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REVIEW

MTOR signaling in protein homeostasis
Less is more?
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A proper balance between synthesis, maturation and
degradation of cellular proteins is crucial for cells to maintain
physiological functions. The costly process of protein synthesis
is tightly coupled to energy status and nutrient levels by the
mammalian target of rapamycin (mTOR), whereas the quality
of newly synthesized polypeptides is largely maintained by
molecular chaperones and the ubiquitin-proteasome system.
There is a wealth of evidence indicating close ties between
the nutrient signaling pathway and the intracellular stress
response. Dysregulation of both systems has been implicated
in aging and age-associated pathologies. In this review, we
describe molecular mechanisms underlying the connection
between mTOR and the chaperone network and discuss the
importance of their functional interaction in growth and aging.

Introduction

Protein homeostasis—a delicate equilibrium between synthesiz-
ing proteins, maintaining protein conformations, refolding mis-
folding proteins and removing damaged proteins—is normally
maintained by cellular networks involving ribosomes, chaper-
ones and the ubiquitin-proteasome system. Ribosomes decode
genetic information and convert it into the amino acid sequences
of proteins."* Molecular chaperones govern the integrity of the
proteome as “cellular lifeguards.”®* On the other hand, the ubig-
uitin-proteasome system removes damaged proteins from cells.>®
Protein synthesis has a defining role in forming the proteome
and promotes cell growth, whereas failure to eliminate misfolded
proteins can lead to the formation of toxic aggregates, inactiva-
tion of functional proteins, and ultimately, cell death. Growing
evidence indicates that loss of defense against proteotoxic stress
often leads to age-related diseases, such as type-2 diabetes, car-
diovascular diseases, cancer and neurodegenerative disorders.”®
Cells also experience stress as a result of nutrient excess. As a
result, excessive nutrients have caused an obesity epidemic, while
promoting carcinogenesis and shortening life span.”!°

During the past decade, it has become clear that the rate of
aging, like many other processes in biology, is subject to regula-
tion."! In many animals, longevity is regulated by a conserved
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insulin and insulin-like growth factor-1 (IGF-1) signaling path-
way. Most recent studies have weaved the mammalian target of
rapamycin (mTOR) into this intricate tapestry of the insulin/
IGF-1 signaling network.”*'* mTOR is a well-conserved serine/
threonine protein kinase that controls protein synthesis, cell
growth and metabolism by integrating both extracellular cues
and intracellular energy status. In many organisms, decreased
TOR signaling is associated with the extension of life span.”
Interestingly, these longevity benefits are accompanied with
increased stress resistance.’® These findings suggest an inti-
mate connection between the nutrient signaling and the stress
response. Much of the current knowledge about the chaperone
network and mTOR signaling remains limited to their own con-
text. In this review, we attempt to explore the functional connec-
tion between mTOR and stress response pathways and discuss the
physiological implications in maintaining protein homeostasis.

Chaperone Network and Stress Response

Molecular chaperones are ubiquitous, highly conserved proteins,
and are key elements of the maintenance of protein homeosta-
sis in cells.* The main chaperone families are HSP70, HSP90,
HSP104, HSP40 (DnaJ) and small HSPs (HSP27, a-crystallins).
Chaperones have diverse roles in regulating protein conforma-
tion and are essential to protect nascent polypeptide chains from
misfolding: by facilitating co- and post-translational folding,
assisting in assembly and disassembly of macromolecular com-
plexes, and regulating translocation.” A defining characteristic
of chaperones is to hold substrates by binding hydrophobic resi-
dues, a necessary step to suppress misfolding and aggregation of
the proteins allowing them to remain competent for subsequent
folding. Molecular chaperones also facilitate degradation of mis-
folded polypeptides by the ubiquitin-proteasome system when
the polypeptides cannot be refolded."®

Despite the abundance and apparent capacity of chaperones
to restore folding equilibrium in cells, the concentration of chap-
erones is titrated closely to the folding requirements within a
specific cell type.”” Under conditions that cause widespread dam-
age to cell proteins (e.g., heat shock), the cell’s need for these
chaperones increases further. The stress response or heat shock
response, enables the cell to elevate the expression of chaper-
one and to protect against the accumulation of misfolded pro-
teins. In mammalian cells, the heat shock transcription factor 1
(HSF1) is the major transcriptional regulator of stress response.?
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Figure 1. HSF1-mediated stress response. The conversion between inactive HSF1 monomer and active HSF1 trimer is controlled by chaperone avail-
ability in cells. Chaperone availability, on the other hand, is governed by the balance between protein synthesis and folding requirement. Stress condi-
tions, such as heat shock, lead to the accumulation of misfolded proteins, which subsequently triggers the stress response in order to achieve protein

Under normal conditions, HSF1 is sequestered in the cytosol in
a complex with molecular chaperones. During conditions that
perturb cytosolic protein-folding homeostasis, the chaperones
are diverted elsewhere. The released HSF1 then trimerizes and
enters the nucleus, where it rapidly drives transcription of numer-
ous genes involved in protein folding, refolding, degradation of
misfolded proteins and other proteins that regulate stress toler-
ance (Fig. 1). Thus, the activation status of HSFI is governed
in large part by the balance between the amount of misfolded
proteins and the chaperone availability in cells.? As chaperones
are growth-regulated and stress-responsive, they afford the cell
with a stress sensor to link stress signaling processes with protein
homeostasis.

The protein components of eukaryotic cells face acute and
chronic challenges to their integrity. Transient cellular adap-
tation of protein homeostasis is essential because of an ever-
changing proteome during development and the presence of
new proteins and the accumulation of misfolded proteins upon
aging.”? Aging challenges proteome homeostasis because of
decreasing chaperone capacity and increasing protein damage.
It has been reported that protein oxidation, damage, misfolding
and aggregation together with the simultaneously impaired func-
tion and induction of chaperones in aged organisms disturb the
balance between chaperone requirements and availability.” The
HSF1-mediated stress signaling provides a compelling example
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for a stress resistance mechanism that regulates lifespan. HSF1
overexpression induces longevity, while HSF1 knock out short-
ens life-span in C. elegans.** Moreover, HSF1 is indispensible to
yield lifespan extension in classical long-lived insulin-signaling
mutants.”>?® Thus, a robust stress response is required for lifespan
extension in these organisms.

mTOR Signaling Pathway

Coupling of the availability of nutrients and growth factors to
cellular growth is essential for all organisms. mTOR, a highly
conserved serine/threonine kinase, is a central regulator of cell
2 mTOR activates cell
growth in response to nutrients (amino acids), growth factors

growth and metabolism in eukaryotes.

(insulin and insulin-like growth factor) and cellular energy sta-
tus (ATP) (Fig. 2). The core kinase mTOR is present in 2 func-
tionally and structurally distinct multiprotein complexes termed
TOR complex 1 (TORC1) and TOR complex 2 (TORC2).1
In mammals, the rapamycin-sensitive mTORCI consists of
mTOR, raptor and mLST8. Recent work reveals that PRAS40
and Deptor are components as well as substrates of mTORC1.%7%
mTORC2 contains mTOR, Rictor, mSIN1, mLST8, as well as
Deptor.”?? In contrast to mTORCI, mTORC2 is not directly
inhibited by rapamycin. In the past decade mTORCI has been

acknowledged for controlling many cellular processes that
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Figure 2. mTOR signaling pathway. mTORC1 and mTORC2 receive distinct upstream signals from both extracellular and intracellular stimuli and have
different downstream targets. Notably, interconnection between mTORC1 and mTORC2 occurs at several levels. For example, one of the mTORC2
downstream targets Akt serves as an upstream regulator of mMTORC1; whereas one important mTORC1 target ribosome acts as an activator of mTORC2.
Most of the signaling components are involved in growth and aging, and lots of mutations have been found in human diseases such as cancer. For
simplicity, only typical mTOR components are shown. See the main text for details.

ultimately determine cell growth including: protein synthesis,
ribosome biogenesis, nutrient transport and autophagy. The two
best characterized substrates of mTORCI are S6 kinase (S6K)
and 4E-BP1, via which mTORCI controls protein synthe-
sis.?”3%32 Phosphorylation of 4E-BP1 by mTORCI results in its
dissociation from elF4E, promoting assembly of the elF4F com-
plex to allow proper initiation. S6K1 phosphorylation promotes
protein synthesis and cell growth presumably by phosphorylat-
ing multiple substrates (e.g., ribosomal protein S6, translational
regulators eIF4B and PDCD4). In this way, S6K enhances the
overall translation capacity of cells.”

Growth factors regulate mTORCI activity via either the
PI3K/Akt pathway or the Ras/MAPK pathway, which converge
on the Tuberous Sclerosis heterodimeric complex (TSC1-TSC2)
to inhibit the GTPase activating (GAP activity) toward the small
GTPase Rheb." Cells lacking a functional TSC-Rheb-GAP

exhibit constitutive activation of mMTORCI signaling and this is
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not increased further by insulin. The mechanism by which Rheb-
GTP controls the catalytic competence of the mTORCI is not
fully understood. However, it is generally believed that the acti-
vation of mMTORCI involves two indistinguishable steps: first, a
Rheb-GTP-induced activation of the mTOR catalytic function,
and second, recruitment of the raptor-associated substrate.’ This
feature implies that a precise regulation of mMTORCI assembly is
crucial for signaling transmission.

Many conditions that shift cells from states of nutrient utili-
zation and growth to states of cell maintenance extend lifespan.
The TOR pathway has warranted increased attention from the
aging-research community due to its highly conserved influence
on life span in a number of organisms. Decreased TOR signaling
(using RNAI or a hypomorphic TOR mutant) has been shown
to extend life span in the nematode C. elegans.®> Likewise, over-
expression of a dominant-negative allele of TOR or inhibitors of
TOR (Tscl and Tsc2) extends life span in Drosophila.’® Deletion
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of the S. cerevisiae TOR1 gene was shown to increase replicative
life span.’” A recent high-throughput screen for gene deletions
that extend chronological life span yielded a number of genes
involved in nutrient sensing and influenced in part by the TOR
pathway.®® In addition, it was shown that treatment of station-
ary phase yeast culture with rapamycin, a specific inhibitor of
TOR, also extends chronological life span.*® Most recently, mice
fed with a diet containing rapamycin also demonstrated longev-
ity benefit.’ In fact, cellular growth and aging share a common
molecular mechanism. It was demonstrated that mTOR drives
cellular aging and rapamycin prevented conversion of cell cycle
arrest into senescence.”*2 Thus mTOR overactivation is involved
in both cellular senescence, organismal aging and age-related
diseases.*

mTOR-Mediated Translational Regulation of Hsp70

It has been well established that hyperactive mTORCI sig-
naling enhances global protein synthesis. Uncontrolled protein
synthesis and dysfunctional nutrient sensing challenge the integ-
rity of protein homeostasis. A recent study reported that mouse
embryonic fibroblasts (MEFs) lacking TSC induced unfolded
protein response (UPR) in the endoplasmic reticulum (ER).** It
has been suggested that hyperactive mTOR activity triggers the
stress response because higherlevels of protein synthesis increased
the cellular load of erroneously synthesized polypeptides. To our
surprise, we observed a defective cytosolic stress response in these
cells.® Despite the upregulated HSF1 transcriptional activity,
there is a clear deficiency in heat shock-induced Hsp70 expres-
sion in MEFs lacking TSC2. It was not due to the lack of Hsp70
mRNA. Rather, the Hsp70 mRNA failed to undergo selective
translation under stress conditions. In addition, Hsp70 expres-
sion is also significantly reduced in cells overexpressing Rheb,
the upstream positive regulator of mTORC1.“ Importantly,
decreasing mTORCL signaling by raptor knockdown or PI3K
inhibition augments the heat shock-induced Hsp70 expression.
These findings provide an explanation for why unrestrained
mTORCI signaling is always accompanied with reduced stress
resistance. Conversely, decreasing PI3K-mTOR signaling poten-
tially enhances stress response by promoting Hsp70 expression,
thereby increasing the availability of proteolytic and chaperone
functions that may contribute to the observed increase in organ-
ism stress resistance and lifespan.

What's the molecular mechanism then? It has long been
known that some cellular proteins continue to be synthesized
under stress conditions where global translation is severely com-
promised.”*® One prominent example is the selective transla-
tion of heat shock proteins (HSPs) under stress conditions.”’
An important mode of translational regulation during stress is
the selective recruitment of mRNAs through the internal ribo-
some entry site (IRES).®! Accumulating evidence has sup-
ported the notion that mTORCI signaling, while promoting
cap-dependent mRNA translation, suppresses IRES-mediated
translation.”” However, no IRES activity has been validated in
the Hsp70 mRNA 5" untranslated region (5'UTR).” Despite the
lack of IRES feature for Hsp70 5" UTR, we confirmed that the
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selective translation of Hsp70 mRNA is via the cap-independent
mechanism.” It remains obscure how the 5 UTR of Hsp70
mRNA drives the cap-independent translation without acting
as an IRES. Another interesting question is how Hsp70 mRNA
adopts the cap-independent translation when all the eukary-
otic mRNAs are synthesized in a capped form. Most recently,
it has been reported that the expression of several decapping
enzymes was enhanced during heat stress.”® This phenomenon
could lead to the selective translation of Hsp70 mRNA due
to the unique features of the Hsp70 5'UTR in mediating cap-
independent translation. In summary, the stress-induced switch
between cap-dependent and cap-independent translation plays
an important role in cellular adaptation under adverse condi-
tions. Dysregulated mTORCI signaling could cripple the stress
response necessary for cell survival.

Hsp90-Mediated Regulation of mTOR

It is not surprising that the interaction between stress response
and nutrient signaling pathways could be a two-way commu-
nication. Adverse environmental and metabolic conditions
(including nutrient limitation, hypoxia and DNA damage)
causes a decrease in mTORCI signaling.” In addition to
conserving cellular energy, the reduction in translation that
accompanies a decrease in mTORCI activity also prevents
the synthesis of unwanted proteins that could interfere with
the stress response. However, the effect of stress conditions
on mTORCI signaling appears to be ambiguous varying from
exposure length, dose/concentration and time between stimu-
lus and assay. Each stress condition may have distinct effects
on mTOR-dependent cellular events.’® Several stress stimuli,
such as UV light exposure, H,0, addition, heat shock and fluid
sheer stress, have been shown to cause an initial increase of
mTOR dependent-S6K phosphorylation, followed by decrease
in mTORCI activity occurring after prolonged or severe expo-
sure.”” The initial increase in mMTORCI signaling upon impo-
sition of stress should not be viewed as the cell misinterpreting
a life-threatening insult. Rather, this feature enables the cell to
distinguish physiological fluctuations in the quality of trans-
lational products from the devastating accumulation of mis-
folded proteins. It is generally accepted that global translation
is suppressed in response to severe stress conditions, but little is
known about how cells respond to fluctuations in the quality
of protein products. Like the variation of nutrients availability
in the environment, there is a wide fluctuation in the quality
of synthesized proteins during cell growth and an organism’s
development.

mTOR forms a huge complex (up to -2 MDa) with other
subunits in order to achieve signal transmission. These mul-
ticomponent complexes present special challenges for adjust-
ing signaling pathways, which must sense both increasing and
decreasing signal intensities, in order to terminate and reiniti-
ate signaling efficiently.®® A dynamic mode of mMTORCI com-
plexes would fulfill this regulatory requirement. According
to this scheme, termination of mTORCI signaling would not
require a separate mechanism, but rather would be an intrinsic
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consequence of continuous disassembly of mTORCI. Hsp90 is
an optimal candidate to mediate the dynamic remodeling.®' In
general, Hsp90 is highly abundant and has evolved to act pro-
miscuously and associate with client proteins.®> Indeed, mTOR
and other regulator components like raptor are chaperone “cli-
ents” as evident by their selective binding to Hsp90 when not
forming a complex.”® We propose that chaperone-mediated
mTORCI1 disassembly coordinates with nutrients signaling-
triggered assembly. Supporting this notion, we observed a com-
plete resistance to insulin stimulation in cells lacking HSF1 or
in the presence of Hsp90 inhibitor such as geldanamycin.®® This
mechanism enables mTORCI to rapidly detect and respond to
environmental cues, while also sensing intracellular protein mis-
folding. The tight linkage between protein quality and quantity
control provides a plausible mechanism coupling protein mis-
folding with metabolic dyshomeostasis.

mTOR-Controlled Ribosome Biogenesis

An important prerequisite for the regulation of global protein
synthesis is the continuous supply of translation machinery.
Therefore, ribosome biogenesis has to meet the demand for
protein synthesis. In eukaryotic cells, the ribosome biogenesis
is tightly controlled based on the availability of growth factors
and nutrients.*#%* As growth conditions change, cells must
accurately and rapidly rebalance ribosome production with the
availability of resources, because ribosome biogenesis accounts
for a large segment of total energy consumption. In particular,
cells must limit the production of ribosomes when nutrients are
limited. The fact that mTORCI signaling controls ribosome bio-
genesis at many levels underscores the involvement of mTOR in
linking nutrient availability to the biosynthesis of ribosomes. In
yeast, research has shown that TORCI regulates transcription
factors for RP genes mostly by affecting sub-cellular localization
in response to environmental cues.®® Also, rapamycin treatment
promotes rDNA chromatin remodeling to reduce transcription.*
Studies have further identified mTORCI-mediated regulation
of Pol III transcription.” Another recent study revealed that
endogenous mTORCI directly associates with a Pol I and Pol II1
transcription factor, TFIIIC.®® This direct interaction allows for
a rapid response to changes in cell homeostasis at the transcrip-
tional level to affect global protein synthesis.

Ribosome biogenesis is most notably controlled at the level
of translation. A common feature of RP transcripts is the pres-
ence of a characteristic 5’UTR: an uninterrupted sequence of
6-12 pyrimidines at the 5' end called 5-terminal oligopyrimi-
dine (5'TOP) sequence.®*”® The 5'TOP motif is necessary for a
growth-associated translational regulation of RP mRNAs. As a
consequence, the translation of RP is poor in quiescent cells, but
is strongly and rapidly activated on serum re-feeding, by insu-
lin and by amino acid availability.”” Despite years of study, how
the 5"TOP sequence regulates the translation initiation remains
unclear. It was initially suggested that the translational activation
of TOP mRNAs is controlled by S6Ks. However, the role of S6Ks
in ribosome biogenesis has been challenged in a series of recent
studies.”’? Thus, the mechanism of translational regulation of
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TOP mRNAs remains a mystery. It has been reported that the
5"TOP is recognized by specific trans-acting factors.”” Yet, the
functional significance of some TOP-interacting proteins remains
to be confirmed.”*”* More surprisingly, rapamycin treatment does
not seem to affect the polysome formation of TOP mRNAs.”
These observations raise the question of how mTORCI signaling
mediates the translational control of ribosome biogenesis. Current
opinion is that regulation of TOP mRNAs is unlikely to be by
a straightforward repressor mechanism. A recent study reported
that the TSC-mTOR pathway mediates translational activation
of TOP mRNAs largely in a raptor- and rictor-independent man-
ner, suggesting an intriguing possibility of mMTORC3.”> Given the
pivotal role of mMTOR in cellular and organismal homeostasis, one
of the pressing needs is to better understand the mechanisms of
mRNA translation at multiple stages using a systemic approach.

Ribosome-Mediated Regulation of mTOR

In contrast to mTORCI, the knowledge concerning mTORC2
is significantly lagging. mTORC2 controls cell survival and pro-
liferation in addition to cell morphology.?” Although compelling
evidence has placed mMTORC2 downstream of PI3K and upstream
of the serine/threonine kinase AKT,” it has been unknown how
mTORC2 is regulated. Recently a stimulating new story emerged
after identifying that mMTORC2 activation relies on association
with ribosome.”” Active mTORC2 was physically associated with
the ribosome and insulin-stimulated PI3K signaling promoted
mTORC2-ribosome binding. It appears that the PI3K-dependent
mTORC2-ribosome interaction plays a major role in mTORC2
activation. Thus, the ribosome serves as a missing link between
PI3K and mTORC2. Intriguingly, this function of ribosomes
is independent of translation. It remains intangible how exactly
ribosomes regulate the kinase activities of mMTORC2.
Identification of the ribosome as one of the crucial players
in regulating mTORC2 activity not only reveals that the ribo-
some can act as a kinase platform, but also raises new questions
concerning the functional interaction between mTORCI and
mTORC2 in cellular processes. Given that mTORCI regulates
ribosome biogenesis, it is conceivable that mMTORC2 modulates
mTORCI by activating AKT and mTORCI affects mTORC2 by
increasing ribosome biogenesis. Furthermore mTORCI regulates
mTORC2 via S6K-mediated feedback inhibition.”® It is worth not-
ing that some ribosomal proteins are involved in extra-ribosomal
functions.”” For example, free RPS7, RPL5, RPL11 and RPL27
interact with the p53 system, which leads to cell cycle arrest and
apoptosis.®’ Thus, the assembly and disassembly of ribosome may
constitute a cellular surveillance network by connecting nutrient
signaling-mediated cell growth and p53-controlled cell prolifera-
tion. A great deal of investigation is needed to unfold this exciting

chapter of the TOR story.
Ribosome Dynamics and Co-Translational Folding
Polypeptides emerging from the ribosome must fold into stable

3-dimensional structures and maintain that structure through-
out their functional lifetimes. While molecular chaperones
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Increasing evidence has supported
the notion that the local discontinu-
ous translation (ribosome pausing)
temporally separates the translation
of segments of the peptide chain and
actively coordinates their co-transla-
Growth tional folding.*” An interesting recent
report indicated that slowing bacterial
translation speed enhances eukaryotic
protein folding efficiency.®® We have
observed that, in cells with hyperac-
tive mTORCI signaling, the increased
elongation speed is accompanied with

the deficiency of luciferase folding.

Importantly, slowing down transla-

implicated in aging and age-associated diseases.

Figure 3. The interface between chaperone-mediated stress response and mTOR-mediated nutrient-
sensing system serves as a central homeostatic mechanism. Dysregulation of both pathways has been

tion elongation by rapamycin treat-
ment increases the folding efficiency

(unpublished results). Several possi-

promote proper protein folding, the successful folding process of
newly synthesized polypeptides primarily depends on the fidelity
of transcription and translation. Proteins mistranslated should
not be subject to chaperone rescue and are efficiently identi-
fied by degradation systems.®' This translational challenge is
illustrated by observations that even under optimal-conditions,
nearly 10% of newly synthesized proteins are mistranslated,®
and 20-30% of all nascent polypeptides are rapidly degraded
owing to folding errors.® Previous studies have concentrated on
how changes of mMTORCI signaling lead to alteration of ribosome
biogenesis and mRNA translation initiation.* Less attention has
focused on how alterations of translation speed (elongation rate)
may influence the translation fidelity. As discussed above, our
recent studies have begun to reveal the interconnection between
the mTORCI signaling pathway and the chaperone network,
which affects the co-translational folding of nascent polypep-
tides. However, it remains possible that mTORCI-controlled
elongation may directly influence the accuracy of amino acid
incorporation.

mTORCI regulates protein translation at multiple stages,
including initiation and elongation. Although the regulatory
mechanisms impinging on the initiation steps have received
considerable attention, accumulating information points to the
elongation phase as a target for control under defined circum-
stances. Most of the recent advances relate to the regulation of
eEF2 and its cognate kinase eEF2 kinase. ¢eEF2 mediates the
translocation step of elongation where the ribosome moves rela-
tive to the mRNA by one codon and the peptidyl-tRNA shifts
from the A site to the P site. ¢EF2 undergoes phosphorylation at
Thr56 within the GTP-binding domain and this modification
interferes with its ability to bind the ribosome, thus inhibiting
its function.® mMTORCI negatively regulates eEF2 kinase and
thereby activates eEF2. The multiplicity of regulatory inputs into
the enzyme that phosphorylates eEF2 suggests that it has a key
role in cellular regulation, in particular the overall control of pro-
tein synthesis.*
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bilities could contribute to the inverse
correlation between elongation speed
and folding quality of nascent polypeptides. First, the higher pro-
tein production could exceed the chaperone availability, thereby
reducing the overall co-translational folding capacity. Second,
the faster translation speed may eliminate the ribosome pausing
necessary for co-translational folding. Third, the increased elon-
gation rate potentially compromises the translational fidelity by
promoting mis-incorporation of amino acids. mRNA translation
is the most error-prone step in gene expression as approximately 3
codons in 10,000 are mistranslated.®? Therefore, it is conceivable
that the increased translation speed under hyperactive mTOR
signaling generates more error proteins. Given the fact that the
most common molecular signal of aging is an accumulation of
altered proteins derived from both erroneous biosynthesis and
post-synthetic modification, one of the future challenges will
be to elucidate how mTOR-controlled translational regulation
influences the translation fidelity as well as the folding process of
translational products.

Conclusions and Outlook

The interface between chaperone-mediated stress response and
mTOR-mediated nutrient-sensing system can be viewed as a
central homeostatic mechanism (Fig. 3). The concept of “less
is more” was originally derived from the relationship between
mTOR signaling and aging based on the observation in a wide
range of organisms that reduced TOR signaling extends lifes-
pan. It is clear that the same concept also applies to the pro-
tein homeostasis. Although accumulating evidence has begun
to divulge an important cellular surveillance mechanism
linking protein quantity and quality control, more questions
than answers arise. For example, how does the cell differen-
tiate the physiological fluctuation from severe stresses? What
is the physiological switch between cell growth signaling and
cell survival pathways? What is the common mechanism for
the ribosome acting as a central platform for multiple signaling
pathways? These mutual connections may help formulate the
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cellular decision between life and death under different condi-

tions. This framework not only offers an excellent opportunity
for exploring the biological significance of the link between
nutrient signaling and chaperone network, but also provides an
array of putative drug targets for slowing down aging and age-

associated pathologies, including cancer, diabetes and neurode-

generative disorders.
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