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Abstract

The heat shock response (HSR) is character-
ized by the induction of molecular chaperones 
following a sudden increase in temperature. In 
eukaryotes, the HSR comprises the set of 
genes controlled by the transcription factor 
Hsf1. The HSR is induced by defects in co- 
translational protein folding, ribosome bio-
genesis, organellar targeting of nascent 
proteins, and protein degradation by the ubiq-
uitin proteasome system. Upon heat shock, 
these processes may be endogenous sources of 
polypeptide ligands that activate the 
HSR.  Mechanistically, these ligands are 
thought to titrate the chaperone Hsp70 away 
from Hsf1, releasing Hsf1 to induce the full 
arsenal of cellular chaperones to restore pro-
tein homeostasis. In metazoans, this cell- 
autonomous feedback loop is modulated by 
the microenvironment and neuronal cues to 
enable tissue-level and organism-wide 
coordination.
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3.1  Introduction: The HSR 
in Health and Disease

The heat shock response (HSR) is conserved in 
all kingdoms of life and is characterized by the 
induction of molecular chaperones following a 
sudden increase in temperature. Initially observed 
as heat-induced chromosomal puffs in 
Drosophila, the HSR has long served as a model 
system for studying the molecular mechanisms 
of inducible transcription (Anckar and Sistonen 
2011). In recent years, as protein homeostasis 
(proteostasis) has become increasingly impli-
cated in cancer, neurodegenerative disease and 
aging, studies of the HSR have focused on its role 
as the regulatory nexus for the proteostasis net-
work (Labbadia and Morimoto 2014).

In eukaryotes, the HSR is regulated by a con-
served family of heat shock transcription factors 
(HSFs). HSFs are winged helix-loop-helix DNA 
binding proteins that trimerize and recognize a 
conserved motif found in the promoters of chaper-
one genes (Hentze et  al. 2016; Littlefield and 
Nelson 1999; Neudegger et al. 2016; Sorger and 
Nelson 1989). Yeast and invertebrates have a sin-
gle HSF  – Hsf1  – while mammalian genomes 
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encode Hsf1 along with Hsf2 and additional 
tissue- specific paralogs implicated in development 
(Anckar and Sistonen 2011). In the absence of 
Hsf1, mouse embryonic fibroblasts (MEFs) fail to 
induce chaperone genes following heat shock, 
indicating that Hsf1 is primarily responsible for 
regulating the canonical HSR in mammalian cells 
(Mahat et  al. 2016; McMillan et  al. 1998; Solís 
et al. 2016). However, Hsf2 can hetero- oligomerize 
with Hsf1, and MEFs lacking Hsf2 show increased 
basal expression and altered induction of HSR 
targets, suggesting that Hsf2 may modulate Hsf1 
(Jaeger et al. 2016; Östling et al. 2007; Solís et al. 
2016). Consistent with an antagonistic interaction, 
Hsf1 has been shown to promote survival and 
malignancy in cancer models, while Hsf2 
suppresses tumor progression (Björk et al. 2016).

Cancer cells rely on the HSR to support rapid 
growth and to counteract the deleterious conse-
quences of high mutational loads (Dai 2018; Dai 
and Sampson 2016). In many human tumor sam-
ples and cancer cell lines, Hsf1 is constitutively 
activated and required for proliferation (Dai et al. 
2007; Santagata et  al. 2011). High levels of 
Hsf1 in tumor samples – both in the tumor cells 
as well as in the supporting stromal cells – is cor-
related with poor prognosis in several cohorts of 
cancer patients (Santagata et  al. 2011; Scherz- 
Shouval et al. 2014). Moreover, Hsf1 knock out 
mice are resistant to tumor growth (Dai and 
Sampson 2016; Dai et al. 2007; 2012; Min et al. 
2007). Based on these observations, inhibiting 
Hsf1 has been proposed as an anticancer strategy 
(Whitesell and Lindquist 2009).

Conversely, activating Hsf1 has been proposed 
as a therapeutic strategy to combat neurodegenera-
tive diseases (Neef et  al. 2011). Alzheimer’s dis-
ease, amyotrophic lateral sclerosis (ALS), 
Parkinson’s disease, frontotemporal dementia, and 
Huntington’s disease all share protein aggregation 
as a hallmark (Soto 2003). Chaperone levels are 
known to decline in the brain with age, and Hsf1 
undergoes abnormal degradation in cell line and 
mouse models of Huntington’s disease (Brehme 
et al. 2014; Gomez-Pastor et al. 2017; Yang et al. 
2014). Moreover, activation of Hsf1 by a natural 
product ameliorates phenotypes associated with 
polyglutamine expansion diseases in Drosophila 

(Nelson et al. 2014). Thus, enhancing Hsf1 activity 
could induce the HSR to prevent or reverse protein 
aggregation and slow neurodegeneration.

The central and opposing roles for Hsf1  in 
cancer and neurodegenerative diseases suggest 
that therapeutic intervention into the HSR may 
involve an inherent trade-off, so quantitative and 
dynamic control would be highly valuable. 
Understanding the mechanisms that regulate 
Hsf1  in healthy cells may reveal the processes 
that break down and are hijacked in disease.

3.2  Defining the Transcriptional 
Response to Heat Shock

Counterintuitively, the HSR comprises only a 
fraction of genes that change expression upon 
heat shock. In yeast, hundreds of genes are 
induced following an increase in temperature, 
and hundreds more are repressed (Gasch et  al. 
2000; Solís et al. 2016). However, Hsf1 controls 
expression of a dedicated proteostasis regulon 
containing fewer than 50 of the induced genes 
and has no role in transcriptional repression 
(Pincus et al. 2018; Solís et al. 2016). In addition 
to robust transcriptional activation, Hsf1 drives 
intergenic interactions among its target gene loci 
during heat shock and remodels the three- 
dimensional architecture of the yeast genome 
(Chowdhary et al. 2017; 2019). The remainder of 
the differentially expressed genes comprise the 
environmental stress response (ESR), a generic 
program activated by a variety of environmental 
perturbations. The induced ESR is controlled by 
the general stress response transcription factors 
Msn2/4, while the repressed ESR is enriched for 
highly expressed genes encoding factors involved 
in central metabolism and ribosome biogenesis 
(Gasch and Werner-Washburne 2002). Heat 
shock-dependent repression of highly expressed 
genes occurs in Drosophila and mammalian cells 
too and is also Hsf1-independent (Duarte et  al. 
2016; Mahat et  al. 2016). Thus, an additional 
conserved aspect of the transcriptional response 
to elevated temperature is repression of highly 
expressed genes (Anckar and Sistonen 2011). As 
in yeast, Hsf1 only controls a fraction of the 
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genes induced by heat shock in mammalian cells 
(Mahat et al. 2016; Solís et al. 2016). Nevertheless, 
the HSR has come to be defined as the set of 
genes induced by Hsf1. Using this definition, the 
HSR is highly conserved across eukaryotes and 
limited to genes encoding chaperones and other 
proteostasis factors.

However, the HSR is not so clearly defined in 
the context of multicellular development, metab-
olism and cancer. Hsf1 is known to drive tran-
scriptional programs distinct from the canonical 
HSR during development and inflammation, in 
animal models of obesity, and in highly malig-
nant cancer cells (Ali et al. 2018; Li et al. 2016; 
Ma et al. 2015; Mendillo et al. 2012). In addition 
to proteostasis factors, Hsf1 controls cell cycle 
and metabolic genes that promote oncogenesis in 
multiple tumor types (Mendillo et al. 2012). Hsf1 
is also active in cancer associated fibroblasts in 
the stroma surrounding tumors and drives another 
distinct transcriptional program in these cells that 
promotes tumor growth via paracrine signaling 
(Scherz-Shouval et  al. 2014). It is not yet clear 
how Hsf1 is directed to alternative sites in the 
genome to regulate these noncanonical transcrip-
tional programs.

3.3  What Activates the HSR?

Despite its name, the HSR is not exclusively sen-
sitive to temperature. Oxidative stress, glucose 
depletion and overexpression of a constitutively 
misfolded protein also activate Hsf1 and induce 
chaperones, as do several classes of small mole-
cules including Hsp90 inhibitors, proteasome 
inhibitors, amino acid analogs, and ribosome bio-
genesis inhibitors (Alford and Brandman 2018; 
Geiler-Samerotte et  al. 2011; Hahn and Thiele 
2004; Kim et al. 1999a, b; Trotter et al. 2002; Tye 
et al. 2019; Yamamoto et al. 2007). At the molec-
ular level, these inputs converge on Hsf1.

It is often presumed that heat shock – and by 
extension the set of other environmental and 
chemical perturbations that activate Hsf1  – 
causes a fraction of the mature proteome to dena-
ture and aggregate, and these aggregates serve as 
the molecular signals that induce the HSR 

(Lindquist 1986). At the biochemical level, dif-
ferential centrifugation experiments have shown 
that proteins sediment in high molecular weight 
fractions during heat shock in a manner that is 
partially reversible by molecular chaperones, 
suggesting heat shock-dependent protein aggre-
gation (Mogk et al. 1999). But it is now appreci-
ated that enzymes in these aggregates can retain 
activity, suggesting that these assemblies do not 
contain denatured or misfolded proteins (Riback 
et al. 2015; Wallace et al. 2015). At the cell bio-
logical level, observations in yeast and mamma-
lian cells revealed that in response to heat shock, 
chaperones form subcellular foci that colocalize 
with aggregation-prone reporter proteins, and 
chaperones form similar puncta during heat 
shock in the absence of reporters (Cherkasov 
et al. 2013; Kaganovich et al. 2008; Solís et al. 
2016). These results were interpreted to suggest 
that endogenous metastable proteins denature 
and are also in these puncta. However, no such 
endogenous proteins have been identified.

Genome-wide deletion and RNAi screens 
were conducted in yeast and human cells to iden-
tify genes involved in regulating a reporter gene 
under the control of Hsf1. The yeast screen iden-
tified genes that when deleted altered reporter 
levels at 25 and 37 °C, while the human screen 
revealed factors that modulated induction of the 
reporter following heat shock and recovery, 
mostly identifying genes required for activation 
(Brandman et  al. 2012; Raychaudhuri et  al. 
2014). Both screens implicated the proteasome in 
negatively regulating Hsf1 activity, while the top 
hits in the yeast screen also included chaperones, 
organelle targeting machinery, and the ribosome 
quality control complex (RQC) as negative regu-
lators of Hsf1. Chemical genetic experiments 
revealed that acute depletion of ribosome biogen-
esis factors also results in potent Hsf1 activation 
due to the accumulation of orphan ribosomal pro-
teins (Albert et  al. 2019; Tye et  al. 2019). 
Synthetic mutant proteins that clog ER and mito-
chondrial import pathways likewise activate Hsf1 
(Boos et al. 2019; Shmidt et al. 2019). A unifying 
theme among these mutants is that proteins are 
likely to accumulate in the cell that are not pres-
ent in wild type cells: ubiquitin proteasome sys-
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tem (UPS) intermediates, unbound chaperone 
clients, mistargeted organellar proteins, partially- 
translated 60S ribosome-bound nascent chains, 
and unincorporated ribosomal proteins (Fig. 3.1).

Do these genetic results support the protein 
aggregate model? Rather than implicating dena-
turation of the mature proteome, the genetics 
suggest that Hsf1 is sensitive to dynamic aspects 
proteostasis: nascent chain folding, protein com-
plex formation, ribosome biogenesis, post- 
translational organelle targeting, and degradation. 
Consistent with this notion, pretreatment with 
cycloheximide to stop translation prior to heat 
shock abolishes HSR induction (Baler et  al. 
1992). Moreover, a small molecule screen in 
human cells for modulators of a reporter gene of 
Hsf1 activity revealed that broad classes of trans-
lation inhibitors prevent HSR activation 
(Santagata et al. 2013). Taken together, these bio-
chemical, cell biological, genetic, and pharmaco-
logical experiments suggest that the HSR does 
indeed monitor proteostasis. However, it is 

unlikely to be the case that mature proteins dena-
ture en masse upon heat shock, and the resulting 
aggregates activate Hsf1. Rather, Hsf1 appears to 
respond to stalled ribosomes recognized by RQC, 
orphan ribosomal proteins that result from 
aborted ribosome biogenesis, clogged ER and 
mitochondrial import machinery, and an 
overtaxed UPS.  Thus, the HSR seems tuned to 
surveil the early and late events in the life of 
proteins rather than the mature proteome.

3.4  Hsp70 and Hsf1 Constitute 
a Negative Feedback Loop 
That Controls the HSR

How are inefficiencies in protein complex forma-
tion, ribosome biogenesis, organelle targeting, and 
degradation communicated to Hsf1 to induce the 
HSR? Based on observations in Drosophila, the 
HSR is canonically thought to be an autoregula-
tory feedback loop for heat shock protein (HSP) 
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Fig. 3.1 Sources of ligands for the HSR. The canonical 
HSR is induced by defects in a variety of cell biological 
processes. These include nascent protein folding and 
complex formation, ribosome biogenesis (leading to accu-
mulation of orphan ribosomal proteins, oRPs), ribosome 
quality control (RQC), ER and mitochondrial targeting, 

tail anchored protein (TAP) insertion, degradation by the 
ubiquitin/proteasome system (UPS). A common theme 
among these processes is that their disruption results in 
the accumulation of proteins in the cytosol that are not 
supposed to be there
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expression (Didomenico et  al. 1982; Solomon 
et al. 1991). In this model, often referred to as the 
chaperone titration model, excess HSPs bind to 
and repress a transcription factor. When conditions 
change and the cell needs more chaperones – i.e., 
when HSPs become limiting and are titrated 
away  – the transcription factor is free to induce 
more HSPs until they are in excess again.

The mechanistic precedent for the chaperone 
titration model was established in E. coli. In this 
prokaryotic system, the homolog of the Hsp70 
chaperone (DnaK) represses the heat shock tran-
scription factor σ32 by binding and accelerating 
its degradation; when the levels of DnaK become 
limiting, σ32 accumulates and induces transcrip-
tion of DnaK along with the rest of the HSR 
(Bukau and Walker 1990; Straus et al. 1990). In 
yeast, molecular genetic experiments also sug-
gested that Hsp70 autoregulated its own expres-
sion: mutation of the two highly expressed Hsp70 
paralogs (ssa1 ssa2) results in induction of a third 
Hsp70 paralog (SSA3), and this induction requires 
the heat shock element (HSE)  – the conserved 
binding site for Hsf1  – in the SSA3 promoter 
(Boorstein and Craig 1990). In human cells, the 
genes encoding Hsp70 also contain HSEs in their 
promoters, and the Hsp70 protein directly binds 
to Hsf1 and impairs its ability associate with 
HSE-containing DNA (Shi et  al. 1998). Taken 
together, these data support a model in which the 
HSR is an autoregulatory loop controlled by 
Hsp70 in both prokaryotic and eukaryotic cells.

Affinity purification experiments coupled to 
mass spectrometry using Hsf1 as bait revealed a 
specific and dynamic interaction between Hsp70 
and Hsf1 in yeast cells (Zheng et al. 2016). Hsf1 
has also been shown to directly crosslink to the 
Hsp70 substrate binding domain under nonstress 
conditions and dissociate during heat shock and 
other genetic and chemical perturbations to 
proteostasis (Masser et  al. 2019).  Under basal 
conditions, Hsf1 co-precipitates with Hsp70; the 
interaction is lost following acute heat shock; over 
sustained heat shock, the interaction is restored. 
The dynamics of the Hsp70:Hsf1 interaction are 
the mirror image of Hsf1-dependent transcription, 
which is transiently increased during heat shock 
(Zheng et  al. 2016). Mutational analysis and 

biochemical binding assays revealed a specific 
Hsp70 binding site on Hsf1 known as conserved 
element 2 (CE2) (Krakowiak et al. 2018). CE2 is 
required for Hsf1 repression under basal condi-
tions and deactivation of Hsf1 following heat 
shock. In addition, a second Hsp70 binding site 
has been identified in the N-terminal region of 
Hsf1 (Peffer et al. 2019). Transcriptional induction 
of Hsp70 is also required for appropriate regula-
tion of the HSR, as HSE disruption in the promot-
ers of the Hsp70 genes impairs Hsf1 deactivation 
following heat shock (Krakowiak et  al. 2018). 
Thus, Hsp70 and Hsf1 form a negative feedback 
loop in which Hsf1 induces Hsp70 expression, and 
Hsp70 represses Hsf1 activity (Fig. 3.2).

3.5  Hsp90 Negatively Regulates 
Hsf1 Orthogonally to Hsp70

Pharmacological and genetic experiments also 
demonstrated that impaired Hsp90 function acti-
vates Hsf1 (Brandman et  al. 2012; Kim et  al. 
1999b). Hsp90 was shown to bind to Hsf1  in 
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Fig. 3.2 Hsp70 and Hsf1 form a negative feedback 
loop that controls the HSR. Hsp70 binds and represses 
Hsf1 under basal conditions. Heat shock and other proteo-
toxic stress conditions generate unstable polypeptides 
(UPs) – the ligands of the HSR depicted in Fig. 3.1. UPs 
titrate Hsp70 away from Hsf1, leaving Hsf1 free to induce 
transcription of Hsp70 and the rest of the HSR target 
genes. Once the UPs have been cleared, Hsp70 is again in 
excess and can bind and deactivate Hsf1
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mammalian cell lysate and has also been pro-
posed to regulate Hsf1 via a titration model (Zou 
et  al. 1998). In yeast, deletion of the highly 
expressed Hsp90 paralog induces Hsf1 activa-
tion, but no protein-protein interaction has been 
reported between Hsp90 and Hsf1. Recently, use 
of a novel reporter of Hsp90 availability revealed 
that Hsp90 represses Hsf1  in a manner that is 
independent of Hsp70 (Alford and Brandman 
2018). The mechanism by which this orthogonal 
Hsp90 axis regulates Hsf1 remains unknown.

3.6  Phosphorylation Is 
Dispensable for Hsf1 Activity 
During Heat Shock

In addition to regulation by HSPs, Hsf1 is also 
post-translationally modified in response to heat 
shock. Hsf1 has been shown to be ubiquitylated by 
FBXW7, resulting in degradation by the 
proteasome, as well as SUMOylated and acetylated 
in human cells (Hong et  al. 2001; Kourtis et  al. 
2015; Westerheide et al. 2009). Hsf1 has also been 
shown to be phosphorylated in diverse eukaryotes 
(Anckar and Sistonen 2011; Sorger and Pelham 
1988). In yeast, there is evidence that Hsf1 can be 
phosphorylated on 73 distinct sites, and 15 
phosphorylation sites were identified in the 
regulatory domain of human Hsf1 (Budzyński 
et  al. 2015; Zheng et  al. 2016). In both cases, 
however, mutational analysis revealed that 
simultaneous mutation of all sites to alanine  – 
resulting in mutants that cannot be phosphorylated – 
had minimal effects on the ability of Hsf1 to 
activate the HSR in response to heat shock. In other 
words, phosphorylation is dispensable for 
activation of Hsf1. However, a mutant that mimics 
constitutive hyperphosphorylation (via substitution 
of negatively charged amino acids) is highly active 
under basal conditions in yeast (Zheng et al. 2016). 
Thus, while phosphorylation is not necessary for 
Hsf1 activation, negative charge is sufficient. 
Neither the phosphorylation-deficient mutant nor 
the phospho-mimetic mutant altered the interaction 
between Hsf1 and Hsp70  in yeast (Zheng et  al. 
2016). Thus, like Hsp90 inhibition, phosphorylation 
represents a regulatory axis orthogonal to the 
Hsp70 feedback loop.

While dispensable for activation in response 
to heat shock, single cell measurements revealed 
that Hsf1 phosphorylation promotes cell-to-cell 
variation in the HSR in yeast. Variation in the 
expression of Hsp90 driven by Hsf1 phosphory-
lation enables cells to acquire resistance to an 
antifungal drug (Zheng et  al. 2018). Hsp90 is 
known to promote phenotypic diversity and has 
been proposed to play important roles in molecu-
lar evolution (Lindquist 2009). By generating 
variation in Hsp90 levels across a population, 
Hsf1 phosphorylation may be advantageous for 
cells in fluctuating environmental conditions.

Despite the minimal role of Hsf1 phosphory-
lation sites following heat shock, multiple kinases 
have been implicated in Hsf1 phosphorylation in 
yeast and mammalian cells. In human cells, MEK 
has been shown to promote Hsf1 activation, 
while AMPK inhibits Hsf1 (Dai et al. 2015; Tang 
et al. 2015). In addition, ERK, GSK3β and CK2α′ 
phosphorylate Hsf1 to target it to the UPS for 
degradation (Li et al. 2017). In yeast, the AMPK 
homolog Snf1 has also been shown to phosphor-
ylate Hsf1 and modulate the HSR (Hahn and 
Thiele 2004). The discrepancy between these 
kinase-mediated regulatory events and the ability 
of Hsf1 to be activated in the absence of phos-
phorylation is unresolved. It is clear that Hsf1 
becomes phosphorylated during heat shock, but it 
is not the simple case that phosphorylation is 
required to activate Hsf1 following heat shock. 
Phosphorylation may be an important mode of 
Hsf1 regulation in response to signals other than 
heat shock.

3.7  Coordination of the HSR 
Across Tissues

In multicellular animals, homeostasis is a prop-
erty of the organism rather than the individual 
cell. As such, cell-autonomous Hsf1 regulatory 
mechanisms are augmented by intercellular coor-
dination in metazoans (Fig.  3.3). For example, 
insulin/IGF-1 signaling is known to modulate 
Hsf1 activity in C. elegans to regulate lifespan 
via Hsf1-dependent control of cytoskeletal integ-
rity (Baird et al. 2014; Hsu et al. 2003). Moreover, 
at the onset of reproductive maturity in C. ele-
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gans, signals from germ stem cells result in 
organism-wide inactivation of the HSR by epi-
genetic silencing of target gene promoters 
(Labbadia and Morimoto 2015). In mammals, as 
described above, the tumor microenvironment 
and organism-wide metabolic signaling subju-
gate Hsf1 and the transcriptional program it con-
trols (Ma et al. 2015; Scherz-Shouval et al. 2014). 
These forms of non-autonomous regulation are 
mediated by hormones, cytokines and growth 
factors. In most cases, it is not yet understood 
how the signaling cascades activated by these 
ligands impinge on Hsf1, nor how Hsf1 is then 
deployed to regulate distinct target genes.

In addition to paracrine and endocrine signal-
ing, neuronal signaling in C. elegans is required 
for organism-wide induction of the HSR in 
response to temperature (Prahlad et  al. 2008). 
Indeed, separate Hsf1-dependent neural signals 
have been shown to be responsible for mediating 
heat shock signaling and longevity (Douglas et al. 

2015). Moreover, local ectopic expression of a 
misfolded protein in muscle cells was shown to 
induce the HSR across multiple tissue types, and 
local over-expression of Hsp90  in neurons or 
intestinal cells suppressed HSR induction arising 
from proteostasis defects in muscle cells (van 
Oosten-Hawle et al. 2013). These results indicate 
that both forward stress signaling and chaperone- 
mediated feedback control operate across tissues.

3.8  Conclusion

The HSR is both highly conserved and remarkably 
plastic. In eukaryotes from yeast to humans, the 
same core set of chaperone-encoding genes is 
induced by heat shock, and these genes harbor the 
same cis-acting motif in their promoters that is 
recognized by the same sequence-specific DNA 
binding protein, Hsf1. Approaches from genetics, 
chemical biology, biochemistry and cell biology 
reveal a coherent picture of the molecular 
consequences of heat shock and the regulatory 
mechanisms that govern Hsf1 activity. Rather than 
global protein denaturation, heat shock is likely to 
impair key biogenesis processes like protein 
complex formation and ribosome production, 
resulting in the accumulation of orphan subunits 
and other unstable polypeptides that are sequestered 
and/or degraded via chaperones. Heat shock, or 
disruption of these biogenesis and degradation 
pathways by genetic or pharmacological means, 
activates Hsf1 principally by titrating the chaperone 
Hsp70 away from its repressive interaction with 
Hsf1. Phosphorylation and Hsp90 also regulate 
Hsf1 activity, but the mechanisms remain 
unresolved. While these core cell-autonomous 
regulatory mechanisms are conserved over 
evolution, metazoans have expanded both the input 
signals that activate Hsf1 as well as the target genes 
that Hsf1 controls. While this plasticity in the HSR 
enables the proteostasis network to incorporate 
signals from other cells and allows Hsf1 to activate 
distinct transcriptional programs, this plasticity 
may also permit tumor cells to hijack the 
HSR. However, the deep conservation of the cell-
autonomous regulatory mechanisms may allow for 
the development of targeted therapeutics that will 
allow us to take back control.
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Fig. 3.3 Non-autonomous regulation of Hsf1 results 
in non-canonical HSR induction. In addition to the cell- 
autonomous regulatory mechanisms that control Hsf1 
activity to control the canonical HSR target genes (red 
arrows), metazoans can regulate Hsf1 and the HSR via 
non-autonomous signals. The tumor microenvironment, 
inflammatory cytokines, dietary hormones, and neuronal 
signaling has been shown to involve Hsf1. Once activated 
by these extracellular signals, Hsf1 can initiate distinct 
transcriptional programs that only partially overlap with 
the canonical HSR
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