threonine kinase Akt/PKB (AKT8 virus proto-oncogen, also known as protein kinase
B), which in turn represses the forkhead transcription factor FoxO by direct phosphorylation.
Phosphorylated FoxO remains inactive in the cytoplasm. In the absence of inhibitory signal,
FoxO becomes dephosphorylated and then transported into the nucleus, where it modulates
the transcriptional activity of its target genes. Thus, a main mechanistic output of insulin/IGF-1
signaling is to inhibit FoxO. Consistently, the activity of FoxO is required for life span extension
in insulin/IGF-1 signaling deficient nematodes and insects.**2¢

Insulin/IGF-1 signaling controls multiple developmental, cellular and metabolic processes,
including reproductive growth, aging, glucose metabolism, cell survival, growth and proliferation
,in divergent animal species.”” Cell growth, differentiation and proliferation require an intense
generation of new proteins. Thus, it is not surprising that insulin/IGF-1 signaling influences protein
synthesis as well. A direct regulatory link is represented by FoxO, which, at least in Drosophila,
appears to transcriptionally control e4-BP coding for an inhibitor of eIF4E (Figs. 2 and 4).* In
addition, PDK and Akt/PKB trigger the kinase (S6K) that phosphorylates S6 protein involved
in ribosome biogenesis.> Akt/PKB also downregulates the glycogen synthase kinase 3 (GSK3),
whose activity in turns inhibits e[F2B.” To better understand the molecular mechanisms by which
insulin/IGF-1 signaling affects mRNA translation, one should review our knowledge about the
signaling network that comprises highly interconnected molecular pathways implicated in cell
growth (Fig. 4). Remarkably, each of these pathways controls life span as well in a variety of organ-
isms. We discuss them briefly below.
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Figure 4. Model for the signaling network of longevity pathways linking protein synthesis to
aging. The figure illustrates the mammalian counterparts of signaling and metabolic compo-
nents involved in both aging and protein synthesis. Several interrelationships have only been
demonstrated thus far in model organisms. Arrows (activations) and bars (inhibitions) indicate
direct interactions that have been experimentally confirmed. Note that not all the indirect
interactions have as yet necessarily been demonstrated. The mitochondrial respiratory chain
representing a distinct longevity pathway is not shown here in details. “questionmark” indi-
cates that the effects of TGF-p on FoxO may be SMAD-independent. S6K mediates ribosome
biogenesis, whereas elF2, elF4E and elF4G are required for Cap-dependent mRNA translation.
RTK: receptor tyrosine kinase. For other abbreviations, see the text.

TOR Signaling

Akt/PKB activates the kinase target of rapamycin (TOR). This regulatory interaction occurs
through inhibition of the tuberous sclerosis complexes 1 and 2 (TSC1/2) and Ras homolog en-
riched in brain (Rheb), which are upstream regulators of cellular energy-sensing TOR (Fig. 4).°
TSC1/2, which is inhibited by amino acid transporters (AAT), also serve as sites where the ad-
enosine monophosphate-activated protein kinase (AMPK) links the cellular AMP/ATP ratio and
insulin/IGF-1 signaling to lifespan.’' Knockdown of TOR activity in C. elegans, starting from the
young adulthood onwards, leads to an extreme extension in life span.> Double mutant (epistasis)
analysis in this organism indicates further that TOR and the insulin/IGF-1 cascade constitute a
common signaling axis to control aging. In addition, the C. e/egans FoxO-like protein DAF-16
directly represses the transcription of Rapror,” the mammalian counterpart of which encodes a
regulatory associated protein of TOR.*** Mutational or pharmacological inhibition of TOR
similarly extends life span in yeast, Drosophila and the mouse.**** Together, these data identify
TOR signaling as an evolutionarily conserved longevity system. Accumulating evidence shows
further that TOR regulates cell growth by altering gene transcription and mRNA translation in
response to nutrient changes.””” Two conserved effectors of TOR which are directly linked to
the translational machinery involve eIF4E and S6K. As seen above and in Figure 2, eIF4E binds
to the 7-methyl-guanosine Cap present in almost all eukaryotic mRNAs and interacts with the
multidomain scaffold protein eIF4G.*** ¢IF4G, in turn, cooperates with the poly(A)-binding
protein PAPB. Combined interactions of eIF4E, cIF4G and PAPB enhance mRNA translation
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through bringing together the 5" and 3" ends of the mRNA. eIF4G also helps to recruit the 40S
ribosomal subunit to the mRNA. TOR activity inhibits the eIF4E-binding protein 4E-BP by
direct phosphorylation. As 4E-BP negatively regulates eIF4E, this phosphorylation function of
TOR markedly promotes protein synthesis. Consistent with its regulatory dependence on TOR
signaling, loss of a specific isoform of eIF4E in C. elegans considerably lengthens life span."* S6K
kinase phosphorylates S6, a protein component of the 40S ribosomal subunit.* This kinase thus
serves as another site through which TOR affects global protein synthesis. In good accordance
with the long-lived phenotype of TOR deficient organisms, impairing S6K activity in yeast, worms
and flies promotes organismal survival.>3¢4!

RAS/ERK Signaling

In mammals, the insulin/IGF-1 receptor can signal to the Ras/MAPK pathway, which is an-
other important signaling system in cell growth control (Fig. 4).**% The interplay between the two
pathways appears to be complex. Insulin/IGF-1 activates Ras by recruiting the Grb2 adaptor that
binds to a unique tyrosine-phosphorylated consensus motif in the insulin/IGF-1 receptor substrate.
On the other hand, Ras can activate Akt/PKB, thereby modulating FoxO activity. Ras signaling is
also implicated in the regulation oflife span in various models of aging. In yeast, for example, muta-
tions that increase the activity of the mitogen-activated protein (MAP) kinase ERK2 (extracellular
signal-regulated kinase 2) serve to increase both replicative life span (the number of daughter cells that
amother yeast cell can produce before senescence) and chronological life span (the length of time a
nondividing yeast cell can survive).## Furthermore, mutational inactivation of the Type 5 adenylyl
cyclase (AC5), which converts ATP to cAMP and inhibits Ras signaling through stimulating the
cAMP-dependent protein kinase A (PKA), confers a life span extension by 30% in mice.” ERK1/2
kinases were found to stimulate S6K." In addition, these kinases, together with p38 mitogen-activated
protein kinase (p38MAPK), modulate the activity of the mitogen-activated protein kinase-interacting
kinase (Mnk1), which, in turn, triggers eIF4E and eIF4G.* Based on these data, Ras signaling repre-
sents another regulatory mechanism that controls both protein synthesis and aging.

TGF-p Signaling

TGF-p signaling is also required for normal cell growth and thereby may have a role in pro-
tein synthesis.”” The TGF-f receptors can act in Smad-dependent or -independent fashion. In C.
elegans, similar to insulin/IGF-1 signaling, TGF-B activity regulates development (reproductive
growth), cell size and life span.”* Interestingly, each of these TGF- functions is mediated, at
least in part, by the FoxO-like transcription factor DAF-16.%*° For example, mutant worms with
reduced activity of the TGF- ligand DAF-7 develop as long-lived dauer larvae (dauer is a devel-
opmental diapausa persisting for more than 6 months), but die as disorganized dauers within 1-2
weeks if DAF-16 activity is absent.’® As DAF-16 links insulin/IGF-1 signaling to protein synthesis
and aging, TGF-f should also modulate both processes (Fig. 4). Indeed, the mammalian Type I
TGF-f receptor can directly interact with and activate the protein phosphatase 2A (PP2A), which
is an upstream stimulator of S6K.>! Moreover, Type II TGF-f stimulates Ras/ERK signaling too.
Together, it is likely that the TGF-p signal transduction system functions as a longevity pathway
that indirectly promotes mRNA translation.

JNK Kinase-Mediated Signaling

In certain cellular settings, the c-Jun terminal kinase (JNK) is also under the control of the Type
II TGF- receptor.” This regulatory relationship is independent of Smad proteins. Furthermore,
it was shown that genetic interventions that enhance JNK activity slow down the aging process of
C. elegans and Drosphila.>*> In nematodes, JNK regulates life span by modulating phosphoryla-
tion and nuclear translocation of forkhead transcription factor DAF-16. Although it is not yet
demonstrated, these data implicate that JNK signaling affects protein synthesis, probably through
interacting with DAF-16.
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Mitochondrial Respirtory Chain

Protein synthesis is a highly costly process. The proportion of cellular energy used for
protein synthesis is estimated to be as high as 30-40% of total ATP and GTP.>* Mitochondria,
wherein the majority of cellular energy is generated in most eukaryotic cells, affect essentially
all biochemical processes. Thus, nRNA translation should be tightly coupled to mitochondrial
activity as well. The fact that mammalian TOR signaling plays a crucial role in the regulation
of mitochondrial function strongly supports this view.>> Furthermore, components of the
mitochondrial respiratory chain constitute a well-established longevity pathway: lowering the
rate of mitochondrial respiration was shown to increase longevity in worms.”®*” This could
be the result of decreased levels of ROS that mitochondria produce or a decline in protein
synthesis, or both.

Together, numerous evolutionarily conserved molecular pathways, including the insulin/
IGF-1, TOR, Ras/Erk, TGF-f and JNK signaling systems and the mitochondrial respiratory
chain, that normally accelerate the aging process also—directly or indirectly—influence the
cell’s machinery for protein synthesis. These regulatory circuits function in a highly orches-
trated, intertwined way (Fig. 4). However, some of the longevity pathways established, e.g.,
the Sirt1/2—HSF1 (eukaryotic heat-shock factor-1) signaling axis or signaling via the tumor
suppressor p53 (reviewed in ref. 7), have not been mentioned thus far in this chapter. This
is a consequence of the fact that no information is available yet on whether and if yes how,
they control mRNA translation. Obviously, these additional longevity systems are inherently
integrated into the global signaling network of aging,” and thereby estimated to influence
protein synthesis. We conclude that in general, longevity pathways mediate signals that pro-
mote translation.

Interactions between Molecular Mechanisms Involved in Protein
Synthesis and Degradation

Protein turnover, as well as the generation of protein damage, depends on the balance of
protein synthesis and degradation processes. The more new proteins are synthesized, the more
damage will be produced. Upon this consideration, one would expect that under favorable
conditions (e.g., when nutrients are available) the activity of mechanisms that underlie protein
breakdown also becomes elevated. Looking at autophagy as the main intracellular catabolic
process, this is not the case. Its primary function is to provide macromolecular components
(the products of lysosomal degradation, including amino acids and fatty acids) as an alternative
energy source for fuelling the cells during starvation. Moreover, emerging evidence indicates that
longevity pathways often downregulate the autophagic machinery (Fig. 5).”2* We discuss insulin/
IGF-1 signalingas a prominent example. Nutrient supply stimulates the insulin/IGF-1 receptor,
which in turn activates the nutrient sensing TOR kinase through modulating the downstream
PI3K(I)-PDK-Akt/PKB kinase cascade, FoxO and TSC1/2 (Fig. 4). Activated TOR blocks the
initial stages of autophagy. Alternatively, FoxO directly modulates the transcription of several
key autophagy genes.”® Genetic epistasis analysis in worms could reveal these connections more
evidently: expression of the long-lived phenotype in insulin/IGE-1 or TOR signaling deficient
mutant animals was shown to require elevated activity of autophagy genes.”**' Similar to au-
tophagy, the proteasome system appears to function downstream of and is negatively regulated
by insulin/IGF-1 signaling to control aging.®* Certain components of the Ras/Erk pathway also
act as direct negative regulators of autophagy.* These results are consistent with the general
observation that increasing the activity of longevity pathways by environmental (e.g., nutrition
and elevated temperature or oxygen levels) or intrinsic (e.g., growth hormones and mitogens)
factors leads to the accumulation of unrepaired cellular damage. This causes acceleration of the
aging process and shortening of life span.
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Figure 5. Interplay between molecular pathways mediating protein synthesis and degradation.
A) Longevity pathways that promote protein synthesis downregulate the protein degradation
machineries. This implies that conditions lowering protein synthesis to tolerable levels can
lead to increased elimination of protein damages. Arrows indicate activations, bars indicate
negative regulatory interactions. JNK1-mediated signaling is indicated by gray coloring as it
acts as an anti-aging pathway. B) Protein turnover depends on the activity of protein synthesis
and degradation processes. Molecular pathways that promote protein synthesis generally
downregulate the degradation processes. It should be noted that the scheme is highly simpli-
fied as it lacks regulatory inputs that, for example, the proteasome system exerts on these
molecular pathways.

Conclusion

As discussed above, longevity pathways generally promote protein synthesis (Fig. 5).
Inactivation or downregulation of such pathways confers life span extension in diverse eukaryotic
species. Consistently, decreased protein synthesis rates in C. elegans also lengthen life span.'* One
might argue that this Iongcvity response is due to reduced energy consumption. However, reduc-
ing mRNA translation still extends life span in animals with lowered respiration. This suggests
that protein synthesis affects aging independently of effects on energy consumption. Altering
protein metabolism certainly has pleiotropic effects. However, we hypothesize that decreasing
the rate of protein synthesis implies a lower incidence of the production of aberrant proteins.
Damaged (misfolded, aggregated, crosslinked) proteins act as cellular toxins interfering with
normal cellular functions. Such types of damage accumulate with a lower rate when growth rate
is decreased. This assumption can be tested. For example, double mutant nematodes defective
for both eIF4E and a key autophagy gene should be generated (inhibition of eIF4E lengthens
whereas inactivation of autophagy shortens life span in this organism). If double mutants exhibit
a short-lived phenotype, autophagy genes should mediate the effect that eIF4E has on aging.
This would support the cellular damage theory of aging.
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CHAPTER 8

Protein Metabolism and Lifespan
in Caenorhabditis elegans

Geert Depuydt, Jacques R. Vanfleteren and Bart P. Braeckman*

Abstract
ifespan of the versatile model system Caenorbabditis elegans can be extended by a decrease
I of insulin/IGF-1 signaling, TOR signaling, mitochondrial function, protein synthesis
and dietary intake. The exact molecular mechanisms by which these modulations confer
increased life expectancy are yet to be determined but increased stress resistance and improved
protein homeostasis seem to be of major importance. In this chapter, we explore the interactions
among several genetic pathways and cellular functions involved in lifespan extension and their rela-
tion to protein homeostasis in C. elegans. Several of these processes have been associated, however
some relevant data are conflicting and further studies are needed to clarify these interactions. In
mammals, protein homeostasis is also implicated in several neurodegenerative diseases, many of
which can be modeled in C. elegans.

Introduction

C. elegans as a Model Organism

Caenorhabditis elegans is a free-living soil nematode that was introduced in the mid 1960’s by
Sydney Brenner as a potent model organism to study animal development and neurology. Since
its introduction, this anatomically simple nematode, whose body plan includes muscles, nervous
system and digestive tract, has become a valuable and widely used research tool with a fully se-
quenced and well annotated genome.'* C. elegans is principally a hermaphrodite, but males arise
spontancously at a frequency of about 0.1%. The ability to carefully orchestrate the crossing of
hermaphrodites with males is especially useful for genetic studies. No inbreeding depression is
present in C. elegans, which eliminates major complications when analyzing the genetics of life
history traits such as lifespan.>® The rapid lifecycle (three days), large progeny (+ 200) and short
lifespan (two to three weeks) have been very advantageous for its use in aging (Fig. 1).” C. elegans is
casily cultured in large numbers and worm strains can be conserved indefinitely in liquid nitrogen.
A single wild-type individual has an invariable body plan consisting of 959 somatic nuclei and the
body is transparent during all life stages. These traits allow for detailed in vivo cellular studies dur-
ing development and morphogenesis. Over the years, many powerful molecular genetic tools have
become available for C. elegam research such as random mutagenesis, RNA mediated interference
(RNAI) and transgenesis of fluorescent marker proteins for expression studies. For a large number
of genes, well-characterized mutants are available at the Caenorhabditis Genetics Center (http://
biosciumn.edu/CGC/). Other valuable research resources include Wormbase (htep://www.
wormbase.org), the C. elegans model organism database, Wormbook, a comprehensive reference
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Figure 1. C. elegans lifecycle. The lifecycle can be broadly divided into an embryonic and
a postembryonic development to adulthood. The latter consists of four larval stages (L1-L4)
each separated by a molt. The total lifespan of C. elegans is approximately two weeks and
highly dependent on ambient temperature and feeding conditions. In harsh conditions larvae
will develop into an alternative L3: the dauer (“enduring”) stage. Dauer animals can survive
for over three months without food and are stress resistant. When re-exposed to food, these
dauers resume development, reproduce and age normally.

book freely available online (http://www.wormbook.org) and RNAi feeding libraries that jointly
cover approximately 86% of the genes in the C. elegans genome.®?

Several genetic factors and environmental interventions have been shown to extend normal
lifespan in C. elegans, thus providing an insight into the molecular mechanisms that govern aging.
For example, reduced activity of the C. elegans insulin/insulin-like growth factor (IGF-1) tyrosine
kinase receptor DAF-2 (DAuer Formation abnormal-2) or the downstream phosphatidylinosi-
tol-3-OH kinase (PI3K), AGE-1, during adulthood, causes nuclear translocation of the forkhead
(FOXO) transcription factor ortholog DAF-16/FOXO, thereby inducing several longevity
promoting genes involved in stress resistance.'”'* Likewise, steroid hormone signaling from the
reproductive system affects lifespan through DAF-16/FOXO." Dietary restriction (DR), the sub-
stantial decrease in food uptake without essential nutrient deprivation, extends C. elegans lifespan
aswell. The identification of DR-specific transcription factors in C. elegans such as PHA-4/FOXA
and SKN-1/NRF2 may, if conserved, help to identify the mechanisms by which DR enhances
longevity in vertebrates.'®'” Inhibition of the nutrient sensor TOR'® and reduced mitochondrial
respiration’” have also been found to extend lifespan in C. elegans, independently of DAF-16/
FOXO. Recently, molecular processes that affect lifespan downstream of the signaling pathways,
such as autophagy and mRNA translation, are starting to be characterized in C. elegans.

The Protein Homeostasis and Longevity Hypotheses

Error Catastrophe and Oxidative Damage Accumulation

In 1963, Orgel™ advanced the error catastrophe hypothesis of aging in which he suggested
that, as an animal ages, there is an increased frequency of errors at the transcriptional and/or
translational level of protein synthesis resulting in the synthesis of aberrant protein molecules
and accumulation of partially or totally inactive enzymes. Orgel further hypothesized that once a
critical level of faulty proteins is reached, death occurs. Indeed, in the 1970’s the accumulation of
catalytically incompetent forms of enzymes was reported for a variety of organisms (for a review see
refs. 21-23), including nematodes.?**° However, several groups later showed that the effect of aging
on the fidelity of protein synthesis is surprisingly small,*"** thus contradicting Orgel’s hypothesis.
Still, altered proteins do accumulate (within cells/tissues) with age and in 1956, Harman®**” had
already suggested that senescence is the result of the accumulation of damaged macromolecules
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due to constant attack by free radicals. The free radical theory of aging remains one of the most
widely accepted hypotheses as to why organisms age.

Protein Turnover Hypothesis

Whereas powerful repair mechanisms exist for damaged DNA,* only limited protein dam-
age can be repaired.”” Cells deal with irreversibly damaged proteins by replacing them through
protein turnover. The potentially widespread deleterious effects of the accumulation of aberrant
proteins on normal cellular function could contribute significantly to the aging process. 4
The amount of protein damage that accumulates with age is extensive. In aged individuals ap-
proximately 40%-50% of all cellular proteins suffer some form of oxidative damage.* In the 1970’
and 1980’s many investigators measured protein synthesis and protein degradation as a function
of age in various tissues and organisms*' including nematodes.2%***” Qverall, these studies showed
that the average protein half-life increases significantly with age. These observations support an
attractive alternative to the error catastrophe theory in that the increased “dwell time” of proteins
(i.c., decreased protein turnover) with age results in an increased probability that proteins become
post-translationally altered (oxidation, deamidation, glycation, racemization, isomerization), %
denaturated? or misfolded* and accumulate instead of being replaced. The age-related decline in
protein turnover is also thought to render cells less responsive to external stimuli and could explain
why stress resistance in animals diminishes with age.”!

Dietary Restriction, TOR Signaling and Protein Homeostasis

Dietary Restriction

One of the most exciting observations in the area of aging research is that dietary restriction
(DR) consistently increases the lifespan and overall health in a wide variety of species from yeast,
worms and flies to rodents by slowing down the aging process. Not only do these animals grow
older, they also show a delayed onset of a wide range of age-related pathologies such as cancer,
diabetes and cardiovascular disease in the case of mammals.’*>* Possibly, the decrease of nutrient
intake improves mitochondrial respiration and therefore, decreases free radical production, ef-
fectively slowing down the age-related accumulation of oxidized proteins.’® In accordance, several
studies have shown that moderate DR leads to lower levels of oxidative damage to proteins®>**
and macromolecules in general >**? In addition, DR also confers a general protective effect against
proteotoxicity associated with misfolding or aggregation of proteins in C. elegans® and mice.®!
Of note, the ability of DR to significantly slow down the age-related decline in protein turnover
generally accompanies enhanced survival in metazoans.®*“ Although the intensive study of DR
over seven decades has resulted in a thorough description of its effects on physiology, senescence
and age-related disease, the genetic pathways governing this lifespan increase and the molecular
processes involved are only beginning to be understood.

TOR

Classic genetic analysis in yeast, worms and flies has assigned the highly conserved serine/
threonine kinase TOR as a downstream effector of the longevity response to DR. TOR
integrates nutritional and hormonal cues to modulate cell growth and proliferation.” Reduced
TOR signaling was shown to extend lifespan in yeast,®*”" Drosophila® and worms."** Deletion
of the C. elegans TOR homolog, le-363/TOR and its binding partner daf-15/Raptor results in
arrested L3 larvae that are distinct from dauers.'3”27 [er-363/TOR(-) arrested larvae have a more
than doubled lifespan compared to wild-type controls and a comparable lifespan extension is
found when le-363/TOR RNAI treatment is initiated at the first day of adulthood.'®* No further
increase in lifespan is observed in long-lived daf"2 mutant worms, although deletion of daf-16/
FOXO cannot suppress the longevity phenotype associated with /e-363/TOR(RNAI), suggesting
that these two pathways act in parallel or may converge downstream of daf~16/FOXO to extend
lifespan.'® Heterozygote daf 15(~/+) nematodes were also reported to be long lived, but lifespan
extension through daf"15 is dependent on functional DAF-16/FOXO. In contrast, no obvious
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lifespan extension was found in balanced /e#-363(h111) heterozygous mutants or in let-363; daf-15
double heterozygotes.” Mair and Dillin noted that /ez-363/TOR is part of an operon that also
contains a transcription initiation factor TFIIIB (B0261.1) and a mitochondrial ribosomal subunit
(B0261.4).>* Collateral inhibition of gene sequences downstream the RNAi gene target within
the same operon has been described.” Downregulation of TFIIIB is associated with larval arrest
and lethality and RNAI of the mitochondrial ribosomal subunit B0261.4 was reported to extend
lifespan independently of daf"16/FOXO.%7¢78 Therefore, dissection of the genetic pathway(s)
downstream of /ez-363/TOR remains a challenge.

Reduced Protein Synthesis Extends Lifespan

TOR regulates several processes that affect global protein turnover, including translation and
autophagy, but also amino acid synthesis, ribosome biogenesis and transcription of ribosomal
genes.” Therefore, these processes present likely candidates to be involved in lifespan extension by
dietary restriction. An important downstream target of mammalian TOR is ribosomal S6 kinase
1 (p70S6K).” Phosphorylation of the 40S ribosomal S6 protein by p70S6K leads to a general
increase in translation capacity, although the exact mechanism is still subject to debate.** The
impact of translation regulation on lifespan has been particularly well characterized in C. elegans
(for an overview, see Table 1).*! Depletion of rsks-1/S6K, the C. elegans homolog of mammalian
p70S6K and numerous translation initiation factors, including polyA-binding proteins, has been
found to extend nematode lifespan.*”***” Reducing the level of any of a large number of ribosomal
proteins or genes involved in ribosome biogenesis, such as 70/-5, exos-3 and RNA polymerase I,
also extend adult lifespan.®*8 Down-regulation of several transfer RNA (tRNA) synthetases has
a beneficial effect on lifespan as well.*® Interestingly, inhibiting mitochondrial translation also
extends lifespan, independently of daf~16/FOXO.”

The mitochondrial genome encodes only 12 polypeptides, all of which are components of
the electron transport chain and ATP synthase.” Thus, defects in the mitochondrial transla-
tion machinery are likely to compromise mitochondrial electron transport and ATP synthesis.
Inactivation of the mitochondrial leucyl-tRNA synthetase gene (/75-2) or the mitochondrial
ribosomal subunit B0261.4 results in disorganized, swollen and sometimes fused mitochondria
along with substantially lowered ATP content and respiration rates. These long-lived worms are
able to withstand heat-stress and hydrogen peroxide as well as or even better than control worms
but they are hypersensitive to the NADPH-dependent superoxide generating herbicide paraquat,
possibly due to elevated levels of NADPH in /rs-2(RNAi) worms.”

The mechanism by which reduced protein translation extends lifespan in C. elegans remains
unanswered to date. Given that TOR controls protein homeostasis, it is tempting to assume
that inhibition of translation would extend longevity by the same pathway as reduction of
TOR-signaling. However, the genetic studies mentioned above have led to seemingly contradic-
tory conclusions regarding the relationship between translation factors and TOR and insulin/

IGF-1 signaling (IIS).

Lowering the Rate of Translation Induces Increased Stress Resistance

The daf16/FOXO transcription factor is a major regulator of the genetic response to starva-
tion, heat and oxidative stress.® Indeed, long-lived IIS mutants display concomitant increase of
stress resistance. In general, reduced protein synthesis significantly increases resistance to thermal-
and oxidative stress compared to wild type. For example, RNAi induced reduction in the rate of
protein synthesis in the short-lived, paraquat hypersensitive #zev-1 (k1) mutant, which lacks a
component of complex II of the mitochondrial electron transport chain, confers a marked boost in
paraquat resistance®** and also extends lifespan of mzev-1 (kn1) in one,® but not in another report.*®
General suppression of translation by treatment with cycloheximide or by knockdown of genes
encoding aminoacyl-tRNA synthetases was shown to rescue animals from hypoxia-induced cell
death.”® Moreover, resistance to hypoxia and the rate of translation were strongly inversely related.
Interestingly, maximal resistance to hypoxia by suppression of translation requires the unfolded
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protein response (UPR) for its full phenotypic expression. Hypoxia produces misfolded proteins
that accumulate in the lumen of the endoplasmic reticulum (ER) and thereby activate the UPR.”!
In mammalian cells, activation of the UPR results in the phosphorylation of the eukaryotic trans-
lation initiation factor eIF2a by the protein kinase-like endoplasmic reticulum kinase (PERK),
thereby inhibiting translation of the majority of genes and cell-cycle progression.”*”® In contrast,
elF2a phosphorylation also induces translation of approximately one-third of the UPR-dependent
genes including, the activating transcription factor ATF4 (yeast GCN4). The PERK, eIF2a, ATF4
regulatory axis induces expression of genes involved in amino acid biosynthesis and transport,
anti-oxidative stress response and proapoptotic functions.” It is proposed that under protein
stress a reduction in translation, elicited by the UPR, reduces the unfolded protein load to a level
manageable by the UPR.”*

Protein Synthesis and Reproduction

Reduced protein synthesis and TOR signaling significantly affect growth and fecundity
(Table 1), suggesting that longevity and reproduction may be coupled and that the relocation
of resources away from reproduction in favor of maintenance and repair could extend lifespan.”
Tohyama interpreted the failure of eIF2Bd RNAI treatment to extend the lifespan of germline
defective glp-4(bn2)1 nematodes as an example of such trade-offs.* However, a lack of germline
(¢lp-4(bn2)I) did not suppress the effect of ife-2/eIF4G deficiency on animal lifespan®* and Hansen
et al (2007)® reported significant lifespan extension of sterile (fer-15(626)11; fem-1(hcl7)II)
animals treated with ribosomal protein RNAi. Furthermore, none of the RNAI treatments that
inhibit translation further increases the lifespan of 44f°2 mutants (Table 1), whereas gonad abla-
tion doubles the long lifespan of daf-2 mutants.”” Finally, lifespan extension following germ line
removal is dependent on daf-16/FOXO,” whereas several translation-inhibiting RNAi treatments
(e.g., ribosomal subunits) extend lifespan independently of daf 16/FOXO.* Therefore, reduced
brood size per se cannot explain lifespan extension of translation deficient worms.

Protein Synthesis and Mitochondrial Dysfunction

Reduced mitochondrial respiration in C. elegans can extend lifespan. To test whether
reduced protein synthesis extends lifespan by reducing respiration rates, respiratory mutants
isp-1 (iron-sulfur protein-1, a subunit of the mitochondrial complex III) and clk-1 (clock abnor-
mality-1, a gene required for ubiquinone biosynthesis),'® were treated with RNA of ribosomal
proteins, 7sks-1/S6K, ife-2/eIFAE, ifg-1/eIF4G.#%>% All RNAI clones tested further extended
the lifespan of these mutants. Therefore, decreased respiration and translation probably extend

lifespan independently.

19,77.99

Translation Initiation

Complex Interaction between Translation Initiation Factors,

TOR Signaling and DR

The FOXA/HNF-3-related transcription factor PHA-4 is required for DR induced longev-
ity in C. elegans. Moreover, let-363/TOR and rsks-1/S6K antagonize pha-4/FOXA to control
postembryonic development.'®!*! Inversely, PHA-4/FOXA activity is required for lifespan ex-
tension and even survival of the animal in response to decreased or inactivated TOR signaling.'”
Surprisingly, in contrast to TOR and rsks-1/S6K, #fe-2/eIF4E does not rely on PHA-4/FOXA
activity to prolong lifespan. In addition, 7sks-1/S6K and /ez-363/TOR, but not ife-2/cIF4E, can
suppress pha-4/FOXA associated larval lethality. These data suggest that ife-2/eIF4E and possibly
additional transcription initiation factors might be separated from the /e-363/TOR, rsks-1/S6K,
pha-4/FOXA regulatory axis. Indeed, depletion of ife-2/eIF4E further extends lifespan in a /ez-363/
TOR deficient background.®”* In addition to ife-2/eIF4E, depletion of ifg-1/eIF4G was found to
further extend the long lifespan of rsks-1/S6K(RNAi) and /e-363/TOR(RNAi) nematodes and
ifth-1/eIF2f RNAI further extends the lifespan of 7sks-1(sv31) mutants.*%
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TOR RNAI in young ea#-2 mutant adults —a genetic model for dietary restriction in C. elegans—
does not further extend lifespan.®!* If DR-induced longevity would only depend on reduced
protein synthesis by TOR-inhibition one would expect that reducing translation by any other
means in animals subjected to DR would probably not further extend lifespan. However, several
groups have consistently shown that reduced protein synthesis further extends lifespan of eaz-2
deficient worms.®#%%8 Likewise, inhibition of cither ifg-1/cIF4G or rsks-1/S6K significantly
increases survival under starvation conditions.*

In C. elegans, the NAD*-dependent histone deacetylases SIR-2 (sirtuin-2) is also not required
for lifespan extension by reduced protein synthesis.”**% Indeed, RNAi of several translation
initiation factors, ribosomal proteins, /e-363/TOR and rsks-1/S6K were all able to extend the
lifespan of short-lived si7-2 mutants. Although, SIR-2 activity has been associated with the response
of DR in yeast, worms and flies,'**'% the role of sirtuins in DR is strongly contested within the
field of aging research.”*® Another major output of TOR signaling is the inhibition of autophagy
induction. Autophagy and maybe not protein synthesis, might embody a major process that drives
DR induced longevity.

Interaction between Translation Initiation Factors with IIS

Like TOR, 7sks-1/S6K and ribosomal proteins extend lifespan of daf16/FOXO mutants,
but not those of daf-2 mutants.®” Surprisingly, unlike data on ribosomal proteins, several groups
have found a genetic interaction between translation initiation factors and daf-16/FOXQO.# 82855
However, an equal number of reports did not find such interactions.®**$7%¥ Unfortunately, these
contradictions are not easily resolved by obvious differences in the experimental procedures. For
example, the Johnson group reported that RNAi-induced depletion of ifth-1/eIF2f or ifg-1/elF4G
throughout development extends lifespan independently of daf 1 6/FOXO, whereas RNAi inhibi-
tion initiated at young adulthood requires daf- 1 6/FOXO to extend lifespan.® Therefore, inhibition
of translation initiation factors could have differential effects depending on life-stage. However,
two other groups reported a daf~16/FOXO independent lifespan extension when young adult
worms were treated with #fg-1/eIF23 RNAL** Also, the use of different daf-16/FOXO alleles
seems inadequate to explain conflicting results among research groups (Table 1). For example, intact
DAF-16/FOXO hasbeen shown to be required for lifespan extension of ifg-1/eIF4G RNAi worms
in one study® but was found dispensable in another.** Inhibition of the translational machinery is
capable to affect DAF-16/FOXO nuclear localization and by consequence induces the expression
of several known daf-16/FOXO reporter genes, such as sod-3, hsp-16.2, hsp70 and hsp90.8>5>5
Although these findings do not prove a direct regulatory interaction between components of the
translation machinery and insulin signaling, they do suggest that adaf"1 6/FOXO-dependent stress
response could account for some the observed lifespan extensions by reduced protein synthesis.
However, the group of Ruvkun showed that although RNAi targeting protein synthesis does not
require functional DAF-16/FOXO to extend lifespan, inactivation of some of these genes can
induce nuclear localization of DAF-16/FOXO and consequently drive expression of sod-3.%

A Model for Translation Inhibition Induced Longevity

Hansen etal (2007) reported that depletion of ribosomal proteins extends lifespan of daf 16/
FOXO mutants, but not dzf°2 mutants. In contrast, in their hands, lifespan extension by RNAi of
all translation initiation factors tested (iffh-1/cIF2f, ife-2/eIFAE and ifg-1/eIF4G) was completely
dependent on DAF-16/FOXO and even slightly shortened the lifespan of the long-lived daf-2
mutant. These findings suggest that inhibition of translation initiation not only engages DAF-16/
FOXO butalso blocks all of the DAF-16/FOXO-independent mechanisms of lifespan extensions
that result from reduced protein synthesis.”” In an attempt to resolve these issues, Hansen et al
(2007)® proposed a switch-like model, in which the activation of a DAF-16/FOXO-dependent
pathway suppresses the operation of the DAF-16/FOXO-independent pathway (i.c., lifespan
extension by reduced protein synthesis per se), although the molecular mechanism underlying
such interaction has not been specified. Others have suggested that a negative feedback loop
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Figure 2. Interactions among insulin/IGF-1-signaling and TOR-signaling pathway and their
relation to protein homeostasis and longevity. Arrows depict positive regulation and capped
lines denote negative regulation. Dashed lines represent predicted interactions.

between daf-16/FOXO and TOR-signaling could explain the claims of genetic interaction be-
tween translation initiation factors and daf-16/FOXO (Fig. 2). Indeed, daf-16/FOXO negatively
regulates daf-15 and thus TOR-signaling, as described by Jia et al (2004).7* Therefore, inactivation
of daf*16/FOXO may increase TOR activity in C. elegans, which is predicted to boost translation
and thereby suppress the longlife phenotype of 7fe-2/eIFAE mutants. Secondly, this negative feed-
back loop would also explain the lack of additive effect in the long-lived double mutant /ez-363;
daf-2, although /ez-363/TOR appears largely independent of IIS. Indeed, constitutive activity of
DAF-16/FOXO in daf-2 mutants could decrease TOR activity in such a way that lifespan of daf-2
single mutants resembles that of daf-2; /er-363 double mutants.’®! In agreement with such a model,
daf-2 mutants do show significantly more reduced protein synthesis rates with age compared to
wild-type (own unpublished results) and also display a DR-phenotype.!?” Alternatively, ife-2/eIFAE
or other translation initiation factors impinge on daf 1 6/FOXO more directly, or induce a general
stress response that activates DAF-16/FOXO. Translation initiation factors have been associated
in mediating specific stress responses. eIF2a is a well known phosphorylation target in response
to various stresses including, amino acid starvation, ER-stress and viral infection in yeast and
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mammals, causing general suppression of protein synthesis and upregulation of autophagy.?>1%11°

In S. Pombe one of two eIF4AE homologs is also associated with the stress response by modulating
the translational efficiency of a subset of mMRNAs.!!!

HSF-1 Mediated Defense against Proteotoxicity

The C. elegans transcription factor HSF-1 is a highly conserved, ubiquitously expressed
transcriptional regulator of stress inducible heat shock genes, many of which encode molecular
chaperones and components of the protein degradation machinery. Inhibition of HSF-1 func-
tion has been shown to lead to a decreased lifespan and an accelerated aging phenotype in C.
elegans, whereas overexpression of HSF-1 results in a lifespan extension dependent on the pres-
ence of DAF-16/FOXO. Conversely, lifespan extension via reduced insulin/IGF-1 signaling
requires HSF-1 activity next to DAF-16/FOXO.">!"3 Overexpression of individual molecular
chaperones under HSF-1 transcriptional control, including members of the Hsp70 and small
heat shock protein (shsp) gene families such as HSP-16, in Drosophila and C. elegans have been
shown to extend lifespan, whereas knockdown of individual shsp genes shorten the lifespan of
long-lived daf"2 mutants.!'>!'411¢ The existence of sequences identical to both DAF-16/FOXO
and HSF-1 consensus binding sites upstream of many shsp genes''? and the increased shsp expres-
sion in IIS pathway mutants" indicate that HSF-1 and DAF-16/FOXO function in concert
to extend lifespan, at least in part, by increasing shsp gene expression. sHSPs are known to form
large oligomers that bind to unfolded proteins and prevent them from aggregating.!'”"® In aging
animals this may prevent oxidized or otherwise damaged proteins from aggregating before they
can be refolded or degraded. An important role for HSF-1 in the protection against proteotoxic-
ity has been observed in transgenic nematodes engineered to express human proteins associated
with neurodegenerative diseases such as Alzheimer’s, Huntington’s and Parkinson’s disease.!'*'2
A common trait with most of these age-associated neuropathologies is the aggregation of specific
proteins that is believed to be toxic and to underlie the disease pathology (i.e., proteotoxicity).
A progressive paralysis with age is seen in transgenic nematodes expressing beta amyloid peptide
APy, (Alzheimer’s disease), polyglutamine tract expansion Q5 YFP (Huntington’s disease) or an
aggregation prone GFP (GFP-degron) in the body wall muscles.!*'?! Both reduced IIS and DR
were shown to protect extensively against proteotoxicity in all models tested (AB4,, Q3sYFP and
GFP-degron) and these animals remained largely paralysis-free or showed a significantly delayed
onset of paralysis.®>'?*!2> A similar improvement in the progression of neurodegeneration in mouse
models has been observed.® Both reduced IIS and DR were found to require functional HSF-1 to
confer increased protection against proteotoxicity.“*'** An interesting observation is that, although
animals subjected to DR or decreased IIS show increased protection against proteotoxicity, no
apparent difference was found in either size or number of Q;sYFP or Ay, proteotoxic aggre-
gates.*”'?2 Cohen and colleagues showed that the transcriptional output of HSF-1 and DAF-16/
FOXO due to reduced daf-2 signaling differently affects the fate of an aggregation-prone protein.
HSF-1 was found to prevent the formation of aggregation-prone peptides into toxic oligomers,
likely by elevating the levels of protecting molecular chaperones, whereas DAF-16/FOXO seems
to enhance the formation of large, inert aggregates from toxic oligomers. Although, both activi-
ties seem paradoxal, Cohen et al suggest a hierarchical mechanism in which low molecular weight
oligomers are transformed into high molecular weight aggregates of lower toxicity by the action
of DAF-16/FOXO, only after the preferred route of efficient disaggregation of toxic oligomers
by action of HSF-1 is overtaxed under these pathological conditions. These findings seem to be in
accordance with several lines of evidence that inclusion bodies are not the main cause of toxicity
and probably represent a cellular protective response.#1%

In mammalian and human Alzheimer brains elevated levels of several small heat shock proteins
(shsp) have been observed and colocalize with 3-amyloid (AB) protein depositions.* In a transgenic
C. elegans Alzheimer’s disease model, overexpression of HSP-16.2, a C. elegans chaperone protein
homologous to aB crystalline under control of HSF-1, suppresses proteotoxicity associated with
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human AB,."” C. elegans does not naturally produce the AB-peptide, so the interaction of HSP-16.2
and AB likely results from a general function of HSP-16.2 to bind (potentially toxic) intermediate
multimers and prevent the formation of toxic oligomer species.

Although reduced IIS and DR both are capable of eliciting enhanced protection against
age-related proteotoxicity in a ssf-I-dependent manner, the mechanism by which they do so seems
to be different. Whereas IIS requires the activity of both daf-16/FOXO and hsf-1, DR only requires
hsf-1, but daf-16/FOXO is expendable.” Hsu and colleagues showed that dietary restriction (ea#-2
mutants) extends lifespan of hsf1 treated animals, which suggests DR acts in parallel to hsf1 to
modulate longevity."? In a hypothesis put forward by Steinkraus et al, DR and hsf1 could act in
parallel to promote longevity, both contributing to improved protein homeostasis.® While hsf-1
regulates the expression of molecular chaperones, DR could contribute to protein homeostasis by
enhancing protein degradation (e.g., autophagy) and/or modulating mRNA translation, in effect
enhancing protein turnover. Another possibility put forward is that HSF-1 functions together
with one or more other transcription factors in conferring the phenotypes associated with DR.
Two such transcription factors required for most regimes of DR, sk7-1/NRF2 and pha-4/FOXA
are attractive candidates for such co-operation.” Interestingly, in yeast, activation of hsf1 results
in reduced TOR activity.'”® Perhaps in C. elegans a similar mechanism is conserved in which
HSEF-1 can inhibit TOR-signaling resulting in several shared phenotypes between reduced IIS
and DR. Further studies are necessary to clarify the precise relationship between Asf1 and DR
and TOR-signaling.

Autophagy
Autophagy Regulates Aging in C. elegans
Autophagy

In C. elegans there is clear evidence that longevity is closely linked to the capacity of the
cell to regulate autophagic activity, another downstream target of TOR-signaling (Table 2).
Macroautophagy (hereafter referred to as autophagy) is a major cellular catabolic process conserved
in all eukaryotic cells that involves the degradation and recycling of cellular material and organelles
by the lysosomal system.'?” Together with the ubiquitin-proteasome system (UPS), autophagy is
responsible for the basal turnover of cellular material within the cell, but during cellular stress such
as starvation, autophagic cellular self digestion is strongly upregulated in an attempt to maintain
cellular energy and reclaim homeostasis. For example, in the yeast Saccharomyces cerevisiae, au-
tophagy is essential for survival during starvation and sporulation.'®

Autophagy Is Required for Longevity in IIS Mutants

Meléndez was the first to show that in C. elegans autophagy genes are essential for completion
of normal dauer morphogenesis and that bec-1 (the C. elegans ortholog of the yeast and mammalian
autophagy genes ATG6/VPS30 and beclin 1, respectively) is required for the longevity phenotype
of daf"2 mutant animals.”' daf-2(-) animals have markedly increased levels of autophagic activity,
implying that insulin signaling negatively regulates the induction of autophagy.’®! Besides bec-1,
inactivation of other autophagy genes including, atg-7, atg-18, lgg-1, unc-51 and lgg-3 were also
shown to negatively affect the longevity phenotype of daf-2 mutants, emphasizing the importance
of autophagy in the regulation of worm lifespan.’*'3* In C. elegans, reduced IIS is thought to
regulate autophagic induction, in part by inhibiting the DAF-16/FOXO-dependent suppres-
sion of daf-15/Raptor and thus silencing TOR kinase signaling.”* Arrested L3 larvae deficient of
TOR and longlived daf-15/Raptor heterozygotes indeed have elevated levels of autophagy which
is also required for their long lifespan.!**!* Therefore, autophagy may be a major target of the
TOR kinase signaling pathway in modulating the lifespan of C. elegans along with normal larval
development and dauer formation.
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Autophagyand DR

In yeast, worms and flies dietary restriction extends lifespan, at least in part, by downregulating
TOR:-signaling.**!> The survival of wild-type worms during starvation was found to be depen-
dent on autophagy and autophagic activity is increased in several feeding-defective C. elegans
(eat-) mutants as well as in worms subjected to DR."**!¥7 This suggests a role for autophagy in
DR-induced longevity. Indeed, autophagy genes were found to be epistatic to the long lifespan of
both ear-2(ad1113) and ear-2(ad1116) mutant worms.'*'* The long lifespan of eaz-2(ad1116)
mutants requires the activity of the FOXA transcription factor pha-4/FOXA which was shown to
be a downstream target of e~-363/TOR, rsks-1/S6K-signaling and essential for lifespan extension
in response to DR.'*"! Hansen and colleagues showed that induction of autophagy in response
to DR requires PHA-4/FOXA activity, indicating that autophagy is a transcriptionally regulated
response to food limitation. Unfortunately, the genes downstream of PHA-4/FOXA that regulate
autophagy have notyet been identified.” Taken together these results imply that IIS, TOR and DR
extend lifespan, at least in part, by converging on autophagy to promote longevity in C. elegans.

Autophagy and p53

Autophagy was also shown to mediate the lifespan extending effect of loss-of-function in
cep-1, the C. elegans ortholog of the tumor suppressor protein p53."*%'%” In Drosophila expression
of dominant negative forms of the p53 ortholog Dmp53 in adult neurons extends lifespan by
inhibiting insulin signaling, suggesting that cep-1 might affect aging in C. e/egans to some extent
by endocrine signaling.'® Indeed, there are some indications that also in worms, lifespan extension

by cep-1 requires functional DAF-16/FOXO."¥

Interaction between DR, IIS and Autophagy

Despite the seemingly rejuvenating effect of autophagy on overall organismal physiology, au-
tophagy is neither sufficient nor required to extend lifespan in C. e/egans. Hansen and colleagues
showed that daf-16/FOXO is dominant over autophagy to extend lifespan of d4/"2 mutants, in spite
of increased autophagy in the absence of daf* 16/FOXO. However, direct measurements of functional
autophagic activity in daf"2(-); daf-16 (-) double mutants have not been performed.'** Moreover, Pan
etaland Hansen etal reported that long-lived mitochondrial respiratory chain mutants c/k-1 and isp-1
do not require autophagy for their long lifespan and inhibiting protein synthesis in well-fed animals
extends lifespan in the absence of autophagy.*#!% In contrast, Téth et al found that lifespan extension
of respiration impaired c/k-1 and ap-3 required autophagy.’** Taken together, these observations
suggest that additional processes beyond autophagy must be involved in lifespan extension. Finally,
excessive activation of autophagy can also negatively affect survival of C. elegans during starvation as
it damages tissues critical for survival, such as pharyngeal muscle cells.'”

The finding by Hansen that reduced IIS induces autophagy independently of DAF-16/FOXO,
but requires both DAF-16/FOXO and increased autophagy to extend lifespan is intriguing in several
ways. First, it contrasts with dietary restriction where autophagy'® but not DAF-16/FOXO!"!4!
is required to extend lifespan, which suggests that autophagy modulates lifespan in IIS mutants, at
least in part, by a different mechanism compared to DR. Secondly, these results imply that reduced
protein synthesis in response to DR is not sufficient to extend lifespan in the absence of autophagy,
whereas inhibiting translation in well-fed worms is."*> Hansen and colleagues therefore suggest that
disrupting protein synthesis in well fed animals might trigger a novel, lifespan extending pathway
that is not triggered by dietary restriction/TOR.'* Indeed, the lifespan of ea#-2 mutants is further
extended by direct protein synthesis inhibition but not by TOR-inhibition.®** However, further
work is needed to explore these suppositions in more detail. Finally, these results suggest that cross-talk

may exist between IIS and TOR-signaling upstream of DAF-16/FOXO in C. elegans.

Autophagy and Neuropathology

Besides starvation, autophagy is also upregulated by other forms of stress, such as the accumu-
lation of intracellular protein aggregates, associated with aging and numerous neurodegenerative
disorders.”” In fact, the pathological accumulation of autophagosomes and autophagosome-like
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structures in brains of patients with central nervous system (CNS) disorders such as Alzheimer’s,
Parkinson’s and Huntington’s discase raises the question as to the (etiologic) role for autophagic
(dys-)function in these disease conditions.''# Therefore, the effect of autophagy on the degra-
dation of protein aggregates was investigated in cell- and animal models using pharmacological
inducers and inhibitors of autophagy.'®® For example, autophagy was shown to be involved in the
clearance of polyglutamine (polyQ) aggregates in vitro and treatment of mice and Drosophila with
rapamicyn (a potent inhibitor of TOR activity) protected against Huntington’s discase.'%!47

Huntington and Alzheimer

In C. elegans models for neurodegenerative disorders, autophagy genes were found to protect
from, or significantly delay, the onset of proteotoxicity."**'** Genetic impairment of autophagy
results in increased size and number of polyglutamine (polyQ) aggregates in neurons and muscles,
indicating an essential in vivo role for autophagy in the suppression of aberrant polyQ protein
induced proteotoxicity."**!* Abnormal accumulation of immature autophagosomal vacuoles in
Alzheimer brains suggests that autophagic activity may be severely compromised in this disease.’!
Transgenic expression of human B-amyloid peptide (Af) in C. elegans muscle also causes accumu-
lation of autophagosomal vesicles, thereby mimicking Alzheimer brains.”™® Reduced IIS in this
strain was shown to promote autophagic degradation of Ap protein accompanied by a significant
reduction in the accumulation of autophagosomes and a markedly delayed onset of worm paralysis.
The favorable effect of reduced IIS on Af toxicity therefore seems to originate from promoting
proper completion of autophagy and consequent degradation of Af.

Parkinson’s Disease

Parkinson’s disease is characterized by the progressive loss of dopaminergic nigrostratial neu-
rons in the brain, along with the accumulation of proteins in so called Lewy bodies. Genomic
multiplication of a-synuclein (a-syn) results in Parkinson’s disease and is central to the formation
of Lewy bodies."” Besides a-syn, torsinA also accumulates in Lewy bodies acting as a molecular
chaperone-like protein together with heat shock proteins to suppress aggregation.'”*>* Also, a
specific mutation in torsinA is linked to the autosomal-dominant heritable movement disorder
Oppenheim’s dystonia.'” Using C. elegans as a model organism to examine the role of torsin
activity, overexpression of both human and nematode torsin proteins results in a dramatic reduc-
tion of polyQ-dependent protein aggregation.'*® In addition, overexpression of zor-2, one of
three C. elegans homologues of human torsinA, ameliorates the formation of a-syn aggregates in
nematode body-wall muscle cells.”” A genome-wide RNAI screen in worms overexpressing hu-
man o-syn identified 80 C. elegans genes of which expression influences the formation of a-syn
inclusions.'*® Approximately half of these have an established human ortholog. Quality control
and vesicle-trafficking genes expressed in the ER/golgi complex and vesicular compartments were
overrepresented and several molecular modulators of lifespan were identified. A similar systematic
RNAi screen identified worm othologs of known familial Parkinson’s disease genes such as pdr-1/
parkin, djrl.1/D]J-1, pink-1/PINK1, nhr-6/NURRI and also #or-2. Several autophagy-related
genes were identified, such as unc-51, atg-7, vps-34, lgg-3 and lgg-1. A highly conserved protein
that demonstrated high neuroprotective capacity was C. elegans VPS41. In S. cerevisiae, VPS41
is involved in trafficking from the trans-Golgi to the vacuole/lysosome.” Together these results
suggest a significant role for lysosomal function in maintaining homeostatic balance in response
to excessive o-syn. Microarray of a-syn overexpressing nematodes also revealed upregulation of
seven genes that function in the UPS along with 35 genes involved in mitochondrial function.'®
Inhibition of the proteasome and dysfunctional mitochondria have indeed been linked to the
formation of a-syn inclusions and degeneration of dopaminergic neurons in mammals.'¢"'¢*

Autophagy and Neuronal Cell Death

Many studies have reported an increase in markers of autophagy following hypoxic-ischemia in car-
diac myocytes and cerebral neurons.'®'% Both cell protective and cell death promoting properties have
been attributed to autophagy in different models and experimental contexts, obscuring the functional
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significance of autophagy under these conditions. In C. elegans it was found that blocking autophagy
is deleterious for the survival of C. elegans following a severe anoxic insult and worsens the cellular
pathology seen after anoxia.'® Interestingly, mutation in both apoptotic- or ion-channel-mediated
necrotic cell death pathways abrogates the anoxia-hypersensitive phenotype in autophagy-deficient
nematodes. This suggests a cytoprotective role for autophagy following anoxic insult by preventing
apoptotic and necrotic cell death in C. elegans.'®'* In contrast, a considerable body of literature re-
ports that macroautophagy is also a cell death (promoting) mechanism.'¥” For example, in C. elegans,
gain of function mutations in genes that encode specific ion channel subunits such as the degenerins
DEG-1, MEC-4 and the acetylcholine receptor subunit DEG-3 lead to toxic ion-channel induced
necrotic cell death of a subset of neurons that can be substantially prevented by inactivation of au-
tophagy.'®*!® The role for autophagy in the survival of neuronal cells under pathological conditions
thus seems to be dependent on the type of insult and specific cellular environment.'”

Proteasome Function in Proteotoxicity and Longevity

The ubiquitin proteasome system (UPS) degrades oxidatively damaged and misfolded proteins
and prevents their accumulation in insoluble aggregates.”” In addition, the attachment of ubiquitin
molecules by ubiquitin ligases marks specific proteins for degradation by the proteasome. Ubiquitin
ligases regulate several cellular processes by controlling the concentration of key regulatory proteins
in diverse molecular pathways.'” For example, the ubiquitin ligase E3 can modulate the stability
of DAF-16/FOXO thereby determining worm lifespan.'7>'74

Impairment of general proteasome function, by depleting several structural and enzymatic
subunits, shortens C. elegans lifespan'>'”> and causes the nuclear localization of the SKN-1/
NRF2, a functional ortholog of the mammalian transcription factor NRF2, which is involved in
the oxidative stress response.'”®

AIRAP (arsenic-inducible proteasomal 198 regulatory particle-associated protein) modulates
the 26S proteasome to counteract proteotoxicity induced by an environmental toxin."”” Worms
lacking 4ip-1, a homolog of mammalian AIRAP, develop normally but exhibit a shortened
lifespan.'” In addition, 4ip-1(-) promotes the accumulation Q;5-YFP in SDS-resistant aggregates
and accelerates Af, 4, induced paralysis. Therefore, 2ip-1I links cellular resistance to proteotoxicity
and the maintenance of normal lifespan.

Conclusion

A strongcorrelation between macromolecular damage and age has been observed in many species,
including C. elegans. This damage likely occurs through the interaction of naturally produced free
radicals with their immediate intracellular environment. The constant turnover of proteins through
autophagy and the proteasome constitutes the main mechanism by which a cell can clean itself from
protein damage, thereby maintaining proteome integrity. As the protein translation and degradation
capacity of cells diminishes with age, the turnover of aberrant proteins becomes compromised. In
turn, this contributes to the general deterioration of cellular homeostasis seen during senescence. In C.
elegans, dietary restriction and reduced insulin/IGF-1 signaling rely upon the induction of autophagic
activity to extend lifespan. Also, in several age-related neurodegenerative disease models in C. elegans,
clevated levels of autophagy protect from or delay the formation of toxic protein aggregates. Similarly,
the expression of molecular chaperones, many of which are under control of insulin/IGF-1 signaling,
promotes longevity and offers protection against aggregation-induced proteotoxicity. These findings
advocate a major role for protein homeostasis in senescence and age-related diseases.

Increased protein turnover is by definition associated with increased protein translation.
However, in C. elegans, a reduction in protein synthesis has a beneficial effect on lifespan. Interaction
between translation initiation and the insulin/IGF-1 signaling or other stress-response pathways
may be, at least in part, responsible for the observed lifespan extension and increased stress resis-
tance. Unraveling the exact genetic interplay and mechanism by which reduced protein synthesis
confers longevity constitutes the focus of current research efforts in several C. elegans aginglabora-
tories. Similarly, autophagy has only recently claimed a central role in the aging process. Therefore,
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several questions remain open for future research endeavors. For example, mitophagy, the selective
engulfment and degradation of mitochondria by lysosomes, could, if conserved, have a major
impact on the aging process. Also, the effect of recycling of amino-acids and/or other degradation
products on lifespan extension is currently unknown. This recycling process is a hallmark for animal
survival during prolonged periods of starvation. Moreover, the molecular mechanisms underlying
recycling itself are still poorly understood in general and deserve further attention.
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CHAPTER 9

Mitochondrial Protein Quality Control
Systems in Aging and Disease

Karin Luce, Andrea C. Weil and Heinz D. Osiewacz*

Abstract

reserving the integrity of proteins, biomolecules prone to molecular damage, is a fundamental
P function of all biological systems. Impairments in protein quality control (PQC) may lead

to degenerative processes, such as aging and various disorders and diseases. Fortunately, cells
contain a hierarchical system of pathways coping protein damage. Specific molecular pathways
detect misfolded proteins and act either to unfold or degrade them. Degradation of proteins gener-
ates peptides and amino acids that can be used for remodelling of impaired pathways and cellular
functions. At increased levels of cellular damage whole organelles can be removed via autophagy,
a process that depends on the activity of lysosomes. In addition, cells may undergo apoptosis, a
form of programmed cell death, which in single-cellular and lower multicellular organisms can
lead to death of the individual.

Molecular damage of cellular compartments is mainly caused by reactive oxygen species (ROS).
ROS is generated via different cellular pathways and frequently arises in the mitochondrial electron
transport chain as a by-product of oxygenic energy transduction. Consequently, mitochondrial
proteins are under high risk to become damaged. Perhaps for this reason mitochondria contain a
very efficient PQC system that keeps mitochondrial proteins functional as long as damage does
not reach a certain threshold and the components of this system themselves are not excessively
damaged. The mitochondrial PQC system consists of chaperones that counteract protein aggrega-
tion through binding and refolding misfolded polypeptides and of membrane-bound and soluble
ATP-dependent proteases that are involved in degradation of damaged proteins. During agingand
in neurodegenerative diseases components of this PQC system, including Lon protease present
in the mitochondrial matrix, become functionally impaired.

In this chapter we summarise the current knowledge of cellular quality control systems with
special emphasis on the role of the mitochondrial PQC system and its impact on biological aging
and disease.

Introduction

Cellular proteins may become damaged atany point duringa cell’s life cycle, resulting in misfolding
and aggregation, which eventually leads to cellular dysfunction, degenerative disorders, disease and ag-
ing. Living systems contain various molecular pathways to repair, stabilize and refold affected proteins.
These pathways control the levels of damaged and misfolded proteins, thus keeping the cells and tissues
functional. However, if nonfunctional proteins accumulate wihin the cell (e.g., due to an increased
production of damaged proteins), they are detected and degraded by a proteolytic system.!
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Table 1. Overview of known mitochondrial chaperones and proteases involved in
protein quality control and the maintenance of mitochondrial functions

Component Name Localization Function
Protease Lon Matrix Degradation/
processing
Protease Clp (Protease Subunit) Matrix Degradation
Protease i-AAA Inner membrane Degradation/
processing
Protease m-AAA Inner membrane Degradation/
processing
Protease Rhomboid Inner membrane Processing
Protease HtrA2/0Omi Intermembrane space Processing
Chaperone Hsp60 Matrix Folding/refolding
Chaperone Hsp70 Matrix Folding/refolding
Chaperone Hsp78 Matrix Folding/refolding
Chaperone ClpX (Hsp100) Matrix Folding/refolding
Chaperone Prohibitins Inner membrane Binding/processing

In the cytoplasm of all ecukaryotes the proteasome represents the major proteolytic protein
quality control (PQC) system. Degradation by the proteasome requires AT P to drive the unfolding
and translocation of a polypeptide substrate into a chamber of sequestered proteolytic active sites.>
Substrates are either recognized by the proteasome through post-translational ubiquitination of
one or more lysine residues, a process requiring several enzymatic steps, or reach the proteasome
directly by chaperone-mediated delivery. In addition to the cytoplasm, the proteasome is also
active in the nucleus, but is not seen in any other cellular organelles. Damaged proteins in these
compartments can undergo proteasome independent degradation, or may be still be degraded by
the proteasome, if transported to a site where proteasome is present. This mechanism is utilised
for proteins of the endoplasmatic reticulum (ER) that require the activity of an ER-associated
degradation (ERAD) system.>*

Damaged proteins can also be degraded by autophagy, a process defined as the main mechanism
of selective removal of whole organelles via the activity of lysosomes.” In recent years it has become
clear that removal of mitochondria by autophagy, termed ‘mitophagy’, is the main mechanism
of mitochondrial protein turnover.” The activation of mitochondrial permeability transition
and the subsequent loss of the membrane potential is a signal for the induction of mitophagy.
However, before mitophagy becomes induced, a threshold level of intra-mitochondrial protein
damage and protein aggregation needs to be reached. Below this level a number of chaperones and
ATP-dependent proteases control protein homeostasis in the mitochondria and thus prevent or,
at least, delay the induction of mitophagy (Table 1).

Two major pathways are known to remove damaged proteins from mitochondria and avoid
irreversible protein aggregation. Firstly, chaperones recognize misfolded proteins, bind and try
to refold them into their native form thus reconstituting protein function. However, if damage
is excessive and refolding fails to occur, proteases of the AAA family (ATPases associated with a
variety of cellular activities) eliminate misfolded proteins by degrading them into small fragments
and amino acids (Fig. 1), which are transported out of mitochondria and are then available for de
novo protein synthesis in the cytoplasm.
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Figure 1. Functional model of chaperones and proteases and their interactions responsible for
mitochondrial PQC. Misfolded proteins are recognized by and bound to mitochondrial chap-
erones. Chaperones work by rescuing misfolded polypeptides and rendering their natural task.
If refolding into the native protein conformation fails, substrate polypeptides are translocated
to a mitochondrial protease in a chaperone-dependent mechanism. Subsequently misfolded
proteins are degraded by proteases into small peptide fragments.

If the proteolytic system is overwhelmed by excessive protein damage the defective mito-
chondria can cither be functionally restored by fusion with intact mitochondria or parts of
them with highly damaged proteins separated from the less damaged part of the mitochondrial
network.®” Parts with excessive damage are subsequently removed by autophagy, a process
preventing the release of pro-apoptotic proteins from damaged mitochondria and avoiding
cellular death.®

It thus appears that an efficient, hierarchical protein quality control system is active in mito-
chondria. Efficiency of this system appears to be crucial in particular because mitochondria, as
the powerhouse of the eukaryotic cell, are a major generator of reactive oxygen species (ROS)
which are able to damage all types of biomolecules including proteins, lipids and nucleic acids.
It remains an important issue to clucidate how the system is regulated and what determines the
limits of damage this system can successfully handle in order to protect biological systems from
degeneration. Part of the answer seems to be linked to multiple functions of the individual com-
ponents of the PQC system.

Mitochondrial Chaperones Are Necessary for Regulated
Mitochondrial PQC

Mitochondrial chaperones, proteins that assist in protein folding, are able to remove damaged
proteins through an energy-driven ATP-dependent mechanism which requires recognition,
binding and refolding of damaged proteins and the subsequent release of the reconstituted
and functional proteins. Up to now, a number of major chaperones involved in mitochondrial
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PQC have been identified. They belong to the Hsp60, Hsp70 and Hsp100 family of heat
shock proteins.

Mitochondrial Hsp70 (mtHsp70) is a major component of the mitochondrial import ma-
chinery. It binds to newly imported mitochondrial proteins from the TOM/TIM complex and
is involved in the subsequent folding of the imported proteins into its active conformation.’
Organisms lacking mtHsp70 are not viable, demonstrating the importance of this protein.'®
Additionally, meHsp70 is involved in efficient degradation of damaged proteins by proteases.
Work on Saccharomyces cerevisiae revealed this function of mtHsp70 and of a cochaperone,
Mdj1, for degradation of misfolded proteins by the matrix protease Pim1, the yeast homologue
of the human mitochondrial Lon protease.!" Using a hybrid protein of cytochrome b2 fused
to a mutated form of cytosolic mouse DHFR (dihydrofolate reductase), mtHsp70 and Mdjl
were demonstrated to be required for the proteolytic breakdown identifying them as essential
components of the proteolytic machinery within the mitochondrial matrix. Both chaperones
are sufficient for preventing irreversible protein aggregation and allowing efficient proteolysis
via Pim1. Additional data revealed that- apart from Lon- proteolysis of misfolded proteins via
the membrane bound m-AAA protease is also dependent on meHsp70.'2

The physiological function of Mcx1, the mitochondrial homologue of the bacterial ClpX/
Hsp100 chaperone, is still not clear.”® Mcx1 localizes to the soluble matrix fraction of mito-
chondria and is peripherally associated with the inner mitochondrial membrane. Under normal
conditions, deletion of Mcx1 has no obvious phenotype. However, experiments discovering
genes required for mitochondrial biogenesis in S. cerevisiae identified an increased frequency
of spontaneous loss of the mitochondrial DNA (mtDNA) indicating an impact of Mcx1 on
mtDNA stability."* In prokaryotes, ClpX forms one of the known ATP-dependent regulatory
subunits of the Clp protease, is required for N-rule substrates, proteins bearingan amino-terminal
destabilizing amino acid and promotes substrate unfolding for proteolysis.'>!¢ Under heat shock
conditions, Mcx1 accumulates in mitochondria suggesting a role in heat shock response by
refolding damaged proteins.

Hsp78, a mitochondrial homologue of the bacterial Hsp100/ClpB chaperone, is involved
in mitochondrial PQC as well. Importantly, Hsp78 can substitute for chaperone functions of
mutated mtHsp70."” Under heat shock conditions, amounts of Hsp78 are strongly increased
in mitochondria.”® Hsp78 is crucial for maintenance of respiratory competence and for mi-
tochondrial genome integrity under severe temperature stress (thermo tolerance). Given that
mitochondrial protein synthesis is a thermo sensitive process, reactivation of mitochondrial
protein synthesis after heat stress strongly depends on the presence of Hsp78."¥ Recently, Hsp78
was demonstrated to be responsible for resolubilization of protein aggregates generated by heat
stress in vivo."” Especially aggregated mtHsp70 was shown to be resolubilized by Hsp78 dem-
onstrating a unique role of the chaperone in mitochondria. Thus, resolubilization of protein
aggregates in mitochondria is dependent on Hsp78.

Another mitochondrial chaperone involved in mitochondrial PQC is Hsp60, which is
responsible for proper folding of proteins imported into mitochondria.”® In yeast, deletion of
hsp60 is lethal.* In humans, Hsp60 has been linked to neurodegenerative diseases. Mutations
in the gene, coding for Hsp60, have been identified in patients with an autosomal dominant
form of hereditary spastic paraplegia (SPG13), a neurodegenerative disorder characterized by
a progressive paraparesis of the lower limps.?? The mutated Hsp60 protein displays a reduced
chaperonin activity, a decreased ATPase activity and exhibits a strongly reduced capacity to
promote folding of e.g., denaturated malate dehydrogenase.” Furthermore, mutation of Hsp60
is accompanied by a decreased activity of mitochondrial matrix proteases, highlighting the close
relationship and interaction between mitochondrial chaperones and proteases.**

Under (cellular) conditions of accumulating protein damage (e.g., stress, diseases and aging),
chaperone activity is very often “overcharged” and mitochondria accumulate irreversible protein
aggregates. To prevent this dangerous process, these organelles contain proteases that degrade
misfolded and damaged proteins and recycle amino acids into the pool for protein synthesis.
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Role of the Mitochondrial Proteases in Maintaining Mitochondrial

Functions

Chloroplasts and mitochondria, both organelles of an endosymbiontic origin, contain several
PQC proteases that are highly conserved from prokaryotes to higher eukaryotes. In mitochondria
these proteases are present in all sub-compartments (Fig. 2). The mitochondrial matrix contains
two soluble protease systems, Lon and Clp protease.>* In the inner mitochondrial membrane
three membrane-integrated proteases, the i-AAA, m-AAA and rthomboid protease PARL/Pcpl
are present.”’?” Additionally, the intermembrane space harbours the HerA2/Omi protease and a
number of different oligopeptidases.’**

The mechanism(s) by which mitochondrial proteases recognize and degrade misfolded poly-
peptide chains is rather unclear and speculative. There are three possible theories to describe this
process:

Proteasome

—_

/

Cytosol

- IOTC0 00 DO OO OO

IMS

Matrix

Chaperones

CLP LON

Figure 2. Scheme displaying key proteases involved in mitochondrial PQC. In the mitochondrial
matrix Lon and Clp protease are present. While the molecular function of Clp is still unclear,
Lon preferably degrades soluble misfolded polypeptides in an ATP-dependent mechanism.
In the inner mitochondrial membrane, the i-AAA and the m-AAA proteases are involved in
degradation and processing of respiratory chain subunits. The activity of the m-AAA protease
appears to be strongly regulated by prohibitins. Damaged proteins of the outer mitochondrial
membrane are probably ubiquitinated and applied to the ubiquitin-proteasome degrada-
tion system. OM: outer mitochondrial membrane; IMS: intermembrane space; IM: inner
mitochondrial membrane.
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i. Similar to the ubiquitin-proteasome system in the cytoplasm, substrate polypeptides may
be marked with ubiquitin making them accessible for proteases by an ubiquitin recogni-
tion site.

ii. Chaperones may bind to damaged proteins and deliver these substrates to the proteases
via binding of the chaperone to the protease.
iii. Proteases may contain specific substrate-binding sites for distinct recognition.

Until now no ubiquitin-conjugation system has been identified in mitochondria. However,
recent data demonstrate the ubiquitination of a restricted set of mitochondrial proteins.®
Furthermore it was found, that a subunit of the F,F,-ATPase is ubiquitinated, retranslocated from
the inner mitochondrial membrane to the outer membrane and degraded by the proteasome in the
cytoplasm under the control of the cytosolic chaperone Hsp90. Similar observations were reported
for the pro-apoptotic intermembrane space protein endoG.>* However, at the moment it is unclear
how mitochondrial proteins are recognized, marked with ubiquitin and translocated through the
mitochondrial membranes. At this time, it is rather theoretical and highly speculative how impor-
tant this way of protein degradation for removal of damaged mitochondrial proteins is.

Mitochondrial protein degradation by chaperone-mediated bindingand proteolysis or by direct
substrate-binding of the proteases appears to be of greater relevance. This type of proteolysis is
mediated by both membrane bound proteases like i-AAA and m-AAA and the soluble Lon and
Clp proteases in the matrix which are indispensable for efficient removal of damaged mitochondrial
proteins (Fig. 2). Point mutations or deletion of one of the genes coding for these proteases leads
to severe phenotypes, neurodegenerative diseases (ND) and death. Some proteases contain specific
substrate-bindingsites, others not. For example, the i-A AA protease recognizes misfolded polypep-
tides by conserved helices in the proteolytic and AAA domains.® In contrast, proteolysis via Lon
and m-AAA protease is dependent on the chaperone mtHSP70, indicating a chaperone-mediated
substrate delivery. In the following paragraphs the most important mitochondrial specific proteases
will be characterized and their molecular functions discussed in more detail.

Membrane-Bound AAA Proteases

Probably, the most fundamental function of the inner mitochondrial membrane is the en-
ergy conversion via oxidative phosphorylation.*® To sustain proper activity of the respiratory
chain, assembly of nuclear and mitochondrial encoded subunits of the complexes as well as the
degradation of excess or damaged and non-assembled subunits need to be well coordinated.
Two ATP-dependent membrane-bound proteases are known to be involved in the energetically
unfavourable dislocation of non-assembled inner-membrane proteins.’”*” Both are members
of the highly conserved AAA family.’ In yeast and humans, the i-AAA protease forms a
homo-oligomeric complex of Ymel subunits and exposes its catalytic domain to the intermem-
brane space.””#! The m-AAA protease is oriented towards the mitochondrial matrix.** In yeast,
this complex is hetero-oligomeric, composed of Ytal0 and Ytal2. In humans, the orthologue
consists of homo- or hetero-oligomeric complexes containing paraplegin and Afg3L2 or Afg3L.2
only.?*# The activity of the m-AAA protease is regulated by prohibitins, a eukaryotic protein
family with potential roles in senescence and tumor suppression.*

Both proteases exert versatile functions including the proteolytic degradation of polypeptides
but also processing and translocation of substrate proteins. Most information about the function
of the proteases has been obtained from . cerevisiae. Using various reporter proteins, overlapping
substrate specificities have been demonstrated.?”**#* However, so far no endogenous substrate
has been identified which can be degraded by both proteases. Apart from the proteolytic activity,
both AAA proteases display chaperone-like activity since they can bind unfolded polypeptides
and suppress their aggregation.3

The loss of function of these two AAA proteases leads to severe phenotypes including
neurodegenerative diseases in mammals. However, in most cases the molecular basis of these
phenotypes is still unclear. Yeast cells lacking Ymel are respiratory deficient (petize) and show an
increased rate of DNA escape from mitochondria to the nucleus.”” Moreover, cells require Ymel
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Table 2. Identified mitochondrial substrate proteins of mitochondrial proteases

Protease Substrate Function Reference
Lon aconitase Tricarboxylic acid cycle 95-97
Lon lv1 Isoleucine biosynthesis 97

Lon lv2 Isoleucine and valine biosynthesis 97

Lon Lscl Tricarboxylic acid cycle 97

Lon Lys4 Lysine biosynthesis 97

Lon Cox IV Respiratory chain subunit (complex V) 85

Lon Cox V Respiratory chain subunit (complex V) 85

Lon Cox II* Respiratory chain subunit (complex V) 85

Lon MPPa Processing of imported proteins 48

Lon StAR Cholesterol transfer protein 128
m-AAA MrpL32* Subunit of mitochondrial ribosomes 65
m-AAA Opal* Mitochondrial fusion 108
m-AAA Cepl ROS scavenging 68
m-AAA Cox | Respiratory chain subunit (complex 1V) 61
m-AAA Cob Respiratory chain subunit (complex Il1) 61
m-AAA Subunit 6 ATP synthase (complex V) 29,62,64
m-AAA Subunit 8 ATP synthase (complex V) 29,64
m-AAA Subunit 9 ATP synthase (complex V) 29,62,64
i-AAA Cox Il Respiratory chain subunit (complex 1V) 41,49,50,69
i-AAA Opat* Mitochondrial fusion 111,110
i-AAA Ndet External NADH dehydrogenase 51
i-AAA Prohibitins Cell proliferation and cristae morphogenesis 31

*Substrates are only proteolytically processed, not degraded.

for respiratory growth at high temperatures and display a growth defect on glucose-containing
media at low temperatures.”” Deletion of ymel also leads to an altered mitochondrial morphol-
ogy with an accumulation of punctuate and grossly swollen mitochondria.* Since it was found
that yeast mitochondria lacking Ymel contain considerably increased phosphatidylserine de-
carboxylase 1 (Psd1) activity and accordingly an increased level of phosphatidylethanolamine,
the altered protein/lipid composition might be an explanation for the abnormal mitochondrial
morphology.”* One substrate of the i-AAA protease has been identified as the mitochondrially
encoded Cox2 protein, a subunit of cytochrome c oxidase (Cox) (Table 2).4*5° Non-assembled
Cox2 has been shown to be rapidly degraded by Ymel but remains stable in Aymel yeast cells.
In cells lacking Ymel the increased stability of nonfunctional Cox2 is supported by the drasti-
cally reduced number of peptides derived from proteolysis of Cox2.3! Deletion of Ymel also
results in the complete loss of peptides derived from degradation of Ndel, an external NADH
dehydrogenase.”!

Peptides generated by the proteolytic breakdown of mitochondrial proteins are believed to
be involved in signalling pathways between mitochondria and the nucleus. Therefore, deletion
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of ymel in yeast leads to the up-regulation of nuclear genes with function in mitochondrial gene
expression and the biogenesis of the respiratory chain.>* This signalling pathway would allow the
re-adjustment of the reduced activity of the F,Fy-ATPase observed in the absence of the i-AAA
protease.’”> So far, only little is known about the human i-AAA protease YmelL1. Itis speculated
that YmelL1 is also involved in the pathogenesis of the neurodegenerative disorder hereditary
spastic paraplegia (HSP).”® The protein is ubiquitously expressed and localized to mitochondria.*®
Expression of the human homologue in Aymel yeast cells restores growth on nonfermentable
carbon sources at elevated temperatures pointing to a functional conservation.”

As observed for Ymel-deficient yeast cells, cells lacking either YtalO or Ytal2 or expressing a
proteolytically inactive variant of the m-AAA protease are respiratory deficient.>**¢! In the absence
of YtalO or Ytal2 the activities of the cytochrome c oxidase, the bc,-complex and the ATP syn-
thase are reduced.”®* This is consistent with the finding that the expression of the mitochondrial
genes coxl (subunit 1 of the cytochrome ¢ oxidase) and cob (cytochrome b of the cytochrome
bc;-complex) are under control of proteolytic processing by the m-A A A protease.®"** Interestingly,
similar observations have been reported for the soluble matrix protease Lon, pointing to overlap-
ping functions not solely between the integral membrane-bound proteases but also between those
proteases and soluble proteases.®* Furthermore, the m-AAA protease is involved in the assembly of
the subunits of the ATP synthase.”**¢* An additional reason for the respiratory deficiency might
be the impaired processing of MrpL32, a subunit of mitochondrial ribosomes.® Processing of the
N-terminal targeting sequence is essential for ribosomal assembly. Thus, translation of the mito-
chondrial encoded proteins is affected demonstrating a crucial role of the m-AAA protease in the
control of mitochondrial protein synthesis. Interestingly, this role introduces the possibility of a
negative-feedback regulation. The accumulation of nonnative proteins, for example in stressed or
aged cells, might compete with MrpL32 for binding to the m-AAA protease. Hence, processing
of MrpL32 is impaired resulting in reduced mitochondrial translation. In mammals the loss of
function of Paraplegin or Afg3L2 results in the neurodegenerative disease HSP demonstrating
the importance of this protease for mitochondrial PQC as well. ¢

Recently it has been shown that membrane-bound AAA proteases are involved in the
ATP-dependent translocation of proteins.”® In yeast, maturation of the nuclear encoded cyto-
chrome ¢ peroxidase 1 (Ccpl) depends on the successive action of the m-AAA and rhomboid
protease Pcpl. The m-AAA protease is required for dislocation and positioning of the precur-
sor form of Ccpl which can then be cleaved by the rhomboid protease. A similar function has
been proposed for the i-AAA protease.” Mitochondrial import of the human polynucleotide
phosphorylase (PNPase) depends on Ymel which binds to the precursor form and mediates its
translocation across the outer membrane. It is tempting to speculate that more substrates exist
which depend on the ATP-dependent dislocation instead of the proteolytic activity of the AAA
proteases. This is supported by lethality of the simultaneous deletion of both the i-AAA and the
m-AAA protease in yeast cells which can be restored by the expression of a proteolytically inactive
form of Ytal0 in Aymel yeast strains.?®

Apart from the AAA proteases a number of additional proteases exist in mitochondrial mem-
branes performing mainly processing functions. The role of mammalian mitochondrial HtrA2/
Omi in protein quality control is still unclear. The precursor form of the serine protease HerA2/
Onmi is temporarily anchored to the inner membrane where it undergoes proteolytic maturation
and is released into the intermembrane space. Loss of its protease activity results in susceptibility
toward Parkinson’s disease, in which mitochondrial dysfunction and impairment of protein fold-
ing and degradation are key features.*

The rhomboid protease is an evolutionary conserved intramembrane serine protease.”” The
yeast thomboid Pep1 has two known substrates, Ccpl and Mgm1.”'7 Both proteins span the in-
ner membrane once and are completely or partially released after cleavage by Pcpl. As mentioned
before, maturation of Ccpl also depends on the activity of the m-AAA protease suggesting the
existence of additional substrates which require the coordinated activity of several proteases for
maturation.
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The fact that the loss of AAA proteases causes severe phenotypes in yeast and leads to axonal
degeneration in mice as well as in humans underlines the importance of these proteases in PQC
to maintain mitochondrial function %7+

Soluble Matrix Proteases

In the mitochondrial matrix a wide range of metabolic functions need to be coordinated. In
this subcompartment, the mtDNA as well as the citric acid cycle and other important pathways
like lipid synthesis are present. The regulated transcription and translation as well as the removal
of damaged enzymes and regulatory proteins need to be tightly controlled. Two soluble protease
complexes, Lon and Clp, are part of the corresponding machinery.

Clp protease is an ATP-dependent serine protease catalyzing unfolding and degradation of
damaged and specifically tagged proteins.”” The protease is composed of the proteolytic subunit
ClpP and the chaperones ClpX or ClpA. The functional form of ClpP is a tetradecamer forming
a stable double ring structure. Each ring contains seven ClpP subunits. The chaperones ClpA and
ClpX are members of the AAA protein family, a group of unfoldases that catalyze restructure
and translocation of proteins and other biomolecules. They form ATP-dependent hexameric
ring structures. The active protease is formed by stacking the chaperone hexamer to the ends of
ClpP, resembling a proteasome-like structure.'®”® While the ClpAP complex is only present in
prokaryotes, ClpXP is highly conserved within mitochondria of eukaryotes, except the lower
cukaryote S. cerevisiae which lacks the proteolytic subunit ClpP.”” In prokaryotes, ClpXP de-
grades short lived regulatory proteins and is an important component of the prokaryotic PQC
and heat shock response.”® While most eukaryotes contain the protease and chaperone subunit
within mitochondria, almost nothing is known regarding their specific biological function and
their substrate binding and specifity. Interestingly, inactive ClpP leads to the complete loss of the
mitochondrial unfolded protein response (mtUPR) during heat stress in Caenorhabditis elegans.”
UPR is a mechanism involved in restoring normal cellular functions of the cell after heat stress via
the activation of signalling pathways leading to increased transcription of nuclear genes coding
for molecular chaperones involved in protein folding. Inhibition of the proteolytic activity of Clp
rapidly blocks induction of genes of the hsp60 and hsp70 family, suggesting that Clp protease has
a direct role in mtUPR signalling to the nucleus. Noticeable, like ClpP, the membrane-bound
i-AAA protease seems to be involved in human mtUPR as well.* However, the identity of Clp
protease substrates for mtUPR is still missing. Moreover, other functions and substrates of Clp
need to be investigated more extensively.

The best characterized and probably most important matrix protease involved in mitochon-
drial PQC s Lon, a highly conserved ATP-dependent serine/lysine protease of the AAA* family.*!
The ATPase and the protease domain are located on the same polypeptide chain, whereas ATP
hydrolysis and proteolytic activity are tightly coupled. Lon is only active in a homo-oligomeric
state. In yeast mitochondria, a heptameric-ring structure was demonstrated by electron micros-
copy.® Apart from its proteolytic function, Lon is also involved in protein complex assembly
and in the maintenance of mitochondrial DNA.3% In yeast, proteolysis mediated by Lon is
required for the expression of mitochondrial intron-containing transcripts.®** Lon is part of the
mitochondrial nucleoid, a complex maintaining mtDNA, as well.®*#¢ Additionally, human Lon
binds to single-stranded DNA oligonucleotides corresponding to a TG-rich region that overlaps
the heavy strand- and light-strand promoters of human mtDNA.#" Interestingly, binding of
Lon to mtDNA stimulates the AT Pase activity as well as the protease ::Lctivity.(’3 Thus, Lon may
be responsible to regulate both, protein turnover and meDNA function.

Lon is important under normal survival and proliferation as well as for the defence against
oxidative stress induced protein damage. For instance, Lon is significantly upregulated under dif-
ferent stress conditions, like heat stress.” The importance of Lon for cellular and mitochondrial
viability is supported by dramatically disordered phenotypes within organisms being deficient for
Lon protease. Yeast cells lacking Pim1, the S. cerevisiae homologue of Lon, exhibit large meDNA
deletions and accumulation of electron dense aggregates.”*® As mtDNA codes for respiratory
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chain subunits, Pim1 deletion mutants are unable to grow on nonfermentable carbon sources,
leading to a perite phenotype.® Deletion of Lon in higher cukaryotes seems to be lethal. Even
RNAi-treated cell cultures offering decreased Lon protein amounts are characterized by broad
mitochondrial dysfunctions. In human lung fibroblasts down-regulation of Lon was reported to
impair mitochondrial structure, function and causes cell death by activation of apoptotic path-
ways.” Also in plants mitochondrial Lon protease is required to maintain mitochondrial function.
Mitochondria isolated from Arabidopsis thaliana Lon deletion mutants displayed lower capacity
for respiration, the activity of key enzymes of the tricarboxylic acid cycle was significantly reduced
and mitochondria had an aberrant morphology, respectively.” These severe phenotypes of Lon
deficiency in different cukaryotes demonstrate the importance of this protease to maintain proper
mitochondrial and cellular function by selectively eliminating misfolded, damaged and certain
short-lived regulatory proteins.

Lon protease, as well as the membrane-bound i-AAA protease, is also involved in coping ER
stress induced mitochondrial dysfunctions. In rats, it was found that expression and assembly of
Coxare disturbed under ER stress. The signalling pathway improves assembly of respiratory chain
complexes and sustains mitochondrial function by induction of Lon and i-AAA proteases.®

So far, the signal targeting a protein to be degraded by Lon is unidentified. Iz organello deg-
radation of imported reporter proteins containing different structural properties in S. cerevisiae
revealed that a nonnative amino-terminal exposed protein segment in combination with alimited
unfolding capacity mediated by chaperones (mtHsp70) accounts for the selectivity of Lon protease
for damaged or misfolded proteins.” Protein turnover mediated by Lon is likely modulated or
regulated by factors that affect the enzymatic activity of Lon and/or the conformational state.”>
For example, mitochondrial processing peptidase subunit a (MPPa) is degraded by Lon only
in its non-assembled form since active heterodimeric MPPa complexed with MPPb is stable.”?
Importantly, the proteolytic activity of Lon is dependent on the availability of ATP and thus
on the energy status of mitochondria. ATP binding stimulates proteolysis, while ADP inhibits
protease function.”

Up to now, only a limited number of endogenous substrates of eukaryotic Lon protease have
been identified (Table 2). Most substrate proteins are components of the respiratory chain, the
tricarboxylic acid cycle (TCA) and amino acid biosynthesis pathway. It has been proposed that
Lon protease is the key proteolytic machinery in the mitochondrial matrix mainly degrading oxi-
datively damaged proteins. For example mitochondrial aconitase, an iron-sulfur cluster containing
protein, has been identified as a substrate of Lon in various model systems.”>*” Aconitase acts as
akey enzyme of the TCA cycle as well as in the maintenance of mtDNA.” The enzyme is highly
vulnerable to oxidative damage, sufferingaloss of activity and consequently mitochondrial damage
and dysfunction. However, comparing the number of known substrates of Lon protease to the as-
sumed number of mitochondrial matrix proteins, the substrate knowledge is still a puzzle. Probably
Lon degrades not a restricted set of proteins, but rather a wide range of unfolded proteins.

Role of the Membrane-Bound AA A Proteases on Diseases,
Apoptosis and Aging

During the years of investigations of mitochondrial PQC it turned out that proteases are
highly important to sustain mitochondrial function. Loss of function or down-regulation of
mitochondrial proteases has been reported to be linked to neurodegenerative diseases (ND) and
aging. Parkinson’s disease, autosomal dominant optic atrophy (ADOA) and hereditary spastic
paraplegia (HSP) are prominent examples.”

For instance, autosomal dominant optic atrophy strongly depends on the activity of mito-
chondrial membrane-bound proteases regulating mitochondrial morphology. The mitochondrial
morphology is controlled by several proteins involved in fusion and fission.'® One of them is Opal
(Mgm1 in yeast), a dynamin-like GTPase in the inner mitochondrial membrane, as described
above. Mutation of Opal leads to ADOA."*"'%2 The balanced formation of long membrane-bound
and shorter soluble isoforms appears to be crucial for mitochondrial morphology, respiratory
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competence and the maintenance of mtDNA.'® This balance strongly depends on the activity
of membrane-bound proteases, demonstrating a prominent example for mitochondrial PQC
mediated by mitochondrial proteases. As the downregulation of Opal causes mitochondrial
fragmentation and alters the shape of the cristae, Opal has been linked to apoptosis and aging.'* It
has been suggested that during apoptosis the protease-mediated balance between long and shorter
Opal isoforms is disrupted.'®'% This leads to the unravelling of the cristae junctions allowing
pro-apoptotic factors like cytochrome c and HerA2/Omi to diffuse into the intermembrane space
and finally into the cytosol. So far three proteases have been linked to the processing of Opal. In
yeast, the thomboid protease Pep1 cleaves a subset of the long Mgm1 isoform at their transmem-
brane domain to produce the shorter Mgm1 isoform which is released into the intermembrane
space.”!”? Similarly, the mammalian rhomboid PARL seems to be involved in the generation of the
soluble Opal isoforms, although the action of PARL on Opal could be indirect.'” In yeast, PARL is
able to functionally replace Pcp1 and process Mgm1.7 In contrast, the m-AAA protease Paraplegin
hasalso been proposed to stimulate Opal processing.'® Surprisingly, neither PARL-deficient cells
nor Paraplegin-deficient cells show impaired Opal processing.'” To identify proteases which are
capable of cleaving Opal, Opal was expressed in yeast cells where either yeast or mammalian
m-AAA proteases mediate Opal cleavage. Finally, knockdown of human YmelL has also been
shown to constitutively regulate a subset of Opal isoforms.!'®!! Therefore, the question which
mitochondrial protease(s) mediates Opal cleavage seems to remain unsolved.

In mammals, nonsense mutations in Paraplegin, a subunit of the m-A AA protease, were found to
cause an autosomal recessive form of HSP, a genetically heterogeneous disease that is characterized
by progressive and cell-specific axonal degeneration.??!'? Paraplegin and Afg3L2 assemble into a
high molecular mass complex in the inner mitochondrial membrane.'”® This complex formation
is impaired in fibroblasts from HSP patients leading to a decreased activity of the respiratory
complexes, decreased ATP levels and an increased sensitivity towards oxidative stress.”>!** Likewise
Paraplegin-deficient mice show a slow progressive and cell-specific axonal degeneration.” The lack
of Paraplegin leads to enlarged and morphologically abnormal mitochondria. In contrast, mice
lacking functional Afg3L2 are affected by a severe neuromuscular syndrome.® They contain swollen
giant mitochondria with damaged cristac and the activity of the respiratory complexes I and IIT is
strongly reduced resulting in reduced ATP synthesis. Only recently, mice carrying different dosages
of Afg3L2 and Paraplegin have been generated showing that the homo- and hetero-oligomeric
complexes are largely redundant.'**

These tissue-specific consequences of the loss of Paraplegin or Afg3L2 are somehow puzzling
since both isoenzymes should be widely expressed in mitochondria from all tissues. A possible
explanation could be the variation of the relative abundance of the subunits between different
tissues and their versatile assembly as homo- or hetero-oligomeric complexes.*'"* Additionally,
homo-oligomeric complexes composed of Afg3L.2 seem to have different substrate specificities than
hetero-oligomeric complexes containing Afg3L.2 and Paraplegin.'® It cannot be excluded that other
yet unknown substrates exist which contribute to the tissue-specificity of the disease even though
this is somehow contradictory to the observed redundancy of the homo- and hetero-oligomeric
complexes. However, initial efforts towards a gene-replacement therapy have successfully halted
the progression of the degeneration in the peripheral nerves of Paraplegin-deficient mice pointing
to a promising path to pursue.'”

Mitochondrial Lon Protease Activity and Aging

Chaperones and molecular proteases control the balance of functional, correctly folded and
misfolded proteins by removing damaged polypeptides and toxic protein aggregates from cells,
delaying the onset and the outcome of disease and aging. While mutation or loss of mitochondrial
membrane-bound proteases very often leads to neurodegenerative disease, soluble matrix proteases
are more responsible for preventing protein aggregation and, thus, avoiding premature aging.
However, a few ncurodegenerativc diseases have been described so far which ncgativcly affect
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the activity of matrix proteases. For instance patients with SPG13 display reduced transcript and
protein levels of the mitochondrial matrix PQC proteases Lon and Clp.**

Numerous investigations describe the accumulation of aggregation-prone misfolded proteins
during lifetime and a misbalance between functional and nonfunctional proteins. For instance,
proteasome activity in the cytoplasm is known to decline during aging, amplifying the misbal-
ance and, additionally, decreasing the pool of free accessible amino acids for protein synthesis.''¢
Significantly this observation is linked to an age-related increased ROS production and thus to
the free radical theory of aging, suggesting that aging is the result of an accumulation of molecular
damage via ROS.'”

Lon protease is known to play an essential role in the degradation of damaged proteins in mi-
tochondria. Different age-related declines in transcript and protein levels and activity of Lon have
been reported so far, demonstrating an important function of this protease in the aging process.
In skeletal muscle samples transcript levels of aged mice were four-fold decreased compared to
samples from young individuals."® Interestingly, this observation was completely prevented when
animals were fed a calorie restricted food, an intervention known to slow down protein damage.
In a comparable study an approximate five-fold reduction was observed in mitochondrial Lon
protein levels and activity in old mice compared to younganimals.'? Additionally, old mice exhibit
higher levels of oxidatively damaged proteins, particularly oxidized aconitase, probably due to the
diminished protease activity of Lon to degrade misfolded proteins."? Selective down-regulation of
Lon in human lung fibroblasts by antisense RNA was reported to lead to the formation of abnormal
mitochondria and induce apoptosis. Giant mitochondria with large empty vacuoles, mitochondria
filled with electron dense inclusion bodies and miniature mitochondria were found in these cells.®
These pathological phenotypes are similar to what is observed in aging tissues, suggesting that
Lon downregulation may contribute to the aging effect. Studies on isolated mitochondria of rat
liver samples demonstrated a decline in Lon protease activity in senescent samples as well.’?* This
observation is supported by the observation that oxidative protein modifications increase in old
mitochondria. Interestingly, in these studies overall Lon protein amounts did not change during
aging, indicating that Lon activity might be abolished in aged cells either by reduced disposability of
ATP or by oxidative protein damage of Lon itself and consequently loss of proteolytic activity.

Investigations studying Lon protease activity in different mammalian tissues and in different
organisms suggest a tissue- and organism-specific regulation during aging. In rat heart an age-related
increase in mitochondrial transcript levels was found, while protease activity remained unchanged.'!
Similar observations were reported for the filamentous fungus Podospora anserina, an experimentally
tractable short lived organism with a well defined mitochondrial etiology of aging.'” "> Like in rats,
transcript levels of lon were found to be increased in aged P anserina cultures. However, protein
abundance and activity of Lon protease did not change.”® These discrepancies may be explained by
the fact that (1) Lon protein synthesis in the cytoplasm is limited in aged samples and that (2) Lon
protein import into aged mitochondria is disturbed. The first explanation is supported by different
studies describinga decline in the general protein synthesis during aging in different model systems.'?
Global control of protein synthesis is generally achieved by changes in the phosphorylation state of
initiation factors of their regulators. This phosphorylation state is known to change during aging,
suggesting that protein synthesis constitutes a basic cellular process targeted by signalling pathways
that modulate aging. The second explanation is supported by observations, that mitochondrial
membrane potential and ATP amounts decrease during aging.'** A high membrane potential is
required for efficient import of nuclear encoded mitochondrial proteins by the import machinery
complex TOM/TIM into the mitochondrial matrix.'”” Either reduced translation and/or inefficient
transport into mitochondria might explain the unchanged Lon protease activity in aged rat heart
tissue and P anserina cultures while transcript is increased.

Recent experimental interventions into Lon expression in P, anserina support the importance
of a functional Lon protease in aging. Constitutive over-expression of lon resulted in transgenic
strains with increased ATP-dependent serine protease activity.”® These strains display lower levels
of carbonylated and carboxymethylated proteins, reduced secretion of hydrogen peroxide and
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a higher resistance against exogenous oxidative stress. Moreover, they are characterized by an
extended health span (i.e., lifespan without impairments of vital functions like growth and fertil-
ity). Also mitochondrial morphology and the respiratory chain composition are not abolished.
Additionally, mitochondrial respiration is increased in old cultures over-expressing lon in com-
parison to wild-type samples. Collectively, these data demonstrate a beneficial effect of increasing
Lon protease abundance on stress resistance and organism aging and provide mechanistic clues
suggesting that increased degradation of damaged mitochondrial proteins leads to a reduction
of endogenous oxidative stress, an increased tolerance against exogenous oxidative stress and an
increased life span. Thus, overexpression of lon appears to be a successful intervention and supports
the important role of the mitochondrial PQC into the aging process.

Conclusion

Mitochondrial protein quality control processes have now been recognized to play crucial
roles in maintaining mitochondrial functions. In particular chaperones, proteases and their
regulation and interactions appear to play a fundamental role in preventing protein aggrega-
tion and maintaining mitochondrial requirement for cellular survival. Novel functional links
between these systems are indicating that the understanding of how mitochondrial PQC works
is still at the beginning. The highly important regulation and flawless function of all different
components of this system is of fundamental importance, as decrease or inactivation of one
of the proteases or chaperones leads to severe phenotypes, diseases and finally in cell death.
However, details about their regulation and interaction remain to be investigated in more detail.
Further analysis of proteases and chaperones involved in mitochondrial PQC, e.g., through the
identification of their targets and substrates will almost certainly provide new insights into the
regulation of this system. Importantly, the role of PQC systems on aging and disease needs to be
thoroughly investigated, given that they are characterized by the loss or change of mitochondrial
protease and chaperone activities, leading to increased damage and loss of mitochondrial func-
tion. Other pathways (e.g., mtDNA repair, mitochondrial dynamics) also need to be explored
more carefully. Different tasks of mitochondrial PQC should be accomplished in different
model systems to obtain a detailed overview about PQC mechanisms and interactions of the
individual components of this hierarchical network. Such knowledge will be a good starting
point for translational research with the ultimate goal to hold up degenerative processes leading
to severe impairments and diseases and gain a basic understanding of the mechanistic processes
leading to biological aging.
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p38M4™ in the Senescence of Human

and Murine Fibroblasts
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Abstract

ncogenic and environmental stresses, such as reactive oxygen species, UV radiation etc, can

induce premature cellular senescence without critical telomere shortening. The role of the

Ras/Raf/ERK signal transduction cascade in this process has been previously established,
but recent evidence also indicates a critical role of the p38 MAP kinases pathway. Oncogenic and
environmental stresses impinge upon the p38™AP¥ pathway, suggesting a major role of this pathway
in senescence induced by stresses. Prematurely senescent cells are most likely to appear in several
age-related pathologies associated with a stressful environment and/or the release of pro-inflammatory
cytokines.

Introduction

Replicative senescence has been widely demonstrated for many non-immortalized mammalian
cell types capable of proliferating in the adult.! Notable exceptions are embryonic stem cell
lines and most tumor-derived cells in which telomerase is constitutively activated.? Since fea-
tures of replicative senescence can appear after exposure of both non-immortalized cells and
telomerase-immortalized cells to oncogenic stimuli, oxidative stress and/or DNA damaging
agents, preliminary definitions of the various phenotypes arising in such conditions must be
given, in order to reflect the different trends of the current literature.

Senescence Is the Hardest Word to Say

The narrowest definition of senescence is the irreversible growth arrest that occurs when
non-immortalized, nontransformed cells have exausted their replicative potential.! This is triggered
by critical telomere shorteningand rearrangements of the telomere structure, due to the inability to
replicate the chromosomal ends. This type of senescence, termed replicative senescence, counts cell
generations (definition 1).> However most in vitro studies on replicative senescence were performed
with cells cultivated at 20% O,, which accelerates telomere shortening by generating a more severe
oxidative stress when compared to the much lower in vivo physiological pressure of O,.*

Other authors expanded the definition of senescence to a functional definition encompassing
all kinds of irreversible arrests of nontransformed proliferative cell types induced by cellular stresses
such as subcytotoxic oxidative stresses and DNA damaging agents (definition 2).>” Notably most
features of replicative senescence including irreversible growth arrest, also appear after exposure
of proliferating nonimmortalized, nontransformed cells to cellular stresses. Irreversible growth
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arrest of proliferative cell types induced by these cellular stresses may be called stress-induced
senescence-like phenotype, according to definition 1, or stress-induced premature senescence,
according to definition 2. Both phrases can be abbreviated as SIPS.* In addition, the induction
of features of replicative senescence after exposure of cells to oncogenic stimuli, has been called
oncongene-induced premature senescence (OIS).>?

SIPS differs from replicative senescence namely it can be telomere-independent. While the
ectopic expression of the catalytic subunit of telomerase (RTERT) rescues replicative senescence,
oncogenic ras, H,O,, ultraviolet light and x-radiation induced similar levels of senescence features
in the parental and hTERT-expressing human diploid fibroblasts (HDFs) and none or very limited
telomere shortening was detected in the hTERT-expressing cells undergoing SIPS.! These data
suggest that replicative senescence induced by telomere shortening and SIPS are mediated by at
least partially different mechanisms.

The Role of DNA Damage Checkpoint Genes in Senescence

The mechanisms by which SIPS occurs are not yet fully understood. However, results from
fibroblasts bearing specific mutations responsible for Ataxia teleangiectasia (AT) and Nijmegen
breakage syndrome (NBS) have indicated a biologic relevance or the biological reference of these
genes in senescence. AT and NBS patients have a high incidence of cancer and cellular defects
including radiosensitivity, chromosome instability and premature senescence." ATM and NBS1,
the respective products of the gene mutated in AT and NBS patients, cooperate to activate cell
cycle checkpoints triggered by DNA damage. ATM phosphorylates many proteins involved in
cell cycle checkpoints and DNA repair. For example, ATM phosphorylates and activates Chk2
in response to ionizing radiation, resulting in the stabilization and activation of p53, induction of
p21V2F! expression and cell cycle arrest at G, phase. ATM participates in telomere maintenance
and senescence signaling originating from telomeres.'*"> Deficiency of ATM or NBSI leads to
telomere shortening, suggesting that ATM and NBS1 proteins may be involved in regulation of
telomere length and/or structure. Although the precise mechanism by which ATM and NBSI
regulate the structure and function of telomeres is currently not understood, the role of telomeres
in the replicative senescence of ATM and NBSI cells is demonstrated by the rescue of ATM and
NBS1 cells through telomere elongation induced by ectopic expression of KTERT. However, like
the parental cells, the \TERT-expressing AT and NBS fibroblasts remain sensitive to SIPS. Despite
the defective response to DNA damage in hTERT-expressing AT fibroblasts, H,O, and ionizing
radiation induced SIPS in these cells, concurrently with the induction of p53, p21 VAT, p1 6K
protein and phosphorylation of the stress-induced p38M4PX.11¢ These observations suggest that
the ATM-dependent signaling pathway is involved in replicative senescence, but is dispensable
for inducing SIPS in response to ionizing radiation or oxidative stress and associate SIPS with
p38MAPK 3 central mediator of SIPS.

Signal Transduction and Gene Expression in SIPS: Central Role
0fp3 8MAPK

Depending on the cell type, stress can activate three major MAPK pathways, ERKs (extracel-
lular-regulated kinases), JNKs (c-JUN N-terminal kinases) and p38MAPXs,

p38MAPK but not JNK, has been shown to be activated in replicative senescence and SIPS in-
duced by oncogenic ras and culture shock.'”!'® Culture shock has been defined after the observation
that mouse fibroblasts implanted from in vivo to in vitro become senescent after a small number
of cell divisions: approximately 10 population doublings, an estimate of the average number of
cell divisions of a given population. The telomeres do not significantly shorten during this period
given murine cells have extremely long telomeres. Rather, it is believed that senescence is induced
by the environmental changes imposed on the mouse cells, such as oxidative environment due to
culture conditions' and thus called “culture shock”?

As reviewed below, the activation of p38M4PX is delayed after the exposure of cells to subcyto-
toxic senescence-inducing stress. A working hypothesis could be that the activation of p38M4P¥
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Figure 1. A) Working hypothesis. SIPS is not triggered by the immediate cascade of events activated
by the initial DNA damage and involving proteins such as ATM, Chk2 and p53. In this hypothesis,
the initial quick response triggered by DNA damage is responsible for transient growth arrest namely
through the expression of p21"A™, possibly via a first phase of activation of p38“**%. Then indirect
mechanisms allow a delayed and sustained activation of p38MA™ responsible for the establishment
of the phenotype of SIPS. B) Hypothesis of the stress load. Oncogenes, culture shock, oxidative
stress and oncogenic activation can be represented as a total load of stress activating p38MA™
and triggering signaling cascades involving namely Rb as well as other signaling pathways. The
possibility of activation of a cross-talk between Ras/Raf-1/MEK1/ERK pathway and MKK3-MKK6/
p38M* pathway in Ras-induced cellular senescence is also taken into consideration.
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that mediates the induction of SIPS is not triggered immediately by the initial stress but rather
indirectly (Fig. 1A).

Cells lacking c-Jun undergo prolonged cell-cycle arrest, but resist apoptosis, whereas cells that
ectopically express c-Jun do not arrest but undergo apoptosis.*! A lack of activation of the JNKs
after subcytotoxic stress could explain why fibroblasts become prematurely senescent instead of
apoptotic when exposed to high doses of oxidants. Furthermore, activation of JNK by ectopically
expressed active MKK7 does not induce premature senescence.'® Thus, the JNK pathway does not
seem to contribute to the induction of SIPS.

Ectopic activation of p38™MAPX by the constitutive active form of the upstream kinase, MKK3
and MKKG6, induces cellular senescence.'”'®? Moreover, pharmacological or genetic inactivation
of p38APX bypassed or delayed the onset of various types of cellular senescence.'” These results
indicate that p38M4P¥ plays a central role in the senescence-inducing pathway downstream of
various stimuli. p38MAPX activation is delayed after the exposure of cells to senescence-inducing
stimuli. This p38™AP¥ -activating condition appears to be quantitative and irreversible and p38MAP¥
is activated only when the total level of the condition (stress, telomere shortening, oncogene
overexpression and culture shock) reaches a critical threshold® (Fig. 1B). Specific activation of
p38MAPK by overexpression of upstream activators in primary or tumor cells triggers irreversible
cell cycle arrest and biochemical and morphologic features of SIPS. This effect is mitigated by
concomitant addition of a chemical inhibitor of the p38M*** alpha and beta isoforms. Blocking
p38MAPK activity after 72 h does not reverse senescence.

TGF-f1 and p38M4*X in H,0,- and UVB-Induced SIPS

The abundance of Transforming growth factor-f1 (TGF-f1) mRNA increases in replicative
senescence of WI-38 HDFs, in premature senescence of WI-38 HDFs as induced by zerz-butylhy-
droperoxide (+#BHP) and ethanol, in premature senescence of IMR-90 HDFs as induced by H,O,,
in premature senescence of skin HDFs as induced by UVB or by psoralen + UVA treatment, in
premature senescence of human retina epithelial cells as induced by #-BHP and in the dermis of
aged versus middle-aged probands.**** Inmunofluorescence allowed detection of both the latent
and the active form of TGF-B1 in UVB-, £-BHP- and ethanol-induced senescence.?”*!

It has been found that induction of SIPS by H,O, in fetal lung IMR-90 HDFs requires a posi-
tive feedback loop engaged between the activation of p38MA™ and the overexpression of TGF-B1.
Similar results were obtained with AG04431 skin HDFs in SIPS induced by repeated mild expo-
sures to UVB.”” H,0, triggers the phosphorylation of p38"4P€ within 10 minutes after the onset
of exposure. Then p38MAPK phosphorylatcs and activates ATF-2, which in turn participates in
the short-term growth arrest and triggers the overexpression of TGF-p1. Phosphorylated ATF-2
and hypophosphorylated retinoblastoma protein (Rb) physically interact. Incubation of IMR-90
HDFs with TGF-f1 also induces the appearance of the features of senescence (senescence-like
morpho[ogy, SA B—gal activity and overexpression of the senescence-associated genes ﬁbmnea‘in,
apolipoprotein J/clusterin, osteonectin, matrix metalloproteinase-2 and Smooth Muscle 22 (SM22 or
transgelin).*® Fibronectin is an essential component of the extracellular matrix and may contribute
to the morphological changes observed in senescent HDFs as well as anchorage of cells to their
substrate. Osteonectin is a calcium binding protein able to inhibit the cell entry into the S phase
through selective binding of platelet-derived growth factor. SM22 encodes for a putative calcium
binding protein involved in senescence-induced morphological changes. Apolipoprotein J is an
extracellular protein with chaperone-like activity similar to small heat shock proteins. The secretion
of apolipoprotein J is sharply increased in UVB-induced SIPS of skin AG04431 HDFs.?”

Treatment of IMR-90 and AG04431 HDFs with antibodies against TGF-f1 (or TGF-f1
receptor 1) for 72 h after rcspcctivcly H,0, and UVB subcytotoxic stress, abolishes the induc-
tion of these biomarkers. p38MA™ and ATF-2 remain phosphorylated for at least 72 h after the
initial stress. Neutralising antibodies against TGF-B1 prevent the sustained phosphorylation of
p38MAPK and ATF-2. This indicates that TGF-f1 sustains the long-term activation of p38MAFX,
TGF-B1 antibody does not prevent the phosphorylation of p38™**¥ taking place just after the
onset of stress, when TGF-B1 is not yet overexpressed. It is known that TGF-p1 activates the
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Figure 2. Model for the establishment of H,O,- and UVB-induced premature senescence in fetal
lung and skin HDFs, based on a positive feed-back loop between p38M*™ and Transforming Growth
Factor (TGF-B1) that is responsible for a sustained activation of p38“™ for days after the initial
stress has vanished. Upon DNA damage p53 becomes activated and induces the expression of
the cyclin-dependent kinase inhibitor (CdKI) p21“*™, thereby inhibiting the activity of the cyclin
D/cyclin-dependent kinase 4 and 6 complexes activities, this could explain the hypophosphoryla-
tion of the retinoblastoma protein, which blocks the cell cycle through the sequestration of the
E2F transcription factor. H,O, and UVB phosphorylate p38"*™ within minutes after the onset of
stress,® namely through the activation of the latent form of TGF-B1.2” Once activated, p38M"«
phosphorylates the ATF-2 transcription factor. This triggers the overexpression of the inactive form
of TGF-B1 increasing its secretion and cleavage into its active form are increased.?” In a second
phase active TGF-B1 binds its Type Il receptors, which activates the Type | receptors and reacti-
vates p38M*"™“ and p53, keeping Rb hypophosphorylated via the induction of the CdKIs. 24 h after
stress, phosphorylated ATF-2 and hypophosphorylated retinoblastoma protein start to interact.
ATF-2 and Rb are necessary for the appearance of biomarkers of senescence: senescence-like
morphology, SA B-gal activity and overexpression of the senescence-associated genes fibronectin,
apolipoprotein |, osteonectin and SM22.72%3377 The Smad proteins and the ERK proteins could
also finely tune this process.

p38MAPK pathway.> Along the same line of evidence, inhibition of p38™4*% or ATF-2 by chemical
inhibitor or by antisense oligonucleotides prevents the overexpression of TGF-B1 and blocks the
appearance of H,O,-induced SIPS* (Fig. 2).

In addition, TGF-f1 triggers an increase in the concentration of H,O, in IMR-90 HDFs,* gen-
erating a constant oxidative stress. Superoxide dismutase 2 dismutates superoxide anions into H,0O,
in mitochondria and is overexpressed in cells in which p38M*PX is activated.”” Cyclooxygenase-2 is
overexpressed in replicative senescence, in c-re/-induced senescence and in H,O,-induced premature
senescence.” p38M*PX and ATF-2 are partly responsible for the overexpression of cyclooxygenase-2
observed in H,0,-induced premature senescence.’® p21¥4F, 2 CDK inhibitor that blocks the ki-
nase activity of cyclinD-CDK4/6 complexes, is found upregulated in H,O,- and #-BHP-induced
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SIPS, explaining in part why Rb becomes hypophosphorylated.?3 The upregulation of p21¥AH!
expression is due to increases in both mRNA and protein levels in response to p38MAPK 22

Immunofluorescence showed that the protein level of insulin-like growth factor binding pro-
tein-3 (IGFBP-3) was increased in replicative senescence and premature senescence induced by
#-BHP and ethanol. The overexpression of IGFBP-3 is well documented in replicatively senescent
HDFs.

Endogenous expression of IGFBP-3 by HDFs was knocked down using siRNA specifically
targeting IGFBP-3 when the stress protocols were applied to induced SIPS with #~BHP and
ethanol. In these conditions, the increase of apolipoprotein J, fibronectin and osteonectin
mRNA abundance was abolished. IGFBP-3 siRNA did not alter the stress-induced variation of
the RNA level of TGF-B 1. This is interesting because TGF-B1 has been described as regulating
IGFPB-3 expression in many biological models but not vice versa. After 72 h of stimulation with
TGEF-B1, there was an increase of more than 20-fold in the relative transcript level of IGFBP-3
as well as an increase in IGFBP-3 protein level as seen by immunofluorescence. Moreover
neutralizing antibody against TGF-B1 added in the medium after the last ~BHP and ethanol
stress, in conditions inducing premature senescence, diminished the increased transcript and

protein levels of IGFBP-3.%!
p38MAPK, p53 and Rb

p53 and Rb and are intimately involved in cellular senescence. Given that p38MA™ phospho-
rylates p53,% it is important to determine whether Rb and p53 are upstream or downstream
of p38M4PX_ This question was addressed by assessing the consequence of p38™A™¥ activation in
HDFs expressing the human papilloma virus (HPV) E6 that inactivates p53, E7 that inactivates
Rb family proteins, or both E6 and E7 proteins. It was found that p38M4FX activation led to
growth arrest in E6-expressing HDFs and not E7-expressing HDFs, indicating that Rb, but
not p53, is an essential downstream molecule of p38™A™* for inducing cell cycle arrest in this
system.'” It was also found that, upon subcytotoxic acute exposure of E7-expressing IMR-90
HDFs to H,O,, the presence of Rb was necessary for the appearance of senescence morphology,
senescence-associated B-galactosidase activity and overexpression of several senescence-associated
genes such a fibronectin, osteonectin, apolipoprotein J**3* Supporting the role of the Rb pathway
in p38MA*K-mediated SIPS, activation of p38™4”¥ led to the accumulation of p16™¥** at both
protein and mRNA levels.'®

In contrast, other studies suggest that p53 may be a downstream effector of p3 in the
senescence pathway. p38M4PX can phosphorylate and activate p53 either directly’” or through its
downstream kinase casein kinase 2.%4! In IMR-90 HDFs, oncogenic ras induces the phosphoryla-
tion of p53 at Ser33 and Ser46, the sites that had been shown to be phosphorylated by p38M4*% in
response to UV irradiation.” In the same study, elimination of p38"*™ activity either by knocking
out the p38M4PX gene or overexpressing PPM 1D p38M4PX phosphatase, mimicked the effect of p53
inactivation in promoting the transformation of MEF cells by oncogenic ras and E1A. These data
have placed p38™4PX and p53 in the same pathway that mediates senescence and tumor suppres-
sion. It remains to be determined whether the epistatic relationship between p38M4”€ and p53
can be reproduced in primary human cells.

8MAI’K

Role of Caveolin-1 in Cellular Senescence and Interplay with p38MAPX

A possible interplay between caveolin-1 and p38™4** has been shown to contribute to repli-
cative senescence of HDFs and premature senescence of transformed NIH-3T3 murine cells in
a p53/p21VA*l-dependent manner. However, evidence for this interaction in SIPS of HDFs is
presently missing.

Caveolae are flask-shaped invaginations of the plasma membrane that mediate signal trans-
duction events. Caveolin-1, the structural protein component of caveolar membranes, acts as a
scaffolding protein to concentrate, organize and functionally modulate signaling molecules. Park
et al reported higher levels of caveolin-1 in senescent HDFs, as compared to younger HDFs.®
Up-regulation of caveolin-1 in senescent HDFs was associated to a significant inhibition of
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EGF-stimulated ERK-1/2 phosphorylation and regulation of focal adhesion kinase activity.* MEFs
transgenically overexpressing caveolin-1 show a reduced proliferative lifespan, senescence-like cell
morphology and SA B-gal activity.” These results are consistent with the ability of caveolin-1 to
arrest MEFs in the Go/G, phase of the cell cycle. Interestingly, over-expression of caveolin-1 in
MEFs resulted in the transactivation of a p53-responsive element and up-regulation of p21¥F!
expression. Taken together, these data suggest that caveolin-1 may mediate premature senescence
through a p53/p21¥*¥!-dependent pathway.

Subcytotoxic concentration of H,O, induces irreversible growth arrest and triggers an overex-
pression of caveolin-1 in NIH 3T3 cells, which is greatly reduced when the cells harbor antisense
caveolin-1, whereas the induction of this growth arrest is recovered when caveolin-1 levels is
restored.® A possible link between caveolin-1 and p38M4FX has been shown:* H,0, and UV
light stimulate the tyrosine phosphorylation of caveolin-1 in NIH 3T3 cells, while the p38MAP%
inhibitor (SB203580) blocks this stress-induced process.

A similar role of p38™**¥ has not been reported yet during senescence in non-immortalized
MEFs nor in HDFs. However high density lipoproteins have recently been shown to induce
cyclooxygenase-2 expression and prostacyclin release in human endothelial cells via a p38M4PX-
and caveolin-1-dependent mechanisms.?” The activation of Cdc42 Rho GTPase plays a role in
UV-induced activation of p38MAPX4 and activated Cdc42 directly interacts with caveolin-1 in
senescent HDFs,* suggesting complex mechanisms involving Cdc42, caveolin-1 and p38MAP*
activation in the senescence of normal human cells. In HDFs, RhoGTPase cdc42 was shown to be
responsible for p38MAPK activation in turn triggering phosphorylation of L-caldesmon and HSP27.
Cdc42 was also shown to be mainly responsible for the increase in 7GF-31 mRNA level observed at
24 h after treatment with H,O, onwards.?® We reported the first evidence of increased nuclear and
cytoplasmiclocalization of caveolin-1 during establishment of H,O,-induced premature senescence.
Moreover, we demonstrated that phosphorylation of caveolin-1 during treatment with H,O, is
dependent on p38a™4PX, Caveolinl down-regulation did not block this morphological change nor
the actin and paxillin distribution normally seen after the treatment. Caveolinl down-regulation
with siRNA did not alter the sharp decrease in (*H) thymidine incorporation into DNA, nor the
increase in p2I¥*¥ and TGF-B1 mRNA and in the proportion of SA B-gal positive HDFs, all
normally observed after treatment with H,O, at sublethal concentration.”

Premature Senescence as an Anti-Oncogenic Defense Mechanism

Premature senescence can be induced following the activation of proto-oncogenes in certain
primary human and murine cells.”** The ras proto-oncogenes encode small GTP binding proteins
that transduce growth signals from cell surface receptors in response to extracellular stimuli.”*** In
various cell types, ras-induced senescence is accompanied by the accumulation of different combina-
tions of cell cycle inhibitors such as pS3, p21¥*, p16™%4* and p14/p19**¥, decreased expression of
cyc A and reduced kinase activity of CDK2,* as also observed in H,O,-induced SIPS of IMR-90
HDFs.* All these events are consistent with a G1 growth arrest. It is conceivable that ras-induced
premature Senescence servesasa defensive mechanism against oncogenic transformation in mam-
malian cells, because it can effectively eliminate cells that have acquired oncogenic ras. Therefore,
cellular transformation by oncogenic ras requires additional, cooperating genetic alterations that
bypass ras-induced senescence. A number of genetic changes, including inhibition of p53 or
pl4(p19) ¥ functions,”*® defects in TGF-f signaling® and acquisition of viral oncogenes such
as adenoviral E1A,> HPV E6E7* and SV40 large T region,® have been reported to allow bypass
of ras-induced senescence. These findings at least in part provide an explanation to the observation
that ras needs to cooperate with other genetic alterations to transform primary cells.*

Signaling Pathway Mediating Ras-Induced Premature Senescence—

The Tumor Suppressing Function of p38MAr¥

Oncogenic activation may be considered as a type of stress on primary cells, which leads to the
withdrawal of transformed cells from the proliferating population by inducing premature senescence.
A link between ras activation and oxidative stress was established.® In normal HDFs, oncogenic
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ras (Ha-rasV12) increased the levels of intracellular reactive oxygen species (ROS). The ability of
ras to induce premature senescence seemed to depend on increased ROS levels, since low oxygen
environments or scavengers of H,0,, conditions under which ROS production was inhibited,
could rescue senescence. This finding, together with the observations that ROS induce premature
senescence,” % raised the possibility that increased oxidative stress may be a crucial step during the
induction of senescence by oncogenic ras in HDFs.

Activation of the Raf-MEK-ERK cascade by ras has been shown to play an important role
in ras-mediated transformation. Interestingly, the ability of oncogenic ras to induce premature
senescence also depends on the same Raf-MEK-ERK pathway that mediates cell proliferation and
transformation.®”° Constitutive activation of this pathway by overexpressing active forms of Raf-1
or MEKI induces the overexpression of p16™%** and/or p21¥*! and leads to premature senes-
cence. In addition, ras fails to induce senescence when activation of the Raf-MEK-ERK pathway
is pharmacologically inhibited.

Several recent studies have revealed the involvement of the p38™A™¥ pathway in premature senes-
cence induced by active ras or raf-1."”'%47! Ha-rasV12 or active raf-1 stimulated p38"*™ activity in
BJ foreskin,* IMR-90'7 and W1-38 fetal lung HDFs* and MEFs,”" coinciding with the induction of
premature senescence. The ras-activated p38™A™* activity appeared to be mediated by its upstream
kinases MKK3 and MKXKG®, rather than by MKK4, because ras increased the activity of MKK3
and MKKG6, but not that of MKK4 and a dominant negative mutant of MKK3 or MKKG6 blocked
the ability of ras to stimulate p38M4PX."® Constitutive activation of p38™4™% by forced expression
of active mutants of MKK3 and MKKG6 was sufficient to cause premature senescence. Convcrscly,
inhibition of p38MPX activity by SB203580 or by stably expressed, dominant-negative mutants of
MKK3 or MKKG6 at least partially rescued the senescence phenotype induced by oncogenic ras.'”!
Furthermore, ras-induced senescence can also be prevented by genetically modulating the activities
of p38MAPK regulators. Ectopic expression of PPM 1D, a phosphatase that inhibits the activation of
p384P%, rendered IMR-90 cells resistant to ras-induced senescence.” In addition, ras was unable
to cause premature senescence in MEFs deficient in Gadd45a that could bind to and regulate the
activity of p38MA*X71 PPM1D not only rescued ras-induced senescence, but also facilitated the
transformation of MEF cells by ras and E1A.*? In the latter case, bypass of premature senescence
by Gadd45a deficiency allowed ras to transform MEFs alone without any cooperating oncogenes.”
These studies strongly indicate that p38™4¥ plays a central role in mediating ras-induced prema-
ture senescence and argue that p38™4™% pathway has tumor suppressing functions in limiting the
transformation potential of ras in primary cells.

Raf-MEK-ERK and MKK3/6-p38M4% represent two independent MAPK pathways that
mediate distinct cellular processes in response to different extracellular stimuli.* While the
Raf-MEK-ERK cascade mainly transduces proliferative signals, the MKK3/6-p38PX cascade is
amajor mediator of stress responses that usually lead to growth arrest or apoptosis. It was initially
puzzling how activation of either one of these two pathways with opposing functions was suf-
ficient to cause senescence and why activation of both pathways was necessary for ras to induce
senescence. Further investigation has revealed that ras-induced premature senescence is the result
ofacross-talk between these two pathways and that the MKK3/6-p38M4PX cascade seems to act at
least partially downstream of the Raf-MEK-ERK cascade to mediate senescence.'”'® Constitutively
active MEK induced MKK3/6 and p38™4PX activation and premature senescence in a similar fash-
ion to oncogenic ras. The induction of p38MAPX activity by ras not only requires active MKK3 and
MKKG6, but also active MEK. More importantly, while the p38*™¥ inhibitor SB203580 rescued
premature senescence induced by oncogenic ras, active MEK1 and active MKK3 and MKKG6, the
MEK inhibitor U0126 rescued senescence induced by ras and active MEK 1, but not that by active
MKK3 and MKKG6. These studies, conducted at either molecular or genetic levels, have all placed
MKK3/6 and p38M*PX downstream of MEK in the pathway that induces SIPS.

Conclusion: The Next Steps...
Depending on the species, the length of telomeres of cells at early generations can greatly differ.
Mice have much longer telomeres than humans. This greatly changes the biology of telomeres and
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the mechanisms of senescence.”” However, p38M4PX seems to play a role in premature senescence in
fibroblasts of both species. Recent studies have defined a pathway in which oncogenic ras induces
premature senescence by sequentially activating Rafl, MEK, MKK3/6 and p38™4*X, However,
several issues remain unresolved concerning this senescence-inducing pathway involving the two
MAPK cascades.

First, it remains to be determined whether the involvement of p38*P* pathway in SIPS is
universal. Most of the current studies focused on primary fibroblasts and relatively little is known
about the role of p38™4PX in SIPS in other cells types. Despite the differences in the mechanism
of senescence between mouse and human cells, p38M4FX seems to play a major role in SIPS in both
species. However, mechanistic details regarding the role of p38™**¥ pathway in SIPS may still dif-
fer in the 2 species. Furthermore, whether p38™4*¥ is essential for the response to all senescence
inducers is unknown.

The second obvious uncertainty lies in the mechanism by which MKK3/6 is activated follow-
ing MEK activation. While MEK and ERK are activated instantly following ras or raf1 activation,
the accumulation of active MKK3/6 and p38™*PX kinase seemed to be delayed, lagging behind
that of active MEK and ERK by hours or days depending on the experimental settings.'”** Thus,
the p38M4PX pathway may be activated by ras as a result of the sustained presence of an active
MEK-ERK cascade. This finding suggests a model in which MKK3/6 is not activated by MEK
via direct signaling, but rather through an indirect, slow route. This model is consistent with the
observation that senescence induced by active MKK3 and MKKG6 occurred much more rapidly
than that by oncogenic ras and active MEK1 in BJ cells.'® The hypothesis of a slow route was also
proposed above for H,0,-induced SIPS, where a sustained phosphorylation of p38M*™% is regulated
by TGF-B1, which is overexpressed after 24 h or more after stress.”

Third, the signaling components that mediate SIPS need to be further defined. It is unclear
whether ERK is required for the activation of MKK3/6. The roles of four p38™4P¥ isoforms, ., 3, Y
and 9, in the senescence pathway have yet to be determined. It was indicated that a dominant nega-
tive allele of p38p, ¥ or 8 delayed but did not completely block ras-induced senescence. Thus in the
case of ras-induced senescence, these 3 isoforms may all play a role. But it remains possible that these
retrovirally transduced dominant negative alleles are not potent enough to completely inhibit the
endogenous kinase and rescue senescence.' Further studies using siRNA may eventually solve this
problem. A recent study reported that MEFs from MKK3/6 double knockout mice were not growth
arrested by serum starvation. If we consider serum starvation as a form of stress, this finding fits the
concept that these proteins are necessary for stress-induced growth arrest.”* It is worth examining
whether SIPS can be induced in these cells. Furthermore, it is unclear whether the recently reported
MKK-independent activation of p38M*" by an adaptor protein TAB17>7¢ contributes to SIPS.

Fourth, further studies are needed to define the p38M4P¥ downstream effectors that directly
enforce the growth arrest and other senescence phenotypes. Previous studies have implicated either
pl6™K4/Rb or p53 as the downstream effector of p38™4”* in SIPS, as discussed above. It is impor-
tant to further clarify the roles of p16™**4, Rb, p53 and other possible p38 downstram effectors in
the SIPS pathway. It also remains to be determined whether p38¥4F¥ activates p53 directly or viaa
slow, indirect mechanism. The latter could explain why senescence is favored over apoptosis, likely
because the p53-dependent growth arresting mechanisms would need time to establish. It could
also explain why HDFs that enter SIPS at some subcytotoxic concentration of oxidants, will start
dying when a narrow threshold of oxidant is trespassed,®® possibly due to an unbalance between the
growth-arresting and the apoptosis-inducing signalling pathways.

Lastly, it has always been controversial whether it is senescence or premature senescence that
occurs in vivo during age-related processes. The situation is not clear concerning normal aging.
However, the physiopathological conditions linked with several age-related pathologies are as-
sociated with oxidative stress and/or release of pro-inflammatory cytokines. Senescent cells have
been observed in such conditions, favoring the existence of SIPS in vivo, in addition to replica-
tive senescence or not. Demonstrating the role of p38™*¥ in these pathological conditions could
represent a path to follow for new interventional strategies.
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CHAPTER 11

Protein Homeostasis in Models
of Aging and Age-Related

Conformational Disease
Elise A. Kikis', Tali Gidalevitz' and Richard I. Morimoto*

Abstract
r l Vhe stability of the proteome is crucial to the health of the cell, and contributes significantly
to the lifespan of the organism. Aging and many age-related diseases have in common
the expression of misfolded and damaged proteins. The chronic expression of damaged
proteins during disease can have devastating consequences on protein homeostasis (proteosta-
sis), resulting in disruption of numerous biological processes. This chapter discusses our current
understanding of the various contributors to protein misfolding, and the mechanisms by which
misfolding, and accompanied aggregation/toxicity, is accelerated by stress and aging. Invertebrate
models have been instrumental in studying the processes related to aggregation and toxicity of
disease-associated proteins and how dysregulation of proteostasis leads to neurodegenerative
diseases of aging.

Protein Folding Problem in Aging

Proteins are the predominant products of gene expression and contribute significantly to the
shape and functionality of the cell. The status of the expressed proteome has an important role
in the health of individual cells and the lifespan of the organism. In addition to cell type- and
tissue-specific regulation of protein expression, maintenance of the proteome depends on efficient
protein folding homeostasis, or proteostasis, that monitors and ensures folding, assembly and targeting
of newly-synthesized proteins, repair of damaged proteins and clearance. Proteotoxic conditions
arise by external stresses, or as a byproduct of normal cellular metabolic and signaling events dur-
ing development and aging (Fig. 1). This is in addition to the intrinsic variation in the proteome
due to polymorphisms, which is further exacerbated by random errors that can occur at every step
of protein biogenesis. Together, these factors contribute to a flux of metastable proteins that are
at risk for misfolding and aggregation." In healthy young cells, these processes are balanced by
the concerted action of molecular chaperones, detoxifying enzymes, degradation machinery and
adaptive stress responses (Fig. 2).>7 In aging and disease, damaged proteins accumulate, leading
to both loss-of-function and gain-of-function toxicity as these homeostatic mechanisms fail and
contribute to pathology.
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Factors detrimental to protein folding

Stressors - pathophysiological states (fever, inflammation, infection, hypoxia, reperfusion, etc.)
- hormonal imbalance (thyroid and growth hormone, IGF-I, etc.), emotional/psychological stress
- nutrient intake and imbalance
- amino acid analogues (including from food sources - azetidine, canavanine)

- physical stress (temperature, irradiation, UV light, mechanical stress)
- environmental stressors
(heavy/transition metals, alcohols, arsenates, pesticides, mutagens, irritants, etc.)
- aberrant physiological conditions (oxidation, osmolarity, pH)
- trauma, injury
- antibiotics and anti-inflammatory drugs (puromycin, tetracycline, NSAID, indomethacin)
- alcohols, nicotine

- anesthetics
“Activities of - respiration, glycolysis
daily living” - neurotransmission
- bursts of protein synthesis (differentiation)
- signaling
Mutations, - protein conformation
Polymorphisms, - subunit stoichiometry protein misfolding —3» protein conformation diseases of aging

Mistranslation - protein stability

Damaged/ - protein misfolding =3 chaperonopathies
mutated
chaperones

Figure 1. Extrinsic and intrinsic factors detrimental to protein folding.

Sources of Protein Damage— Oxidative Modifications

The ‘free radical theory™® and the ‘oxidative stress theory’®' of aging postulate that aging and
many age-related diseases may be attributed to the generation of oxygen free radicals and reactive
oxygen and nitrogen species (ROS and RNS), in excess of cellular antioxidants, resulting in oxida-
tive damage to DNA, lipids and proteins. Early evidence connected many of the aging-associated
diseases, including atherosclerosis, arthritis, muscular dystrophy, cataracts, pulmonary dysfunction,
neurological disorders and cancer with oxidative damage.!" Levels of oxidized proteins increase
exponentially in regions of aging brains, concomitant with a decrease in the activities of the enzymes
glutamine synthetase and alcohol dehydrogenase, which are susceptible to oxidative damage.'? The
decrease in glutamine synthetase activity was found to distinguish the brains of Alzheimer’s disease
(AD) patients from age-matched individuals, leading to the suggestion that AD may represent a
specific brain vulnerability to age-related oxidation. Furthermore, a functional connection between
the accumulation of oxidized proteins and the phenotypic manifestations of cellular disfunction
in aging has been suggested."?

In addition to oxygen radicals, glucose, galactose, fructose and many glycolytic intermediates
participate in non-enzymatic protein glycosylation (glycation) and glycoxidation, contributing to
age-related protein modifications. Some glycolytic intermediates can generate methylglyoxal (MG),
which is a highly reactive glycating agent,'*" leading to the formation of advanced glycation end
products (AGE:s), that have been implicated in age-related diseases, including Alzheimer’s disease
and complications associated with diabetes.”>"” A decrease in circulating glucose and reduction of
MG, resulting from dietary restriction or fasting, may explain some of the health-improving effects
of these treatments.'® Recently, an inactivating mutation in a glycolytic enzyme triosephosphate
isomerase (Tpi) was shown to cause progressive motor impairment, severely reduced lifespan and
neurodegeneration in Drosophila, presumably by causing an accumulation of methylglyoxal and
subsequent increase in generation of AGEs."”
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Figure 2. Proteostasis pathways. Multiple interconnected pathways regulate expression of genes
that contribute to maintenance of protein folding homeostasis during growth, development,
and under various stress conditions. The complex genetic interactions among these pathways
necessitate precise control over their activities. Many of these pathways also possess regula-
tory feedback mechanisms, which are not well characterized/understood.

Loss of protein function due to oxidative modification can be due either to direct inhibition
of activity of a protein (for example, covalent modification of a side chain in proximity of an
active site), or to conformational changes or alteration of protein stability. Most modifications
of the first type are irreversible, with the exception of cysteine and methionine modifications,
which can be reversed by thiol transferases, thioredoxin, glutaredoxin and methionine sulfoxide
reductases (MsrA and MsrB). The detoxification of methylglyoxal and glyoxal is achieved by
the glutathione-dependent glyoxalase system. These and other enzymes are part of the cellular
proteostasis machinery that is activated in response to various protein damaging conditions.
For example, MrsA and B allow recovery of protein function in specific cases***! and their
overexpression confers protection against oxidative damage in yeast, Drosophila and human
fibroblasts.?!

In addition to functional inactivation of proteins, free radicals can have alocal effect on charged
side chains, or cause cleavage of the polypeptide backbone, leading to a spectrum of consequences,
from complete unfolding, to local conformational changes,”*** to targeting for disposal. If not
degraded, modified proteins often become cross-linked, leading to the accumulation of nonspe-
cific aggregated material, such as lipofuscin, ceroids and AGE-containing pigments. Nuclear and
cytosolic oxidized proteins have been shown to be degraded by an ATP- and ubiquitin-independent
20S proteasome®* as well as by classical ubiquitin-26S proteasome system,”” whereas mito-
chondrial oxidized proteins are degraded by the ATP-dependent Lon protease.”® Interestingly,
the 20S proteasome appears to be resistant to oxidative damage, while 26S proteasome is not.”
Chaperone-mediated autophagy represents an alternative protein degradation pathway that is
induced under oxidative stress conditions.’® Under chronic oxidative stress conditions, there seems
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to be a damage cascade, whereby the initial appearance of modified proteins, which signifies the
insufficiency of the repair and degradation arm of proteostasis machinery, results in further inhi-
bition of both proteasomal and lysosomal functions (reviewed in refs. 21,24) and thus in further
accumulation of protein damage.

Sources of Damaged Proteins—Misfolding

One source of damaged—often misfolded, mislocalized, or aggregated—proteins are er-
rors inherent in protein biosynthesis and turnover. Variations in amino acid sequence, which
may result from genetic mutations and polymorphisms, genomic instability, mistranslation, or
incorporation of amino-acid analogues (such as certain antibiotics or plant metabolites, Fig.
1), have the potential to affect folding pathways and the stability of the native state.>*'* For
example, coding polymorphisms are not rare and are estimated to occur at an average of two
per coding sequence,* while misincorporation during translation might cause up to 18% of
expressed proteins to contain an amino acid substitution.”” Our ability to understand, let alone
predict, the consequences of missense mutations on the folding, stability or functionality of a
given protein in vivo remains very limited, with data limited to a few model proteins studied in
vitro, or to computational models. This is further complicated by the fact that the phenotypic
expression of mildly destabilizing protein polymorphisms appears to depend on the robustness of
the protein folding environment'#** and the capacity of the proteostasis network. Recent work
on the evolution of protein sequences suggests that selection against the toxicity of misfolding
due to mistranslation may represent an important evolutionary pressure in the case of highly
expressed proteins.” From a physiological perspective, this may be interpreted to indicate that
the flux of misfolded or destabilized proteins in a cell bears a significant fitness cost, not only
through the loss-of-function of the misfolded proteins, but also because of the toxic effects of
induced aggregation and the consequences of inappropriate intermolecular interactions,>”*4
as well as abnormal engagement of molecular chaperones and degradative machinery. Because
of these gain-of-function properties of destabilized proteins, their chronic presence may exceed
the capacity of the proteostasis machinery to cope, leading to the disruption of folding homeo-
stasis and cellular dysfunction. Indeed, introduction into a cell of even one protein with a strong
tendency to misfold has been shown to interfere with the folding and function of other cellular
proteins harboring mildly destabilizing amino acid substitutions (Fig. 4).>3

At the organismal level, consequences of misfolding due to biosynthetic errors can be gleaned
from a sz mouse model, in which low levels of mischarged transfer RNAs, due to an editing de-
fect in alanyl-tRNA synthetase, lead to neurodegeneration, with cerebellar Purkinje cell loss and
ataxia.” Neurodegeneration is also a consequence of a mutation of the tyrosyl-tRNA synthetase
in a subtype of Charcot-Marie-Tooth neuropathy.” The mouse s# mutation leads to the produc-
tion of hcterogcncous misfolded proteins, accompanicd by increased expression of chaperones
in the cytoplasm and the ER.* This increase in the components of the proteostasis machinery
indicates that adaptive transcriptional responses—the heat shock response and the unfolded
protein response—are activated in the face of protein misfolding, as cells attempt to maintain
folding homeostasis.” However, the cellular dysfunction and degeneration in this mouse model
together indicate that proteostasis is overwhelmed by the chronic elevation of misfolded proteins.
A provocative question, then, is whether all misfolded and damaged proteins are recognized,
refolded or cleared with equal efficiency, or whether certain proteins, such as those implicated in
neurodegenerative diseases and other misfolding diseases of aging, are particularly challenging for
the quality control machineries.

The lack of robustness of cellular folding homeostasis to chronic misfolding has significant
implications for aging and age-related discases. First, the aging of an organism is accompanied by
anincreased accumulation of damaged proteins, with contributions from both external stresses and
physiological processes (Fig. 1). Second, the fidelity of biosynthetic processes decreases, exacerbated
by a decline in the functionality of repair enzymes (reviewed in ref. 43) and the dampening of the
heat shock response (reviewed in ref. 44). As accumulated misfolded proteins deplete essential
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components of the proteostasis machinery®*” and the quality control and repair mechanisms

fail to respond and keep damaged proteins in check, the maintenance of the proteome becomes
further compromised. With as much as 70% of rare missense alleles predicted to be mildly deleteri-
ous in humans® and approximately half of the genetic changes known to cause inherited disease
(in OMIM and HGMD databases) being due to nonsynonymous changes, such compromise
should manifest in a gradual increase in cellular dysfunction and onset of disease. In this scenario,
the strength and composition of the proteostatic buffer, the specific complement of mutations
and polymorphisms in expressed genes and the accumulation of molecular damage, all serve to
set a dynamic threshold for the onset of dysfunction, both in a cell-specific and an individual
organism-specific manner.

Proteostasis Regulation in Aging and Late Onset Diseases

Adaptive transcriptional stress responses such as the heat shock response and the unfolded
protein response (UPR) serve to protect cells from extreme flux of misfolded and damaged
proteins when cells or organism are exposed to an acute proteotoxic condition (reviewed in refs.
49,50). Parallel to the sharply increased transcription/translation of molecular chaperones and
components of degradative quality control machineries, mediated by the transcription factor
HSF1, a generalized inhibition of protein synthesis allows the switch to refolding or degradation
of existing proteins that become unstable during such proteotoxic shock.” However, the fact
that HSF1,°** the components of the UPR signaling,’**¢ as well as some of the stress-inducible
molecular chaperones are essential for life or development suggests that these adaptive stress
responses are also necessary for the maintenance of proteostasis under normal, nonstress con-
ditions. On the other hand, forced overexpression of molecular chaperones is deleterious to
growth of normal cells,””*® while the transformed phenotype of cancer cells depends on HSF1
and on an increased expression of chaperones.””*! It appears then that the precise regulation of
proteostasis networks is essential for the health of the organism, while accumulating evidence
points to its disregulation during aging as one of the main causes of cellular dysfunction and
disease onset.

The association with aging is one of the most distinctive characteristics of protein confor-
mation diseases. This connection is particularly striking in neurodegeneration where, for each
specific disease, age is the strongest predictor of disease onset even for the familial variants. On
the other hand, age appears to have a modifying, rather than causative, influence on disease onset,
as cach disease has its characteristic age of onset, with Alzheimer’s disease and Parkinson’s disease
being late onset, ALS occurring most frequently in early to mid-life and Huntington’s discase
exhibiting a strong positive correlation between age of onset and polyQ length polymorphism.®
Aging has been shown to be a potent enhancer of aggregation/toxicity in C. elegans, in which
length-dependent polyQ aggregation and toxicity phenotypes are enhanced during aging, but
suppressed in animals rendered long-lived by mutations in the lifespan regulating insulin-like
signaling (ILS) pathway (Fig. 2).%?

The modulatory effects of aging are most likely due to the functional and regulatory connections
between aging and protein homeostasis. Activation of the kinase activity of IP3K (AGE-1), by
downregulation of the insulin-like growth factor receptor DAF-2, in wild type C. elegans, initiates
a signaling cascade that represses the fork head transcription factor DAF-16.54 De-repression of
DAF-16 in age-1 or daf-2 mutant animals extends lifespan, while inactivating 4af"16 mutations
suppress longevity. The daf-2/age-1 effects on polyQ aggregation toxicity also require DAF-16
activation, revealing that the dual effects of daf"2/age-1 on longevity and polyglutamine toxicity
share a common genetic pathway (ILS pathway, Fig. 2).°¢” The modulation of protein misfolding
and aggregation by the ILS pathway appears to be a general feature and has also been observed in
C. elegans expressing AP as a model for Alzheimer’s disease.®®

How do genetic pathways that regulate lifespan suppress proteotoxicity? The molecular
interactions between these pathways are mediated, in part, by factors that detect and respond
to misfolded proteins—molecular chaperones, HSF1, DAF-16 and other transcription factors
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(Fig. 2), and molecular chaperones have been shown to accumulate in the long-lived mutants
of C. elegans. Downregulation of hsf-1 suppresses both the ILS-mediated lifespan extension and
the protection against proteotoxicity. Moreover, bsf-1 downregulation leads to a decrease in
normal lifespan and an accelerated aging phenotype in C. elegans, while overexpression of HSF1
extends lifespan.**” The functional relationship between ILS and protein folding homeostasis
can be demonstrated by the induction of both thermotolerance and life span extension not only
by mutations in the ILS pathway, but also by a sublethal heat stress.”” Furthermore, cells from
naturally long-lived” or lifespan mutant” rodents appear to be resistant to multiple proteotoxic
stresses. The mechanistic relationship can be shown by the induction of stress resistance by
ablation of cells making insulin-like ligands in wild type Drosophila,” thus excluding indirect
effects and adapration to mutations. In C. elegans, inactivation of daf-16, hsf-1, hsp-1 (the major
cytosolic Hsp70 chaperone) and small heat shock proteins accelerates polyQ protein aggrega-
tion (Fig. 3C), supporting the proposition that the ILS could coordinately influence aging and
proteostasis through the action of DAF-16 and HSF1.¢*” The regulation of ILS pathway and of
HSF1 and other transcription factors (such as SKN-1,7 the C. elegans Nrf2 homologue) in the
context of adaptive stress responses must serve to integrate organismal growth and development
with multiple networks that regulate different aspects of protein homeostasis.”** We are only
now beginning to understand how such integration could be achieved, with recent evidence
showing that the ability of individual cells in an organism to respond to proteotoxic conditions
is controlled by the activity of a subset of neurons.”

In addition to the control of the heat shock response by neuronal signaling, there have been
numerous observations in which the heat shock response is poorly or incompletely activated,
including early in development.” Of particular interest are studies of the deficiency of the heat
shock response in the brain and during aging.”®”” Restricted expression of heat shock genes has
been observed in different regions of the brain, while neuronal cells in culture can exhibit selec-
tive induction of chaperone genes. Human neuroblastoma Y79 cells, for example, respond to heat
shock by induction of many chaperones including Hsp90, but not Hsp70, despite activation of
HSF1.7# Intact primary hippocampal neurons from neonatal rat embryos express HSF2 but not
HSF1 until later stages of development.”” Consequently, the heat shock response of primary hip-
pocampal neurons is deficient, while astrocytes have a robust stress response. Similar observations
have been made in primary motor neurons that exhibit a deficient heat shock response thought
to be due to a defect in activation of HSF1.%°

The involvement of proteostasis networks in conformational diseases and aging is underscored
by a decrease in toxicity when individual molecular chaperones are overexpressed in various
cell-based and animal models (reviewed in ref. 81). Overexpression of HSF1 and certain mo-
lecular chaperones has been shown to extend lifespan.®¢7$283 Furthermore, the ability to induce
the heat shock response under conditions of environmental proteotoxic stress is predictive of the
remaining poststress lifespan.$*$ Likewise, proteasomal adaptation (by modulation of substrate
accessibility to the proteasome core) to environmental stress in C. elegans ensures both resistance
to proteotoxic conditions and maintenance of lifespan under normal conditions, arguably through
regulating the degradation of misfolded proteins.* Moreover, because both HSF-1 and DAF-16
are regulated by the NAD-dependent sirtuin, SIRT1,¥# in addition to the ILS-pathway, it is
reasonable to suggest that regulation of proteostasis is intimately linked by multiple pathways to
metabolic control and lifespan.

Late Onset Diseases are Mainly Protein Folding Diseases

Common features of protein conformation diseases are the accumulation of protein deposits
(such as aggregates, inclusion bodies and plaques) and a presumably consequential “gain-of-func-
tion” proteotoxicity.”””! These features, which are characteristic of misfolded protein species, are
present in neurodegenerative diseases of aging such as Parkinson’s disease, amyotrophic lateral
sclerosis (ALS), prion disease, Alzheimer’s disease and the family of disorders generally referred to
as the CAG-repeat/polyglutamine-expansion diseases (Huntington’s disease), Kennedy’s disease,
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Figure 3. A) SOD1 mutant proteins aggregate in the body wall muscle cells of C. elegans.
Fluorescent micrographs of SODTtransgenic embryos (i-iv) and adult animals (ix through xii)
showing the distribution of the SOD-YFP fluorescence (green) and Rhodamine-phalloidin
stained myofilaments (red). WT SOD1 protein exhibits diffuse, if patchy, fluorescence, while all
mutant strains contain discrete fluorescent foci as well as some diffuse fluorescence. Panels v
through viii show G85R animals in all larval stages (L1 through L4). Adapted from Gidalevitz
et al, 2009 (ref. 38). B) Length-dependent aggregation of polyQ-YFP fusion proteins in C. el-
egans. Epifluoresence micrographs of 3- to 4-day-old C. elegans expressing different lengths
of polyQ-YFP (QO, Q19, Q29, Q33, Q35, Q40, Q44, Q64, Q82). Adapted from Bieschke et
al, 2006 (ref. 63). C) RNAi for hsp-T and hsf-1 induces aggregate formation of polyglutamine
YFP proteins in a Q stretch length-dependent manner. Fluorescence microscopy pictures of
4-day-old C. elegans adults expressing QO-YFP or Q35-YFP. RNAi of either hsp-T or hsf-1
results in premature onset of aggregation in Q35 animals. Adapted from Nollen et al, 2004
(ref. 100). B,C) Copyright National Academy of Sciences, USA. Used with permission. D)
HSP70 overexpression suppresses polyglutamine-induced neurodegeneration in Drosophila.
Eyes (i-iv) and retinal sections (v,vi) of flies expressing expanded polyglutamine protein and
human HSPATL are shown. i,v, Control fly expressing only the promoter transgene. ii,vi, Flies
expressing HSPATL, coding for Hsp70 protein. Eye structure appears grossly normal. More
detailed analysis revealed abnormalities in nuclear position and photoreceptor rhabdomere
tamine protein MJDtr-Q78. These flies have degenerate eyes that lack pigmentand show severe
loss of retinal structure. iv,viii, Flies expressing both MJDtr-Q78 and HSPATL. Co-expression
of HSPAIL ameliorates the degenerative effects of MJDtr-Q78. The eye appears normal
externally. Internally, eye structure is largely restored, although photoreceptor rhabdomere
specializations are not made. Adapted from Warrick et al, 1999 (ref. 98).
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spinocerebellar ataxias). Each disease has the distinctive characteristic of age-dependent onset,
a progressive, usually fatal, clinical course and selective neuronal vulnerability despite broader
expression of the causative protein.

Despite the fact that the proteins that are now known to “cause” neurodegenerative diseases
lack similarities in primary sequence (other than the polyQ tract in CAG-repeat expansion
diseases), they all share the ability to form alternate unfolded or misfolded states that in turn
aggregate and/or are toxic. Thus, misfolding and aggregation has been proposed to be the mo-
lecular underpinning of disease. This is supported by evidence from transgenic model systems
including S. cerevisiae, C. elegans and D. melanogaster,”” in which it has been possible to reca-
pitulate many molecular, cellular and behavioral phenotypes associated with neurodegenerative
disease. The development of these nonmammalian models for protein conformational disease
has been invaluable for the discovery of modifiers, pathways and underlying mechanisms of
toxicity and for the testing of small molecules.®**!1*! Additionally, these models have solidified
our understanding of the link between protein conformational disorders, molecular chaperones
and proteostasis regulators and aging.¢%

Invertebrate Models of Late Onset Conformational Diseases

The link between protein misfolding and human neurodegenerative disease and the fact that
the machinery involved in proteostasis maintenance, is highly conserved amongst eukaryotes,
has led to the widespread use of invertebrate models systems, such as C. elegans and Drosophila.
Ultimately, modeling aspects of human neurodegenerative diseases in invertebrates allows for
genetic manipulations, such as mutant screens/identification of modifiers and aging studies that
would be prohibitively time consuming if carried out in vertebrate animals.

These studies in C. elegans and D. melanogaster benefit from the sequenced genomes, relatively
short life cycles and abundant genetic tools of these well-characterized model organisms. C. elegans
is particularly well suited for the study of neurodegenerative diseases of aging due to its a relatively
simple (but still sufficiently complex) nervous system, its genetically defined aging pathway and
the relative ease to perform live cell imaging of fluorescent proteins for studies of disease-causing
protein aggregation dynamics. Likewise, in D. melanogaster the photoreceptor neurons have proven
to be highly amenable to these types of studies, as human proteins can be ectopically expressed
and the readout for proteotoxicity is revealed by effects on eye morphology.

To date, a relatively large number of invertebrate models of human neurodegenerative diseases
have been generated. Importantly, these models have solidified our understanding that protein
misfolding underlies the mechanism(s) of disease action. Furthermore, the invertebrate models have
opened up new ways to study the molecular underpinnings of disease and to identify genes and gene
networks whose activities are involved, positively or negatively, in modulating aggregation/toxicity.
We begin with an overview of the existing models and discuss what has been learned from them
generally and in what ways they recapitulate key aspects of human disease.

PolyQ

Huntington’s disease (HD) and a number of related neurodegenerative diseases are caused
genetically by expansions of polyQ-encoding CAG tracts in specific individual genes/proteins.
Expressing these proteins, with wild-type or expanded polyQ tracts, in invertebrates has proven to
be an effective way to study the molecular underpinnings of protein misfolding/toxicity associated
with polyQ disorders. Specifically, SCA3/MJD (Machado-Joseph disease) (Fig. 3D)** and HD'®?
were modeled in Drosophila and shown to recapitulate many important aspects of disease including
cell-type specific sensitivity to the expressed protein, nuclear inclusion formation and late-onset
cellular degeneration. These findings were furthered by the expression of polyQ proteins in C.
elegans (Fig. 3B,C). HD models have been generated via the expression, in neuronal subsets, of an
N-terminal fragment of the protein Huntingtin (Htt) with the wild type or a long polyglutamine
(polyQ) tract.”*” Ultimately, it was shown that human Htt with an expanded polyglutamine tract
led to aggregate formation in, and apoptotic cell death of, ASH sensory neurons, in a sensitized
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genetic background.” Additionally, Htt with 128 glutamines fused to YFP aggregated when
expressed in PLM mechanosensory neurons and caused neuronal abnormalities but not death.””
Having such fluorescently tagged variants of disease-causing proteins in C. elegans has proven
highly advantageous by allowing for the real-time monitoring of aggregation and using dynamic
imaging techniques in this transparent organism.?¢396103

The overall similarities between various polyQ disorders suggested that the polyQ expansions
are predominantly, if not solely, responsible for the observed disease pathologies. To address this,
general polyQ models, in which only the polyQ tract, without any of its normal flanking protein
sequences (but fused in some cases to YFP, or to another protein not usually containing a polyQ
tract) were developed (Fig. 3B).%?¢!1% The data from these models provided the first direct in
vivo evidence that polyQ tracts themselves, independently of their protein context, aggregate
and are toxic.

The significance of recapitulating key aspects of disease by expressing a single human protein in
an invertebrate should not be underestimated. It confirmed that the mutant proteins are generally
toxic even across species and in different cell types. This, in turn, lead to the hypothesis that the
highly conserved cellular quality control system, involving protein folding/clearance, is inherently
lacking the ability to prevent damage by these polyQ-containing disease-causing proteins.

Ap

Alzheimer’s disease (AD) is a relatively common neurodegenerative disorder affecting nearly
30% of all individuals older than 85 years of age. It is characterized by the accumulation of B-amyloid
plaques and neurofibrillary tangles. The major proteinaceous components of 3-amyloid plaques
in AD patients are A peptides; specifically, AB,.4 and AB, 5, which are produced via proteolysis
of APP, the amyloid precursor protein. To model AP aggregation/toxicity in an invertebrate
model system, A, 4, was expressed in C. elegans body wall muscle cells and was shown to form
amyloid plaques that have biochemical characteristics similar to those found in the brains of AD
patients.'” Additionally, AB .5, and AB,.4 were expressed in Drosophila photoreceptor neurons.'
It was shown that A, is substantially more toxic than A, .4,'* consistent with the idea that
AP, 4, has a higher amyloidogenic propensity.

Tan

In addition to amyloid plaques, AD and other neurodegenerative diseases are characterized
by the formation of neurofibrillary tangles comprised of the protein tau. Expression of mutant
tau in specific neuronal subtypes or under pan-neuronal control in Drosophila resulted in neu-
rodegeneration, but not neurofibrillary tangle/filamentous aggregate formation, as determined
by electron microscopy, suggesting that the tangles themselves are not the source of mutant tau
toxicity.!”” Expression of tau in all C. e/egans neurons resulted in motility defects indicative of tau
proteotoxicity, providing further support to the idea that low levels of tau protein, not necessarily
neurofibrillarly tau tangles or otherwise insoluble tau, are required for toxicity.'”

Alpha-Synuclein

Familial forms of Parkinson’s disease (PD) are caused by mutations in the protein alpha-synu-
clein. ! Expression of alpha-synuclein in C. elegans neurons was shown to cause neurodegen-
eration of neuronal subsets."! Expression of alpha-synuclein in body wall muscle cells resulted in
age-dependent aggregation, a phenotype that was used to perform a genetic screen for suppressors
of aggregation (see below).'"?

SOD1

Amyotrophic Lateral Sclerosis (ALS) is a neurodegenerative disease that, in its inherited
form, is often associated with mutation of superoxide dismutase 1 (SOD1). A large number of
mutations in SOD1 have been identified and shown to be linked to ALS.'® Evidence suggests
that mutations in SOD1 cause disease not by loss of SOD1 function, but instead by gain of toxic
function by the mutant protein. Therefore, to model SOD1 protein misfolding/toxicity, these
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Figure 4. Progressive disruption of cellular folding capacity by misfolded proteins. A,B) Confocal
images showing cellular localization of ts mutant paramyosin in the absence (A) or presence
(B) of Q40-YFP. Arrows, normal muscle sarcomeres, arrowheads, abnormal paramyosin(ts)
assemblies in the presence of Q40, both under permissive conditions. C,D) Images of Q40-YFP
fluorescence in L2 larval stage animals expressing wild type (C) or ts mutant paramyosin (D)
under permissive conditions. Adapted from: Gidalevitz T et al. Science 2006; 311:1471-1474;?
©2006 with permission from AAAS.

mutations have been expressed in a number of genetic systems including mouse, Drosophila and
C. elegans. To model SOD1 protein misfolding in Drosophila, wild type human SOD1 (hSOD1),
two mutant forms of SOD1 (G85R and A4V) and Drosophila SOD1 (dSOD1) were overex-
pressed in Drosophila motor neurons.'"* It was shown that unlike dSOD1, wild type and mutant
hSOD1 are toxic, but non-aggregating in Drosophila."* This is in contrast to what was observed
when hSOD1 was expressed in C. elegans body wall muscle cells,?® or neurons.!> Namely, expres-
sion of YFP-tagged SOD1 (G85R) under the control of a pan-neuronal promoter resulted in
motility defects and distinct neuronal subtype-type-specific aggregation phenotypes that were
confirmed by FRAP analysis."® Likewise, expression of a number of different disease-associated
SOD1 mutants in C. elegans body wall muscle cells resulted in the formation of SOD1 protein
aggregates (Fig. 3A).% Interestingly, the toxic effects of mutant forms of SOD1 were subtle
in body wall muscle cells, but enhanced in the background of metastable ts proteins.*® This is
consistent both with the finding that temperature sensitive proteins can exacerbate the toxic
effects of polyQ protein expression (Fig. 4)° and with the idea that disease phenotypes and/or
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proteotoxicity are highly sensitive to changes in the folding environment, presumably due to
limited folding resources (see discussion below).

Why are these disease-causing proteins toxic to cells? In other words, why can’t cells, or more
specifically, affected neurons, combat the toxic effect of their expression either by activating the
machinery responsible for assisting in the folding of misfolded protein species or in clearing them
via autophagy and/or proteasome-mediated degradation?

Failure of Homeostasis in Conformational Disease of Aging

Failure of Adaptive Stress Responses

The cytoplasmic heat shock response and the ER and mitochondrial unfolded protein responses
are the adaptive responses employed by cells to combat proteotoxic stress. The heat shock response
is a multistep process that results in the immediate induction of transcription and translation of
genes encoding molecular chaperones, proteases and other proteostasis regulators and in a general-
ized translational silencing. Although recent evidence indicates that additional signals may activate
heat shock response,''¢!*® appearance of misfolded proteins is thought to serve as the predominant
signal for its induction."*'* Misfolded proteins are thought to titrate HSF1-associated chaperones,
releasing the inhibition of HSFland enabling it to trimerize and translocate into the nucleus. This
results in the activation of Hsp gene transcription, rebalancing of proteostasis and, finally, the
attenuation of the heat shock response (reviewed in ref. 124). The main function of heat shock
proteins during stress is to prevent inappropriate protein interactions and aggregation, mainly
through binding to the exposed hydrophobic areas on a variety of cellular proteins, followed by
the facilitation of refolding, or targeting to degradation during the recovery phase. Many of these
proteins also function as molecular chaperones in the absence of stress, by guiding conformational
transitions during synthesis, folding, translocation, assembly and degradation of proteins.'*'2¢ As
chaperones affect other cellular functions, such as signaling,'*’ the proper regulation of chaperone
expression is critical to the health of the cell.

The ability of cells to manage general/widespread protein misfolding during heat shock and
other proteotoxic stress conditions suggests that the combination of the abundant expression of
chaperones under basal conditions,”'*® together with the adaptive stress responses, provides suf-
ficient ‘folding capacity’ to buffer unexpected folding requirements. Thus, the accumulation of
misfolded and aggregated proteins associated with aging-related conformational diseases, and the
misfolding-associated toxicity, indicate a failure of folding homeostasis.

Understanding the molecular mechanisms underlying this dysfunction is essential to both defin-
ing the mechanisms of toxicity and finding targets for corrective interventions in conformational
disease and, perhaps, aging. Several possible, but not mutually exclusive, mechanisms are indicated
by observations of dysrcgulation of proteostasis under these conditions. First, Hsp expression is
often not induced in symptomatic cells, despite the accumulation of misfolded and aggregated
proteins; moreover, decrease in specific chaperone expression has been noted.'”"** In C. elegans,
intracellular accumulation of misfolded and aggregated polyQ proteins only sporadically activated
HSP expression® and in fact required the downregulation of ILS signaling for modulation of its
toxicity.®® This points to a potential override of the cellular stress response at the organismal
level,”* which traditionally has been considered to be cell-autonomous. Alternatively, it is possible
that the accumulation of misfolded proteins in models of conformational diseases is either too
gradual, or does not reach the threshold for heat shock activation. Second, molecular chaperones,
components of degradative machinery and other proteins are often found trapped in aggregates,
potentially mimicking hypomorphic phenotypes.”®'3>!* Third, there is evidence that the accumu-
lation of misfolded proteins leads to the inactivation of components of proteostasis networks, in
particular the proteasome® 3713 and of the cell’s ability to induce a heat shock response!® through
the disease-associated misfolded proteins. The downregulation of specific chaperones and the
inhibition of heat shock induction could potentially indicate that cells (or organisms) adapt to
the chronic expression of misfolded proteins by actively preventing stress induction.
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Whatever the specific mechanism of proteostasis dysfunction, it is clear that our ability to po-
tentially adjust, if not correct, proteostatic networks to cope with the chronic protein misfolding
may be essential to our ability to manage, or even prevent, conformational discases of aging.”

Disruption of Proteostasis by Chronic Misfolding

Our knowledge of how protein misfolding and the disruption of proteostasis translate into
cell-specific and disease-specific toxicity is still quite limited. Evidence from C. elegans suggests
that the toxicity associated with expression of expanded polyQ and mutant SOD1 proteins is
caused, in part, by the global disruption of the cellular protein folding homeostasis, resulting in a
destabilization or misfolding of various metastable proteins.>*® The potential sources of metastable
proteins, as described above, range from expressed protein polymorphisms, to protein damage
from environmental stresses, to what has been termed ‘activities of daily living} for example cell
signaling, glycolysis, or respiration. When temperature-sensitive (ts) metastable proteins were
used to mimic naturally occurring mildly destabilizing polymorphisms, they acted both as sen-
sors of cellular protein folding capacity and contributors to cellular dysfunction. Expression of
polyQ or mutant SOD1 in muscle or neuronal cells of C. elegans leads to the exposure of the
temperature-sensitive phenotype at permissive conditions, mediated by misfolding and loss-of
function of ts mutant protein present in the same cell (Fig. 4A).3 Furthermore, the misfolding
of ts proteins not only directed the specific phenotypes, but further increased aggregation of the
polyQ proteins (Fig. 4B). The misfolding of ts proteins was most likely due to the depletion, by
the polyQ or mutSODI proteins, of folding resources, necessary for maintaining these ts proteins
in their folded and functional conformations.'**!#! A recent finding that many of the modifiers
of toxicity of polyQ-expanded ataxin-3 in Drosophila also rescue the generic toxicity of protein
misfolding due to the reduced function of Hsp70'% strongly supports the disruption of proteostasis
as a mechanism of toxicity. Furthermore, both the functionality of metastable proteins and the
aggregation of polyglutamine expansions can be compromised by neuronally mediated overexcita-
tion of the muscle cells in C. elegans.'

These findings parallel the evidence discussed above, that the selection against the toxicity of
misfolding due to mistranslation exerts strong evolutionary pressure specifically on the highly
expressed proteins.”” This indicates that the flux of destabilized proteins in a cell bears a significant
fitness cost and that folding homeostasis is indeed not robust, at least when it comes to chronically
misfolded proteins. Importantly for this proposition, the toxic interaction between the destabilized
protein polymorphisms (coding for ts proteins) and the disease-related polyQ or mutSOD1 was
reversed not only by overexpression of HSF1, but also by the aging regulator DAF-16.%

The causative connection between proteostasis, aging and cellular dysfunction was further
illustrated in C. elegans by showing that, unlike in young animals, the ts proteins in older adults
kept at the permissive conditions begin to gradually misfold and lose function, coincident with a
reduced ability to activate the heat shock response and the unfolded protein response.' Increasing
the activity of either HSF1, or DAF-16, suppressed the misfolding of metastable proteins and
restored cellular proteostasis. Thus, the dysregulation of protein folding homeostasis may represent
a set of early molecular events in aging, with an ability to amplify the protein damage cascade in
age-related conformational diseases, while the complement of mutations and polymorphisms,
together with the life history of an organism (environmental stress exposure, metabolic state, etc.),
set the threshold for the onset of dysfunction and direct specific phenotypes.

Consistent with the proposal that a disruption in proteostasis is a key element of mechanism
of toxicity in conformational diseases, genetic screens in invertebrate models described above have
revealed proteostasis components as modifiers of aggregation/toxicity.

Modifiers of Conformational Disease

Genetic Screens for Modifiers of Disease-Related Phenotypes
The versatility of C. elegans as a model system to study molecular processes involved in human
disease has been demonstrated via the implementation of genome-wide RNA interference (RNAi)
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screens to identify genetic modifiers of disease-related phenotypes. Such screens have been facili-
tated by the availability of RNAI libraries, consisting of E. coli clones containing IPTG-inducible
double stranded RNAs for the majority of C. elegans genes.'** Feeding of dsRNA-producing
E. coli to C. elegans has proven to be a highly efficient method for targeted gene silencing, making
high-throughput RNAi screens relatively straightforward.!®

One such study identified modifiers of polyQ protein aggregation in body-wall muscle cells
in C. elegans."™ The genome-wide screen took advantage of a polyQ length at the threshold for
aggregation (Q35), thereby allowing for a sensitized screen aimed at the identification of factors,
which, when knocked down in the background of polyQ-YFP, led to the accumulation of visible
protein aggregates. This screen identified 186 proteins that normally suppress age-dependent
polyQ protein aggregation, including HSF1 and Hsp-1 (Fig. 3C). The authors found that the
suppressors fall into five distinct biological classes: RNA metabolism, protein synthesis, protein
folding, protein trafficking and protein degradation.

The identification of chaperones and factors involved in protein clearance was expected
and consistent with the results of a screen for genetic modifiers of polyQ protein toxicity in
Drosophila, that uncovered homologs of Hdj1 and Tpr2, both J-domain-containing cochaper-
ones.” Additionally, Hsp70 or Hdj1 overexpression significantly ameliorated toxicity of the
polyglutamine-containing proteins ataxin-1 and ataxin-3 in Drosophila (Fig. 3D).”> 14¢ Thus,
chaperones have been found consistently as modifiers of aggregation and toxicity across different
tissues and aggregation models. The C. elegans screen also uncovered six of the eight subunits of
cytosolic chaperonin CCT, whose role as a suppressor of polyQ protein aggregation was previ-
ously unknown. This finding was later validated by using both §. cerevisiae and mammalian tissue
culture cells expressing aggregation-prone Htt-polyQ proteins,'¥% supporting the idea that
common mechanisms underlie polyQ protein aggregation/toxicity. These findings underscore
the involvement of molecular chaperone activity in modulating the aggregation/toxicity of
polyglutamine proteins. However, the identification of factors involved in other biosynthetic
processes led to the conclusion that protein homeostasis is more complex than previously un-
derstood and likely begins with gene expression, thus explaining the large fraction of modifiers
involved in RNA and protein biosynthesis.!*

An independent RNAI screen was also performed in C. elegans for factors that normally
suppress tau-induced motility defects.”®® Wild-type and mutant tau protein become hyper-
phosphorylated, aggregate and form neurofibrilllary tangles that are associated with neuro-
degeneration in patients suffering from Alzheimer’s disease (AD) and a number of related
neurodegenerative diseases.'”! Expression of tau in C. elegans neurons caused motility defects
that were used as the basis to identify factors, via genome-wide RNAI screening, which, when
absent, enhanced the motility (unc) phenotype.' This analysis led to the identification of 75
suppressors of tau toxicity falling into the following functional categories: kinases, chaperones,
proteases and phosphatases, in addition to a number of genes whose function is unknown.!>
Interestingly, the only RNAI hits in common between this and the polyQ screen described
above are the Hsp70 molecular chaperone, hsp-1 and the heat shock transcription factor, hsf-1.
Consistent with the idea that tau and polyQ proteins interact differentially with the cellular
environment, a complementary study in a Drosophila tau model identified mostly kinases and
phosphatases.' Significantly, no HSPs, molecular chaperones, or components of the protein
clearance machineries were identified.!>

A recent screen for suppressors of a-synuclein (a-syn) aggregation in body wall muscle cells
revealed factors involved in vesicle trafficking and lipid metabolism.'"* This screen, however, did
uncover several regulators of life-span, including lagr-1 and sir-2.1, consistent with aging being
a potent modifier of aggregation/toxicity. Interestingly, knock-down of Hsp70 had no effect on
o-syn aggregation,''? suggesting that a-syn has distinctly different mechanisms of aggregation/
toxicity than polyQ or tau proteins. In support of a-syn and polyQ having different mechanisms
of aggregation, only one modifier was identified in C. elegans that was in common for both pro-
teins.'®!"2 Alternatively, since this was an aggregation screen that did not directly examine toxicity,
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itis possible that aggregation and toxicity of 0-syn are uncoupled in the presence of Hsp70 RNAA,
a finding that would be consistent with one from Drosophila.'>

The striking lack of overlap between modifiers of aggregation/toxicity for unique
aggregation-prone proteins could presumably be due to different factors acting on different mis-
folded species, in addition to different factors acting in different tissue types, for example, body
wall muscle cells as compared to neurons. Certainly, the identification of kinases and phosphatases
in the screen for suppressors of tau toxicity provides support for the hypothesis that tau hyper-
phosphorylation is a prerequisite for disease. Consequently, these data also provide evidence that
C. elegans and D. melanogaster are valid genetic models for the identification of factors which are
capable of acting on particular human discase-causing proteins to suppress aggregation/toxicity.

In contrast to o-syn, a screen for modifiers of SOD1 aggregation and toxicity in C. elegans
neurons yielded mostly molecular chaperones and other factors generally involved in protein
quality control,'""> more consistent with what was seen previously with respect to modifiers of
polyQ protein aggregation/toxicity. Furthermore, the hits obtained by an RNAI screen aimed at
the identification of suppressors of osmotic stress-induced gene expression overlapped to a great
extent with those identified as suppressors of polyQ protein aggregation.'* In that study, the au-
thors identified genes, including gpdh-1, that are upregulated in response to osmotic stress, which
is known to cause generalized, nonspecific protein misfolding. Although gpdh-1 expression does
not respond to stresses other than osmotic stress,>* almost 30% of all the genes identified in this
study overlap with those identified in the screen for suppressors of polyQ protein aggregation.
Furthermore, 73% of the overlapping genes are predicted to fall into biological classes usually
associated with the regulation of proteostasis, including RNA processing, protein synthesis, pro-
tein folding and degradation.'** Finally, many of the modifiers of ataxin-3 toxicity in Drosophila
were also able to rescue the toxic phenotypes due to the reduced function of HSP70, which also
causes generalized protein misfolding.'® Ultimately, these data suggest that a core set of factors
function generally in response to stress-induced protein damage and others respond specifically
to a particular stress, for example the stress of a misfolded, disease-causing protein, to tailor the
response to the situation at hand.

However, the extent to which the molecular mechanisms of disease are conserved between
aggregation-prone proteins is unknown. To address this, it will be necessary to express unrelated
aggregation-prone proteins, such as A}, SODI, tau, a-syn and a polyQ-containing proteins, in
the same cell type in a given model organism, for a direct comparison of modifiers of aggregation/
toxicity. The expectation is that common modifiers would be those whose molecular function is
in the general folding/clearance of misfolded proteins. On the other hand, modifiers that act on
one or the other aggregation-prone protein would most likely be more closely associated with the
specific function, or mode of disease progression, of a particular protein. For example, a screen
performed in yeast expressing mutant Htt or a-synuclein, revealed almost entirely non-overlapping
sets of genes, many with human homologs, acting as modifiers cither of mutant Het or a-synuclein
toxicity.””> The authors speculate that their modifiers likely define mechanisms or pathways that
are specific for particular disease-causing proteins, such as vesicle transport playing a role in
a-synuclein toxicity.>

In addition to RNAi and overexpression screens, forward genetic screens have also been
performed to identify modulators of polyQ protein aggregation/toxicity in C. elegans. One such
screen revealed a novel gene, pge-1, which normally functions to suppress the proteotoxicity of an
Htt exon 1 fragment with an expanded polyQ tract.”®® Another forward genetic screen was aimed
at the identification of genes that normally function to suppress the aggregation of polyQ-YFP
in body wall muscle cells.”" This screen uncovered mutations in #zc-30, which encodes the
transcription factor that regulates the synthesis of the neurotransmitter GABA.'" The findings
described in'®" are of particular interest, because they demonstrate that the ability of an organism
to manage proteotoxic stress is not a cell autonomous process as previously thought, but may be
affected by cell-cell communication, for example via neuronal cholinergic signaling. Consistent
with this, treating Q35-expressing C. elegans with small molecules, acting positively or negatively
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on neuronal signaling, suppressed or enhanced, respectively, polyQ protein aggregation'” in
postsynaptic cells. The identification, via chemical genetic screens, of additional small molecules
that alleviate disease-causing protein aggregation/toxicity will be an important step in the devel-
opment of pharmaceuticals.

Small Molecule Drug Screens

The search for therapeutics to treat neurodegeneration is turning to the identification of small
molecule proteostasis regulators. Such small molecules could function by enhancing the expression
or activities of molecular chaperones, thercby cEectivcly increasing the rates of folding of client
proteins, or, alternatively, they could act by enhancing degradation/clearance’ or by modulating
protein translation rates.

A number of small molecule regulators of the heat shock response have been identified. These
compounds include proteasome inhibitors, serine protease inhibitors, Hsp90 inhibitors, non-
steroidal anti-inflammatory drugs (NSAIDS), triterpenoids such as celastrol and inhibitors of
HSF1, including triptolide.”*'** Protease inhibitors (DCIC, TPCK and TLCK) and proteasome
inhibitors (MG132, lactacystin) induce the heat-shock response by elevating the effective concen-
trations of misfolfed, damaged, or otherwise no longer needed, proteins that are normally targeted
for degradation.””*!®" In contrast, other inducers of the heat shock response act as inhibitors of
Hsp90. These include the fungal antibiotic radicicol, the benzoquinone ansamycins geldanamycin
and 17AAG. They activate HSF1, in part because Hsp90 is a negative regulator of HSF1.6-161162
NSAIDS, including sodium salicylate, have multiple properties. At higher concentrations they
partially activate HSF1, while at lower concentrations they synergize with other stress conditions
to induce the heat-shock response.'® Specifically, exposure of human tissue culture cells to sodium
salicylate results in activation of HSF1 with respect to in vivo binding to the Hsp70 gene; however,
transcriptional induction fails to occur. Salicylatc—trcated cells, however, are sensitized to stress
and readily activate HS genes upon exposure to other mild stress conditions, often not sufficient
themselves to activate the heat shock response. In a similar manner, indomethacin induces HSF1
DNA binding with full Hsp70 transcription upon exposure to a secondary stress.'** Of the inflam-
matory modulators, arachidonic acid and the cyclopentenone prostaglandins, including PGAL,
PGA2 and PGJ2, all induce the full complement of HSF1 activities.'®'* The triterpenoid celas-
trol isolated from the Chinese plant Triptergium wilfordii represents an herbal medicine class of
bioactive molecules that induces two protective stress responses, the heat shock response and the
anti-oxidant response.'*”!® The effects of celastrol are rapid like heat shock; however, unlike the
heat-shock response that self-attenuates, the celastrol induction of HS genes persists for an extended
period.'” Consistent with small molecule inducers of HSF1 acting to alleviate the toxic effects of
misfolded disease-causing proteins, geranylgeranylacetone (GGA)'® and celastrol'”® treatment of
polyQ protein-expressing cells inhibited polyQ-associated cell death in tissue culture and mouse
models of polyQ protein misfolding.

The modulation of protein translation rates also plays an important role in inducible stress
responses. A screen for small molecule inhibitors of ER stress-induced apoptosis in PC-12 cells
yielded salubrinol, a selective inhibitor of eIF20. dephosphorylation.!” eIF2a is a translation
initiation factor that, when in its phosphorylated state, either under conditions of heat stress or
salubrinol treatment, is responsible for mediating a general decrease, but a selective increase in
the translation of chaperones and other stress-associated proteins. Like small molecule inducers
of HSF1, salubrinol, or other translational regulators, might be expected to modulate the toxic
effects of misfolded disease-associated proteins.

Most of the chemical genetic analyses that have yielded the small molecules described
above have been performed in tissue culture cells. A limited number of studies aimed at the
identification of small molecules that act in invertebrate models to alleviate the toxicity of
misfolding-prone disease-associated proteins have been performed. More commonly, small
molecules that were identified in tissue culture systems as having the properties of inducing
the HSR have been tested in invertebrates. For example, it was shown that the treatment of
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Htt-expressing C. elegans with the antioxidant resveratrol reduced Htt toxicity in a manner
dependent on the sirtuin, sir2.1.'2

A small-scale chemical genetics analysis was performed in a C. elegans Htt-polyQ model, us-
ing a screening approach which circumvented the inherent problems associated with screening
based on motility defects. The authors examined treated worms for lack of neuronal cell death by
visualizing the loss, or lack thereof, of GFP fluorescence in ASH neurons of a sensitized line that
rapidly undergoes polyQ-dependent neurodegeneration.'” These conditions were used to validate
candidate compounds identified previously in a large-scale, tissue culture-based, screen'’*'”> and
revealed two compounds, lithium chloride and mithramycin, which suppressed HD neurotoxicity
in the C. elegans Htt-polyQ model.'” The use of this and similar assays, should make it possible
to rapidly screen large chemical libraries for their effect on toxicity in C. elegans models of neu-
rodegenerative diseases.

Because C. elegans is a multicellular organism, we would expect that the successful implementa-
tion of large-scale chemical genetics screens will be highly effective in identifying novel therapeutic
compounds, not previously identified in cell culture models, that act either cell autonomously or
cell non-autonomously. Finally, fluorescent labeling of candidate molecules will be instrumental
in elucidating the mode of drug action and to determine whether the drug is acting directly or
indirectly on the disease-causing proteins. This will be relatively straightforward in C. elegans due
the easy visualization of fluorescent markers.

Conclusion

The work discussed here highlights the utility of invertebrate models in the study of neuro-
degenerative diseases of aging. Recent findings from these model systems have strengthened our
understanding of protein conformational diseases. Specifically, they have led to the proposal that
protein folding homeostasis, while sufficiently robust to manage protein damage/misfolding caused
by acute environmental stress such as heat shock, is apparently ineffective when faced with the
chronic expression of an aggregation-prone disease-causing protein. This limited capacity of the cell
to manage chronic misfolding is especially pronounced under conditions of additional stress on the
proteome caused by the expression of metastable proteins, partially compromised in their folding
and providing a relatively high demand for folding resources. To combat this inherent limitation
for the purpose of treating patients, small molecule drugs are being sought that will enhance the
ability of a cell, or organism, to deal with the expression of chronically misfolded proteins.
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