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All organisms sense and respond to environmental and physiological stress by inducing cell stress responses that protect core
biosynthetic processes such as DNA repair, protein folding, and clearance of damaged proteins. Of these, the heat shock
response (HSR) protects the proteome against acute exposure to elevated temperatures, oxidants, and heavy metals, for
example, and to the chronic expression of metastable, aggregation-prone proteins associated with aging and diseases of
protein conformation. Induction of the HSR leads to the rapid and robust expression of molecular chaperones and other
cell-protective pathways to protect nascent chain synthesis and folding, to prevent misfolding and aggregation, and to promote
recovery from stress-induced damage. This review examines the properties of the stress-responsive transcription factor, HSF1, in the regulation of the HSR, our current understanding of the stress-sensing mechanisms that recognize and distinguish
between acute stress such as heat shock and chronic proteostasis imbalance as occurs in neurodegenerative diseases, and the
cell nonautonomous control of the HSR by neuronal signaling in metazoans. This complex, systems-wide interdependence
ensures cellular health span and organismal life span.

The heat-shock response (HSR) is an ancient and highly conserved molecular response to disruptions of protein
homeostasis ( proteostasis) (Morimoto 2008, 2011; Åkerfelt et al. 2010). The efficient functioning of the proteome
is fundamental to all cellular processes and central to
organismal health and life span. The stability of each
protein within the proteome of every cell and tissue is
achieved through interactions with components of the
proteostasis network (PN), including molecular chaperones that influence folding, conformation, and stability,
and the ubiquitin-dependent proteasome and autophagic
activities to clear damaged proteins (Balch et al. 2008;
Powers et al. 2009). Among the key stress sensors of the
cell are the HSR and the organellar unfolded protein response (UPR) that together orchestrate the health of the
proteome (Ron and Walter 2007; Morimoto 2008; Åkerfelt et al. 2010).
Proteostasis, the cellular process that governs the “life
of proteins,” is organized by the PN, a dynamic network
that monitors the functional state of every protein (Balch
et al. 2008; Powers et al. 2009; Gidalevitz et al. 2010). The
PN responds to an imbalance of misfolded and damaged
proteins within each subcellular compartment. Stress and
mutations that affect the folding and stability of proteins
challenges the PN (Gidalevitz et al. 2006, 2010). Over
time and during aging, as protein damage accumulates,
these events contribute to proteostatic collapse as occurs
in diseases of protein conformation, including neurodegenerative diseases, cancer, and metabolic diseases (Fig.
1). The HSR, by regulating the expression of molecular
chaperones and other components of the PN, senses this
challenge to proteome stability and resets the PN to restore

the cell and to prevent further protein damage (Fig. 2)
(Ananthan et al. 1986; Morimoto 2008; Åkerfelt et al.
2010). Activation of the HSR, therefore, has broad capabilities to protect the cell, not only against subsequent
exposures to the same stress signal but also against other
stress conditions. This cross-protection to cell stress is also
known as hormesis and is supported by evidence that the
HSR is cross-protective not only against severe exposures
to the same stress condition, but also against exposures to
many other types of environmental or chemical stress.
Studies on the HSR have established a valuable survival
strategy for biological systems, that “a little stress is
good.” Moreover, because environmental stress is a prominent form of evolutionary pressure, we suggest that a
robust HSR is essential for all organisms to survive a stress
that cannot be predicted, but for which the organism must
be prepared.
Differences among tissues in the composition and properties of the PN could therefore be the basis for distinct
molecular responses and tissue-specific proteotoxicity.
Neurons as a cell type and the brain seem maladapted
for chronic proteotoxic stress, as occurs in Alzheimer
disease, Parkinson disease, Huntington disease, and
amyotrophic lateral sclerosis (ALS). This has led to speculations that the sensitivity of neurons to protein aggregation is a characteristic of postmitotic cells and is associated
with a compromised HSR. Despite the abundance and
capacity of chaperones and other components of the PN
to maintain folding equilibrium, protein conformational
diseases are widespread across multiple tissues, as exemplified by type II diabetes, multiple myeloma, and cystic
fibrosis (Morimoto et al. 2011). Chaperones represent a
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Figure 1. Cell stress conditions that induce the heat shock response. Major categories of environmental and physiological stress
inducers of the HSR include environmental stress, growth and development, pathophysiology, and protein conformational diseases.

significant fraction of the cellular machinery and are expressed in all subcellular compartments to guide folding
and prevent misfolding (Bukau et al. 2006; Ron and Walter 2007). Whereas there is substantial understanding of
the in vitro biochemical properties of chaperones, much
less information is available on chaperone interactions
with client substrates in vivo and on the fraction of chaperones that are functionally engaged with client substrates
under different normal and stress conditions. One view
is that chaperones as catalysts have excess folding capacity and, therefore, a fraction of the total cellular concentrates is available to buffer against unexpected folding
requirements. This position requires that cells would
maintain a reserve of chaperones for such emergencies.
The counterview is that cells have little excess chaperone
capacity and that the concentration of chaperones is titrated closely, if not precisely, to the immediate cellular folding requirements. Such precise titration, however, would
also imply that the folding environment in the cell is delicate with little capacity for flux in non-native species.
One distinct advantage of this latter model, however, is
that the HSR would be under precise regulatory control to

adjust the PN rapidly and precisely to specific needs. For
this to be compatible with the complex and varying cellular environment, the delicate nature of protein homeostasis would need to be paired with a highly robust stress
response that responds rapidly to any flux in protein
biogenesis.
In recognition of these intrinsic proteostatic requirements, the HSR and HSF-1 function to integrate multiple
classes of physiological and environmental stress conditions (Fig. 1) that include (1) environmental stress, such
as heat shock, oxidative stress, toxic chemicals, heavy
metals, amino acid analogs, and various small-molecule
pharmacologically active substances; (2) growth and
development, including the cell cycle, growth factors,
differentiation, and activation by viral and cellular oncogenes; (3) pathophysiology, such as neuroendocrine
stress, tissue injury and repair, fever, inflammation, infection, ischemia, and reperfusion; and (4) protein conformational diseases, including Alzheimer disease, Parkinson
disease, ALS, Huntington disease, metabolic diseases,
cancer, and aging. These categories are not absolute but
provide useful structure to our understanding of the

Figure 2. Activation of HSF-1 and expression of chaperones.
The HSF-1 cycle can be initiated by a proteotoxic stress signal
(i.e., heat shock, HS) that converts the repressed HSF-1 state,
weakly associated with molecular chaperones, to the active
HSF-1 trimeric state that binds to the heat shock elements
(HSEs) in the promoters of HS genes, resulting in their elevated
transcription. The shift in equilibrium from repressed to active
HSF-1 involves the stress-induced expression of non-native proteins that bind to chaperones, leading to derepression of HSF-1.
Induction of the HSR results in high levels of chaperones that
bind to nascent chains and other metastable proteins, thus preventing misfolding and aggregation. During attenuation and recovery from stress, the pool of non-native proteins dissipates and
homeostasis is restored.
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underlying biology of the HSR and its relevance to diseases of protein conformation.
STRESS-INDUCIBLE REGULATION
OF CHAPERONE NETWORKS
Heat shock genes are ubiquitously expressed during
growth and development and are stress responsive in
most tissues to protect against proteotoxic stress (Morimoto 1998, 2008; Åkerfelt et al. 2010; Morimoto et al.
2011). Upon exposure of cells and animals to HS, the
HSR is induced nearly instantaneously, with the expression of HS genes at higher levels proportional to the
intensity, duration, and type of stress (Abravaya et al.
1991; Gasch et al. 2000). Whereas the primary form of
regulation is transcriptional, the HSR also involves posttranscriptional control of mRNA stability (Theodorakis
and Morimoto 1987) and translational control by the
selective expression of HS mRNAs (Banerji et al. 1984).
The transcription of HS genes is regulated by a family
of conserved heat shock transcription factors (HSFs).
HSF-1 is conserved in humans, Drosophila, Caenorhabditis elegans, and yeast, whereas HSF-2, -3, and -4 are
expressed in vertebrates and exhibit diverse functional
properties during development, stress, and life span (Sistonen et al. 1992; Wu 1995; McMillan et al. 1998; Morimoto 1998, 2008; Bu et al. 2002; Kallio et al. 2002;
Fujimoto et al. 2004; Åkerfelt et al. 2010). Activation
of HSF-1 is induced by acute and chronic stress signals,
perturbations of physiology, and signals that affect life
span and cause disease (Fig. 1) and are regulated by a
multistep process initiated by the conversion of the inert
monomeric HSF-1 to nuclear-localized HSF-1 homotrimers, followed by binding to heat shock elements
(HSEs) upstream of HS genes, leading to elevated transcription of HS genes (Fig. 2). The events associated with
attenuation of the HSR involve transcriptional silencing
of DNA-bound HSF-1, release of HSF-1 trimers from the
HSE, dephosphorylation of HSF-1, and conversion of
trimers back to the inert monomer (Williams and Morimoto 1990; Wu 1995; Morimoto 1998; Åkerfelt et al.
2010). Maintenance of HSF-1 in the control state involves
weak and transient interactions with the chaperones
Hsp90, Hsp70, and Hsp40 (Abravaya et al. 1992; Shi
et al. 1998; Zou et al. 1998). This chaperone– HSF-1
equilibrium is presumably disrupted by the rapid appearance of non-native species that abruptly redirects chaperones to sequester these non-native species, thus releasing
HSF-1 to self-associate and form trimers.
All HSFs have the same organization and domains
structure. Acquisition of HSF-1 binding to HSEs depends
on the amino-terminal DNA binding domain (DBD) that
contains a helix-turn-helix motif and intermolecular interactions of the hydrophobic heptad repeats (HR-A/B)
that form a leucine zipper coiled-coil. The reversible conversion of HSF-1 from monomer to trimer involves the
transition from the inert state in which the intramolecular
coiled-coil formed by the amino-terminal HR-A/B interacts with the carboxy-terminal heptad (HR-C) to the
functional state comprising solely intermolecular HR-
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A/B interactions (Sorger and Nelson 1989). Located at
the extreme carboxyl terminus of HSF-1 is the bipartite
transcription activation domain (AD1 and AD2), which
under control conditions is suppressed by the negative
regulatory domain (RD) located between HR-A/B and
HR-C. HSF-1 activation is extensively posttranslated modified at serine and threonine residues (Sorger and Pelham
1988; Knauf et al. 1996; Kline and Morimoto 1997;
Holmberg et al. 2001; Guettouche et al. 2005), by sumoylation (Hietakangas et al. 2003; Anckar et al. 2006) and by
acetylation (Westerheide et al. 2009). Constitutive phosphorylation of HSF-1, for example, at residues S303,
S307, and S308, has effects on the negative regulation
HSF1, whereas stress-inducible phosphorylation at S230,
S326, and S419 is associated with transcriptional activity (Holmberg et al. 2001; Åkerfelt et al. 2010). The
regulation of HSF-1 by posttranslational modifications
gives a way to provide precise and tight control of the
HSR rather than for HSF-1 to be regulated by a simple
on– off switch.
Attenuation of the HSR regulates the transcriptional
activity of DNA-bound HSF-1 and its release from the
promoters of HS genes. This represents a key step that
determines both the duration and level of the HSR. HSF-1
transcriptional activity is negatively regulated by feedback from the elevated levels of the chaperones Hsp90
and Hsp70 through direct interactions with the carboxyterminal activation domain of HSF-1 (Abravaya et al.
1992; Shi et al. 1998). This ensures that the level of chaperone expression achieved is proportional to the stress
signal and the levels of non-native substrates. Likewise,
the sumoylation of HSF-1 on lysine 298 depends on phosphorylation on serines 303 and 307 and has an inhibitory
effect on the HSR. The release of HSF-1 trimers from
DNA corresponds to a key step in the attenuation of the
HSR and is associated with stress-inducible acetylation at
residue K80 in the HSF-1 DBD to prevent binding to
DNA. The inhibitory effect of HSF-1 acetylation is countered by deacetylation by the nicotinamide adenine dinucleotide (NAD)-dependent sirtuin, SIRT1, thus providing
a way to control the duration of HSF-1 binding to promoters of HS genes. Intracellular NAD levels are determined by energy homeostasis, and thus the nutritional
state of the cell has a direct effect on the regulation
of the HSR (Westerheide et al. 2009). Thus, the HSR
involves a multistep pathway with both positive and
negative regulators in which the chaperones and the posttranslational modifications exert synergistic and opposing regulatory roles to maintain HSF-1 in multiple
alternate states of repression and activation and thus control transcriptional activity and attenuation of DNA binding. The combination of these interactions provides HSF1 with the opportunity to exist in multiple states, primed
for activation, with a range of control and feedback loops
to precisely regulate chaperone levels in the cell.
The underlying mechanisms for transcription at HS
gene chromosomal loci have been definitively studied
in Drosophila at Hsp70 gene loci at chomosomal loci
87A and 87C, where HSF-1 binding to DNA results
in the release of the preinitiated and paused RNA

Downloaded from symposium.cshlp.org on February 28, 2012 - Published by Cold Spring Harbor Laboratory Press

4

MORIMOTO

polymerase II, which together with the recruitment of
P-TEFb, a cyclin-dependent kinase, and other elongation
factors results in formation of a stress-regulated RNA Pol
II complex that results in the high-level stress-induced
transcription of HS messenger RNAs (mRNAs) (Lis
et al. 2000; Boehm et al. 2003; Saunders et al. 2003; Ni
et al. 2004). Primate cells also exhibit another layer of
HSF-1 regulation that involves the spatial relocalization
of HSF-1 trimers to heterochromatic satellite III repeats
located at chromosome 9 q11– q12 to form nuclear stress
bodies (Cotto et al. 1997; Jolly et al. 1997, 2002). Located
within these satellite III repetitive sequences are thousands of copies of degenerate HSEs to which HSF-1 binds
upon heat shock together with RNA polymerase II, acetylated histones, and RNA processing factors, to actively
transcribe these sequences (Åkerfelt et al. 2010). The
function of these repetitive satellite transcripts and their
association with the HSR, however, remain unknown. Recent genome-wide mRNA array studies using yeast and
mammalian cells have shown that approximately 3% of
the total genomic loci in yeast are occupied by HSF-1
upon heat shock and that many genes besides chaperones
are induced by HS, including genes involved in protein
degradation, transport, signal transduction, cytoskeletal
maintenance, and metabolism (Gasch et al. 2000; Hahn
et al. 2004; Trinklein et al. 2004).
The HSR has often been described as a universal stress
response, yet there are specific situations in which the
HSR is either not induced or selectively induced. Some
examples include early development and exposure of intact organisms to whole body stress (Bienz 1984). Of
particular interest are studies on the HSR in the brain
and during aging (Sprang and Brown 1987; Blake et al.
1991; Shamovsky and Gershon 2004) that have observed
restricted expression of HS in different regions of the
brain. Likewise, for neuronal cells in culture, the selective
induction of HS genes has been observed; for example, in
human neuroblastoma Y79 cells, HSF-1 is activated yet
transcription of the Hsp90 but not Hsp70 gene is observed
(Mathur et al. 1994). In primary hippocampal neurons
from neonatal rat embryos, only HSF-2 but not HSF-1
is expressed; consequently, hippocampal neurons are deficient for the HSR, whereas cocultured astrocytes exhibit
a robust HSR (Marcuccilli et al. 1996). Similar observations in primary rodent motor neurons suggest incomplete
activation of HSF-1 and a deficient HSR (Batulan et al.
2003).
An additional level of complexity that was revealed
from organismal studies on the HSR in C. elegans has
shown that the AFD thermosensory neurons regulate the
induction of the HSR throughout the animal (Prahlad et al.
2008). Mutations affecting only these neurons inhibited
HS-dependent induction of heat shock proteins (HSPs),
not only in tissues directly innervated by the AFD neurons
but also in other tissues that are not directly innervated by
these neurons, such as the intestine and spermatheca.
These results suggest that the regulation of cell nonautonomous regulation of HSR by sensory neurons in
C. elegans is mediated by signaling through neuroendocrine pathways. AFD-deficient animals lacking the HSR,

however, can still respond to chronic protein damage by
HSF-1 – dependent expression of chaperones and suppression of protein aggregation (Prahlad and Morimoto 2011).
These results suggest that neuronal signaling in C. elegans
allows a coordinated response to acute heat shock to
ensure a balanced HSR. Down-regulation of the AFD
neuronal signal, however, is necessary when aggregation-prone proteins are expressed in a specific tissue to
mount an HSF-1 – dependent HSR and suppression of
aggregation.
PROTEOTOXIC STRESS IN AGING
AND DISEASE
Protein aggregation and the collateral damage associated with the stress of misfolded proteins is a fundamental
problem in the biology of aging and human disease. This
posits a question as to why the HSR and other stress
responses, that are so essential and effective to protect
cells against acute stress, are less effective in protecting
tissues in diseases of protein conformation. Presumably,
this is not just a matter of chronic expression of damaged
proteins, because the biological noise emanating from
intrinsic error in protein biosynthesis, genetic mutations,
and polymorphisms is not insignificant (Fig. 3) (Foss
et al. 2007; Drummond and Wilke 2008). The accumulation of aggregates during aging and the age-associated
disruption in proteostasis lead to an amplification of protein damage that contributes to cellular toxicity (Fig. 3)
(Stadtman 1992; Bence et al. 2001; Morley et al. 2002;
Hsu et al. 2003; Walker and Lithgow 2003; Holmberg
et al. 2004; Venkatraman et al. 2004; Cohen et al. 2006).
The relationship between life span and protein damage
is provocative and supported by evidence that life span
regulation by the insulin-like signaling (ILS) pathway and
insulin growth factor 1 receptor (IGF1R) depends on HSF1 (Hsu et al. 2003; Morley and Morimoto 2004). A genetic

Figure 3. Proteostasis and proteome stability. Proteostasis represents the balance between a functional and dysfunctional cellular state and depends on productive protein folding. Folding
intermediates can be on-pathway or off-pathway and form oligomers and aggregates. Suppression of off-pathway intermediates
by chaperones and clearance machines is also challenged by
protein damage, including mutations, biosynthetic errors, and
energetic deficits.
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knockdown of HSF-1 increases aggregation and leads to
premature aging, in addition to suppressing life span –
enhancing pathways. HSF-1 activity, in response to heat
shock, declines precipitously in early adulthood of
C. elegans and is associated with the loss of function of
proteins with metastable temperature-sensitive (TS) phenotypes (Ben-Zvi et al. 2009). Consistent with these
observations, life span –enhancing mutations in the ILS
pathway suppress aggregation and cellular dysfunction in
C. elegans models of Ab, polyQ, and ataxin-3 (Morley
et al. 2002; Cohen et al. 2006; Teixeira-Castro et al. 2011).
Another line of support to link HSF-1 activity with cellular pathways implicated in metabolism and life span is
the role of the NAD-dependent sirtruin, SiRT1, in the regulationoftheHSR(Westerheideetal.2009).SiRT1 deacetylation in the DNA binding domain of HSF-1 maintains the
DNA binding – competent state and thus keeps HSF-1
bound to the HSE. Regulatory override can be achieved
by enhancing HSF-1 by altering the levels of NAD, therefore prolonging the “youthfulness” of the proteostatic machineries to ensure that the regulation of proteostasis
remains robust.
The relationship between proteostasis decline and aging
is a striking feature of protein conformational diseases
(Fig. 1). For neurodegenerative diseases, the age at which
neurological symptoms appear varies, with Alzheimer
disease and Parkinson disease being late onset, Huntington disease showing symptoms during mid to late life, and
ALS occurring in early to mid-life. For each of these, as
with other conformational diseases, a striking characteristic is that the associated mutant protein shares no similarity in primary sequence, activity, or function but does
share common biophysical features of conformational instability and aggregation (Chiti and Dobson 2006). The
transition from soluble to aggregated states is exemplified
by the triplet-repeat (CAG) diseases of proteins with expanded polyQ proteins that result in Huntington disease,
spinocerebellar ataxias, and Kennedy disease (Perutz
1999; Zoghbi and Orr 2000; Ross 2002). In C. elegans
and Drosophila models, the expression of polyQ repeats
of different lengths in neurons, intestine, and muscle cells
has revealed a clear relationship among polyQ length,
aggregation, and toxicity (Takeyama et al. 1997; Warrick
et al. 1998; Faber et al. 1999; Marsh et al. 2000; Satyal
et al. 2000; Parker et al. 2001; Morley et al. 2002; TeixeiraCastro et al. 2011). In young adult animals expressing
polyQ in body wall muscle cells and neurons, ,Q35 is
diffuse and soluble, whereas .Q40 forms insoluble aggregates (Satyal et al. 2000; Morley et al. 2002; Brignull
et al. 2006). The appearance of polyQ aggregates in neurons and muscle cells is associated with toxicity that can
be suppressed by down-regulation of the ILS pathway,
activation of HSF-1, and elevated expression of chaperones and other components of the proteostasis machineries (Morley et al. 2002; Brignull et al. 2006; TeixeiraCastro et al. 2011).
The aggregation and toxicity phenotypes of polyQ in
C. elegans have been invaluable in probing the genetics of
proteostasis. Genome-wide RNAi screens of C. elegans
expressing Q35-YFP have identified approximately 340
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genetic modifiers that either enhance or inhibit the PN and
thus increase or decrease polyQ aggregation (Nollen et al.
2004; Silva et al. 2011). These modifiers cluster into
five major pathways encoding genes involved in RNA
metabolism, protein synthesis, protein folding, protein
trafficking, and protein degradation. Down-regulation of
the RNA-processing machinery, by RNAi, accelerates
polyQ aggregation, perhaps owing to an increased burden
or imbalance of abnormal proteins. Likewise, enhancing
cholinergic signaling at the neuromuscular junction induces the Ca2þ-dependent activation of HSF-1 and expression of cytoplasmic chaperones (MC Silva, MD
Amaral, and RI Morimoto, unpubl.). This results in a reprogramming of body wall muscle cells by neuronal signaling to obtain an enhanced state of proteostasis that can
suppress polyQ aggregation and maintain TS proteins in a
soluble and functional state. What appears to be important
is to achieve a precise balance of neuronal signaling; the
complete loss of the inhibitory GABAergic signal at the
neuromuscular junction results in hyperstimulation of
muscle cells and enhanced aggregation (Garcia et al.
2007). Together, these results reveal that protein homeostasis strongly depends on cell nonautonomous regulation
by the nervous system.
We propose that the susceptibility of the cellular proteostasis environment to conformational disease is a direct consequence of multiple events initiated by agedependent changes in the PN and amplified by cumulative protein damage (Fig. 4). In addition to the decline
of the HSR and UPR in early adulthood in C. elegans,
the expression of disease-associated aggregation-prone
proteins has global consequences on the overall stability
of the proteome, for example, metastable proteins harboring missense mutations that result in TS phenotypes becoming targets for aggregation when coexpressed with
expanded polyQ proteins or mutant SOD1 in neurons
and muscle cells (Gidalevitz et al. 2006, 2009, 2010).
This reveals that the proteome expressed in these tissues
does not have additional capacity for non-native states
and that the PN is delicately balanced with little additional capacity (Fig. 4). The age-associated decline in the PN
is probably due to a compromise in the robustness of cell
stress responses and a reduced capacity of chaperones and
clearance machines (Stadtman 1992; Shamovsky and
Gershon 2004; Ben-Zvi et al. 2009).
PROTEOSTASIS THERAPEUTICS AND THE
REGULATION OF HSF-1 BY SMALL
MOLECULES
Regulation of the HSR by small molecules not only
provides chemical genetic tools for the analysis of the
HSR but also establishes a therapeutic strategy to enhance
the cellular proteostasis environment to prevent misfolding of diverse disease-associated proteins (Westerheide
and Morimoto 2005; Calamini et al. 2011). This strategy
targeted at the PN and the cellular environment is an
alternative to correcting folding instability by small-molecule pharmacological chaperones. Compounds with
diverse activities that enhance the PN include protease
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Figure 4. The proteostasis challenge in stress, aging, and disease. When challenged by aggregation-prone proteins associated with
protein conformational diseases, the proteostasis network (PN) becomes imbalanced as chaperones and clearance machineries are
overwhelmed by non-native proteins, leading to misfolding and the appearance of oligomeric toxic species. The effects of aging
amplify protein damage, leading to an irreversible decline in the PN. The global collapse in the PN can also explain cell-specific
dysfunction as polymorphisms become metastable and result in both loss-of-function and gain-of-function aggregation.

inhibitors (DCIC, TPCK, and TLCK) and proteasome
inhibitors (MG132 and lactacystin) that induce the HSR
by increasing the pool of non-native proteins targeted to
the proteasome (Mathew et al. 1998; Rossi et al. 1998),
and the Hsp90 inhibitors (radicicol, geldanamycin, and
17AAG), which activate the HSR by derepression of
the HSR 1 (Zou et al. 1998; Bagatell et al. 2000; Whitesell et al. 2003; Whitesell and Lindquist 2005). Other
pharmacologically active small molecules that induce
the HSR include the nonsteroidal anti-inflammatory
drug (NSAID), sodium salicylate, which activates HSF1 DNA binding and synergizes with other stress conditions to induce a complete HSR (Jurivich et al. 1992).
Other molecules associated with inflammation, including
the widely used NSAID indomethacin and inflammatory
modulators such as arachidonic acid and the cyclopentenone prostaglandins (PGA1, PGA2, and PGJ2), all

induce HSF-1 DNA binding and the HSR (Amici et al.
1992; Jurivich et al. 1994; Lee et al. 1995). Among the
more widely used small molecules for induction of the
HSR is the triterpenoid celastrol isolated from the Chinese
plant Triptergium wilfordii, which induces multiple stress
responses including the HSR, UPR, and the anti-oxidant
response (Westerheide et al. 2004; Trott et al. 2008).
A recent large-scale (approximately 1 million) smallmolecule screen performed in human tissue culture cells
for HSF-1-dependent proteostasis regulators (PRs) identified approximately 300 chemical inducers of the HSR
(Calamini et al. 2011). These PRs were classified by their
stress response signatures as HSR- and HSF-1-selective,
by induction of both HSF-1 and the lumen UPR, and by
activation of the HSF-1, UPR, and the antioxidant response (Fig. 5). These properties, activating multiple
stress response pathways, were used to complement the

Figure 5. Small-molecule proteostasis regulators restore protein folding in the cell. Proteostasis can be restored in the cell by small
molecules that activate cell stress pathways either alone or in various combinations to suppress protein aggregation.
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cell’s biological response to specific aggregation-prone
proteins and correct the proteostatic deficiency. For example, small-molecule inducers of the HSR that restored
the cytoplasmic PN were effective in the suppression of
polyQ-mediated proteotoxicity but were insufficient to
correct the folding of mutant cystic fibrosis transmembrane regulator (CFTR). Folding of mutant CFTR, however, was enhanced when the UPR was co-induced with
the HSR and when the antioxidant response was co-induced with the HSR and UPR. Oxidative stress is associated with the pathogenesis of many diseases including
Alzheimer disease, Parkinson disease, ALS, and cystic
fibrosis, and thus, activation of the antioxidant response
pathway in conjunction with the HSR may have broad
beneficial implications. In support of this, PRs that induced multiple stress-protective pathways were highly
effective in multiple disease models affecting distinct
cellular compartments. This reveals that the redundant
and overlapping profiles of PRs, with HSF-1 at the stress
network hub, functions in concert with other stress signaling pathways to coordinate the PN. By this approach,
the growing knowledge of the PN and stress biology can
be used to promote the health of the cell by tuning the
efficacy of small-molecule PRs by their stress response
signatures to manage the imbalance caused by diverse
misfolding-prone proteins. The strategy of PN adjustment
by small-molecule PRs provides a previously undeveloped approach to restoring cellular proteostatic capabilities and thus achieving proteome balance in both lossand gain-of-function diseases.
CONCLUSIONS
The challenge to the cell and organism in the face of
acute and chronic proteotoxic stress associated with aging, stress, and disease is a system-wide decline in proteostasis and cellular function. The consequence of
proteome mismanagement is substantial as evident by
the large and growing number of diseases of protein conformation. Protein aggregation, however, is not an isolated event and, once imbalanced, causes an acceleration in
the levels of damaged proteins, leading to a rapid decline
in biosynthetic and repair activities and multiple cell
stress responses, which over time have deleterious consequences on the health and aging of the organism.
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