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Abstract

The heat shock transcription factors (HSFs) were discovered over 30 years ago as direct
transcriptional activators of genes regulated by thermal stress, encoding heat shock proteins. The
accepted paradigm posited that HSFs exclusively activate the expression of protein chaperones in
response to conditions that cause protein misfolding by recognizing a simple promoter binding site
referred to as a heat shock element. However, we now realize that the mammalian family of HSFs
comprises proteins that independently or in concert drive combinatorial gene regulation events that
activate or repress transcription in different contexts. Advances in our understanding of HSF
structure, post-translational modifications and the breadth of HSF-regulated target genes have
revealed exciting new mechanisms that modulate HSFs and shed new light on their roles in
physiology and pathology. For example, the ability of HSF1 to protect cells from proteotoxicity
and cell death is impaired in neurodegenerative diseases but can be exploited by cancer cells to
support their growth, survival and metastasis. These new insights into HSF structure, function and
regulation should facilitate the development tof new disease therapeutics to manipulate this
transcription factor family.

Heat shock transcription factors (HSFs) are a family of DNA-binding proteins, largely
conserved from fungi to humans, that regulate gene expression at the level of
transcriptionl-2. They were originally described to recognize a consensus heat shock element
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(HSE) DNA binding site and activate genes encoding protein chaperones in response to
elevated temperatures. However, it has become apparent that mammalian HSFs and in
particular the two most-studied members of the family — HSF1 and HSF2 — exhibit
unanticipated complexity in their structure, DNA-binding selectivity, post-translational
modifications (PTMSs), interacting partners and regulation and that they have various roles in
response to a wide range of stresses3-6.

In light of this complexity, it is perhaps not surprising that deregulation of HSF activity has
been linked to human disease. For example, the pathology of neurodegenerative diseases that
arise from protein misfolding, such as Huntington disease and Parkinson disease, has been
shown to be associated with compromised activation of HSF1, which further exacerbates
protein misfolding37”. By contrast, various cancers show elevated levels of activated HSF1,
which allow cancer cells to cope with the biosynthetic demands and stress resulting from
rapid proliferation and promote invasion and metastasis*®. To further complicate matters,
HSF1 and HSF2 bind to distinct and overlapping sites in the genome and, in some instances,
form hetero-oligomers, thereby enhancing the breadth of the regulatory control mechanisms
imposed on each HSF isoform in a combinatorial mannerS.

In this Review, we focus on HSF1 and provide an updated overview of our understanding of
how HSFs are regulated and contribute to a range of functions in normal cells and in disease
states. We emphasize advances based on structural insights, unanticipated roles in normal
physiology and development and detail how HSF deregulation supports pathology. We
highlight the role of HSFs in neurodegenerative diseases and cancer cells, as these
pathological states provide good examples of the diversity of HSF functions and their
dysfunction in disease.

Overview of the HSF activation cycle

In the human genome, there are several HSF isoforms, which are encoded by separate genes;
their functions and differences in sequence and domain organization are described in BOX 1.
Studies have largely focused on understanding the roles and mechanisms of action and
regulation of the HSF1 and HSF2 family members because of their established role in the
expression of stress-responsive genes and their link to diseasel. The function of HSF1 and
HSF2 is modulated at multiple stages, ranging from non-coding RNAs that regulate their
expression levels (see Supplementary information S1 (box)) to the generation of splicing
isoforms (see Supplementary information S2 (box)) and changes in oligomerization,
subcellular compartmentalization, PTMs (TABLE 1; see Supplementary information S3
(box)), target gene activation and protein stability in normal and disease conditions.
Deciphering these regulatory steps serves as an important basis for understanding HSF
function and for the eventual development of pharmacological activators and inhibitors of
HSFs for therapeutic approaches.

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gomez-Pastor et al.

Page 3

Box 1
Domain organization, family members and isoforms of human HSFs

The human genome encodes six heat shock transcription factor (HSF) proteins: HSF1,
HSF2, HSF4, HSF5, HSFX and HSFY. HSF1, HSF2 and HSF4 contain an amino-
terminal, winged helix—turn-helix (WHTH) DNA-binding domain (DBD), which has yet
to be validated in the other isoforms®. The leucine zipper oligomerization domain
contains two heptad repeats, HR-A and HR-B, composed of hydrophobic and charged
residues that are predicted to form inter-molecular leucine zippers when aligned upon
oligomerization12, LZ1-3 is required for oligomerization, and its deletion produces a
constitutively monomeric HSF6. The intrinsically disordered regulatory domain (RD) is
post- translationally modified and regulates HSF1 activity and stability. Encompassed
within LZ4 is HR C, which interacts with LZ1 3 and represses oligomerization. Some
HSFs also contain an activation domain (AD). The figure shows HSF family members
with their conserved domains and their splicing isoforms. The various splice isoforms are
discussed in more detail in Supplementary information S2 (box).

HSF1 is the master regulator of protein quality-control machinery expression in response
to proteotoxic stress conditions® and further regulates gene expression to support cell
survival*116, HSF2 is highly expressed during early development!17 and in the testis18,
and has been described as an activator of protein chaperone genes in the febrile range of
temperatures and as a tumour suppressor and activator’®. HSF4 is required for growth
and differentiation during eye lens development, and HSF4 mutations cause
cataracts19120. HSF4 lacks an LZ4 domain, resulting in constitutive trimerization and
DNA-binding activityl2. HSF4 is also expressed in the heart, brain, skeletal muscle and
pancreas!?!. HSF5 has only been validated at the transcript level in humans, whereas
HSF3 has been identified in mice but not in humans'22, HSFX is located on the X
chromosome, and its function has not been extensively explored!1?. HSFY is located on
the Y chromosome; HSFY is primarily expressed in the testis, and HSFY deletion
contributes to male infertility123,
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Activation and oligomerization of HSF1

The HSF1 activation cycle is a multistep and highly regulated process incorporating
elements that tune every step of the cycle. Under standard cell culture growth conditions,
mammalian HSF1 exists predominantly in an inactive form, probably as a monomer. In
response to a wide range of stresses such as heat shock, exposure to heavy metals, oxidants
and proteotoxic agents, HSF1 is converted into a DNA-binding-competent, active form,
thought to be a homotrimer? (FIG. 1). Activation of HSF1 results in its accumulation in the
nucleus due to a potent bipartite nuclear localization signal®. What maintains HSF1 in the
monomeric, inactive state and how HSF1 senses stress are currently unclear. However, it is
likely that HSF1 is activated through different mechanisms depending on the type of stress,
as it is able to differentiate between thermal stress and other stresses at normo-temperature
conditions.

Several intra-molecular and inter-molecular inter-actions have been proposed to repress
HSF1 oligomerization, but the precise details of how the monomer-to-multimer inter-
conversion occurs are not well understood. Evidence has demonstrated that increased
temperature causes intrinsic structural changes in HSF1 that may facilitate oligomerization
and activation®. This study closely examined the structural changes in heptad repeat A (HR-
A) and HR-B and the repressive properties of HR-C, which is proposed to intra-molecularly
repress HSF1 oligomerization via hydrophobic and ionic interactions with HR-A and HR-B
(BOX 1)10. The mutagenesis of key residues predicted to be required for this interaction
results in constitutively oligomeric species, both in vivoand in vitro\%-12. Although many
extrinsic factors could regulate HSF1 oligomerization /n vivo, including PTMs and
interacting proteins, the propensity of HSF1 to oligomerize /n vitro in response to elevated
temperaturel3 raises the question of whether HSF1 is an intrinsic ‘thermosensor’ (REF. 12).
In vitro, the temperature-induced conformational dynamics of HSF1 were analysed using
hydrogen—deuterium exchange mass spectrometry (HDX-MS)?, which relies on the
difference in the exchange rate of hydrogen and deuterium between the solution and the
more structured (less accessible to the solvent) and less structured (solvent-exposed) regions
of a protein. This approach has the advantage of probing the dynamics of different regions of
HSF1 at different temperatures, offering dynamic insights rather than a static crystal
structure. Interestingly, only a few regions of HSF1 were structured at 20°C, including parts
of the DNA-binding domain (DBD), oligomerization domain (LZ1-3) and HR-C. The
HDX-MS studies found that dramatic structural changes occur in two regions at elevated
temperatures; a temperature-dependent unfolding of the HR-C domain and a temperature-
dependent stabilization of HR-A. This is consistent with the structural changes in the
inactive monomer predicted to accompany oligomerization, including the interaction of HR-
C with HR-A and HR-B (FIG. 1). The temperature-dependent stabilization of HR-A and
unfolding of HR-C demonstrate that HSF1 possesses an intrinsic capacity to ‘sense’
temperature changes. However, because activation of HSF1 can occur at different
temperatures in different tissues and differential temperature sensitivity is observed in
different organisms with identical primary sequences of the proteinl4, HSF1 oligomerization
is likely to also be regulated by other factors such as PTMs (TABLE 1; see Supplementary
information S3 (box)) and other protein—protein interactions!4.

Nat Rev Mol Cell Biol. Author manuscript; available in PMC 2019 January 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Gomez-Pastor et al. Page 5

Regulatory role of chaperone proteins

Although oligomerization has been linked to HSF1 transcriptional activity, treating human
cells with anti-inflammatory agents such as sodium salicylate induced HSF1 oligomerization
and DNA binding to the promoter of one of the canonical HSF1 target genes, heat shock
protein 70 (HSP70), but did not activate its transcriptionl®. Therefore, oligomerization of
HSF1 is necessary but not sufficient for transcriptional activityl®. Activation of HSF1 is
regulated by a multi-molecular chaperone complex composed of HSP40, HSP70 and HSP90
(FIG. 1), as well as other proteins such as 14-3-3, which participates in the repression of
HSF1 (REFS 1,2,17,18). The activation—inactivation mechanism of HSF1 follows the
parsimonious chaperone titration model in which, upon stress conditions, HSF1 is liberated
to oligomerize and then activates its corresponding targets, including HSPs. This results in
increased levels of free HSPs, leading to HSF1 inactivation in a feedback responsel®.
Whereas HSP90 is thought to inhibit HSF1 oligomerization and DNA binding20, HSP70 is
proposed to inhibit the transactivation capacity of HSF1 (REFS 1,17). However, the direct
role of these chaperones in repressing HSF1 activation is not completely understood, and
some results seem to be contradictory. The use of HSP90 inhibitors such as geldanamycin
results in HSF1 activation20, whereas recent Jn vitro studies suggest that HSP9O facilitates
HSF1 trimerization during thermal stress®. Furthermore, overexpression of HSP70 is
insufficient to suppress DNA-binding activity /n vivo, but it seems to play a part in
deactivating HSF1 after prolonged heat stress or during recovery from stress'’18, In addition
to HSPs, a novel regulatory interaction between HSF1 and the cytosolic chaperonin TCP1
ring complex (TRiC) has been demonstrated (FIG. 1), expanding the pool of protein folding
machinery that regulates HSF1. This is similar to the regulation of the bacterial thermal
stress-responsive transcription factor o32 by the bacterial chaperonin GroEL (also known as
60 kDa chaperonin)1-18. Interestingly, all eight genes encoding the TRiC subunits are also
targets of HSF1, providing an integrated feedback regulatory loop. In addition, valosin-
containing protein (VCP; also known as transitional endoplasmic reticulum ATPase), histone
deacetylase 6 (HDACS6) and other proteins are thought to contribute to the formation of one
or more repressive hetero-complexes that control HSF1 activity?L.

Regulatory role of HSF degradation

Proteasomal degradation is also an important mechanism that regulates HSF activity, and
HSF protein levels are often abnormal in the context of disease (see also below). For
example, in cancer cells, HSF1 protein levels are increased*22, thereby driving the
transcriptome signature of cancer cells, whereas, in neurodegenerative diseases such as
Alzheimer, Parkinson and Huntington diseases, HSF1 is considerably depleted, and the
expression of HSF1 target genes is blunted37:2324, In addition, HSF protein levels change
during mitosis. HSF1 is degraded in a phosphorylation-dependent manner by polo-like
kinase 1 (PLKZ1) and the S-phase kinase-associated protein (SKP)-cullin-F-box-pTrCP
(SCFPTICP) E3 ligase complex to promote progression through mitosis2®. Failure to drive
HSF1 degradation during mitosis results in aneuploidy and genomic instability25. HSF2
protein levels also decline during mitosis, and, although this has been attributed to decreased
transcription, degradation of HSF2 by the anaphase-promoting complex (APC/C; also
known as the cyclosome) has also been suggested?8. The mechanisms that regulate HSF
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protein turnover differ in cancer and in neurodegenerative disease, but both events involve
key enzymes and PTMs as rate-limiting steps in HSF degradation (TABLE 1).

HSF binding to target genes

HSF1 and HSF2 bind to canonical HSEs consisting of alternating inverted repeats with the
sequence n1GAAn, where n1denotes any nucleotidel. Structural studies of the HSF DBD
from the yeast Kluyveromyces lactis previously demonstrated that a recognition helix,
containing a conserved Ser-Phe-Val-Arg-Gln amino acid sequence, inserts into the major
groove of the HSE2”. A conserved Arg in this sequence forms hydrogen bonds with the
guanine of 7GAAnand is essential for DNA binding?’.

Two crystallographic studies of the human HSF1 and HSF2 DBDs were recently solved in
complex with DNA1L.28, These structures demonstrated similar HSF-DNA interactions as
those observed for the K. /actis HSF, but they also provided new understanding of the
architecture of HSFs in their DNA-bound form (FIG. 2a—c). Previous models predicted that
the LZ1-3 of each monomer is positioned directly above the DBD, effectively occluding the
portion of the DBD not in contact with the DNA from additional interactions (FIG. 2c). The
new studies revealed that a carboxy-terminal helix of the DBD instead wraps around the
DNA and directs LZ1-3 to the opposite side of the DNA (FIG. 2a, b, red helix; FIG. 2c). In
both HSF1 and HSF2, this topology is stabilized by the favourable packing of a conserved
amphipathic helix into a hydrophobic pocket and through additional DNA backbone contacts
with conserved Arg and Lys residues1:28, These studies also revealed that, when bound to
DNA, the different HSF isoforms expose biochemically distinct surfaces (FIG. 2d, e), and
these isoforms can thus be subject to differential regulation by protein—protein interactions
and PTMs (TABLE 1; see Supplementary information S3 (box)).

These crystal structures also offer a mechanistic explanation for the inhibitory role of Lys80
acetylation in regulating HSF1 binding to DNA. Lys acetylation removes the positive charge
of this residue; therefore, it will neutralize DNA phosphate backbone interactions and
compromise HSF1-DNA interactions'!. The HSF2 structure revealed an identical
interaction of Lys72 (analogous to Lys80 of HSF1) with the DNA backbone, although it is
currently unclear whether HSF2 experiences a similar acetylation-mediated inhibition of
DNA binding. These structures also revealed important insights into the role of the HSF
wing domain (FIG. 2f), which is conserved in the family of winged helix—turn—helix
(WwHTH) DNA-binding proteins. Unlike the wing domains of other mammalian wHTH
proteins, the wing domains of HSF1 and HSF2 do not make contacts with the DNA. Instead,
the HSF1 and HSF2 wing domains are solvent exposed, leaving them accessible to various,
often isoform-specific PTMs and protein—protein interactions and oligomerization. For
example, the HSF1 wing domain interacts with replication factor A protein 1 (RPA1; also
known as replication protein A 70 kDa DNA-binding subunit), which does not interact with
HSF2 (REF. 29). In addition, the wing domains of HSFs are differentially regulated by
sumoylation!? (see below). These data indicate that HSF wing domains provide additional
and specific regulation of HSF activity. Collectively, these structural studies have
substantially refined the model of HSF-DNA topology. The structures suggest that the
presentation of biochemically distinct surfaces on HSFs drives unique regulatory
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interactions and allows different HSF proteins to occupy and regulate different genomic loci
in vivo, despite having almost identical DNA-binding sequences.

PTMs and their role in HSF regulation

As noted above, PTMs serve an important function in regulating HSF activity, and the
analysis of HSF1 and HSF2 under normal cell growth and stress conditions revealed the
presence of numerous PTMs, primarily on HSF1 (REF. 30). These madifications include
acetylation, phosphorylation and sumoylation and are thought to influence essentially every
step of the HSF1 activation cycle (TABLE 1), having both activating and inhibiting effects.
Some notable examples will be briefly discussed below (for further discussion, see
Supplementary information S3 (box)).

Regulation of HSF1 activity and stability by acetylases

Recent discoveries have shown that reversible, site-specific acetylation modulates HSF1
DNA-binding persistence and/or protein stability, which has been confirmed by structural
studies!1:31:32 | the absence of stress, HSF1 steady-state levels are controlled by the
histone acetyltransferase p300 (also known as EP300), which acetylates specific lysine
residues (Lys208 and Lys298) to promote HSF1 stability by preventing its proteasomal
degradation32. p300 also mediates acetylation of Lys80 of HSF1, which (as discussed above)
inhibits the ability of HSF1 to directly interact with the DNA phosphate backbone, thereby
inhibiting the binding of HSF1 to DNA. These effects can be counteracted by the NAD-
dependent protein deacetylase sirtuin 1 (SIRT1), which deacetylates HSF1 (REFS 2,31).
Silencing of p300 in HeLa cells results in reduced HSF1 protein levels and activity owing to
increased proteasomal degradation32. Similarly, during cell differentiation, ageing and in
neurodegeneration, HSF1 activity is attenuated, contributing to increased stress
susceptibility, exacerbated protein misfolding and aggregation, and cell death. An age-
related decline in stress response pathways has been widely documented and correlates with
decreased HSF1 levels. For example, older mice have reduced HSF1 protein levels in heart
and muscle compared with young mice, without changes in HSF1 mRNA levels33,
Interestingly, p300 activity is attenuated in ageing mice, which could contribute to HSF1
depletion34. Although the mechanism underlying decreased HSF1 levels in ageing is
unknown, it has been suggested that decreased SIRT1 protein levels contribute to decreased
HSF1 abundance, perhaps resulting in increased Lys80 acetylation-dependent proteasomal
degradation. Indeed, decreased SIRT1 levels during neuronal differentiation result in
decreased HSF1 target gene expression3®:36, Conversely, increased expression of HDACL in
ageing cells contributes to inhibition of HSF1 activity by recruiting the histone
acetyltransferase GCN5 (also known as KAT2A), with the involvement of the p23 co-
chaperone37:38,

Phosphorylation regulates HSF1 activity and degradation

HSF1 is subjected to a plethora of phosphorylation events that modulate different steps of
the activation cycle. For many years, HSF1 hyper-phosphorylation mediated by various
kinases has been used as a surrogate for its activation during thermal stress (TABLE 1; see
Supplementary information S3 (box)), but a comprehensive mutagenesis study revealed that
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there is no clear requirement for heat stress-induced phosphorylation in target gene
activation3®. However, these phosphorylation events seem to regulate HSF1 activity and
stability under normo-temperature conditions and in different disease states (TABLE 1).
Interestingly, the same residues can be phosphorylated by distinct protein kinases in
different contexts. For example, Ser303 and Ser307 can be phosphorylated by glycogen
synthase kinase 3 beta (GSK3p), casein kinase 2 (CK2), and the mitogen-activated protein
(MAP) kinases MEK1 and ERK1, and these phosphorylation events promote HSF1
degradation and attenuate HSF1 activity (TABLE 1). In cancer cells, inhibition of GSK3p
decreases Ser303 and Ser307 phosphorylation, resulting in increased HSF1 protein
levels340, However, in Huntington disease, these residues are preferentially phosphorylated
by CK2, which drives HSF1 inactivation and degradation3. This phosphorylation-regulated
degradation of HSF1 seems to be mediated by its ubiquitylation in melanoma and in neurons
affected by Huntington disease. Phosphorylated HSF1 is a substrate for FBXW?7, a
component of the E3 ubiquitin ligase complex, and its depletion dampens HSF1
ubiquitylation and increases total HSF1 protein levels349,

HSF1 phosphorylation is also strongly linked to metabolism. For example, 5”-AMP-
activated protein kinase (AMPK), which plays a crucial part in cellular energy metabolism,
directly inactivates HSF1 in both metabolic stress and under the unique metabolic conditions
of cancer*42 (FIG. 3; TABLE 1; see also below).

Sumoylation of HSFs regulates their activity in an isoform-specific manner

Sumoylation is an important PTM of HSFs, and both HSF1 and HSF2 are sumoylated on
many different Lys residues®3. The wing domains of HSFs are differentially sumoylated, as
mentioned above. Lys82 in the HSF2 wing domain is sumoylated 77 vivo, which inhibits
HSF2 DNA-binding activity**. Notably, the equivalent residue in HSF1 is not sumoylated,
but enforced sumoylation of HSF1 by creating a chimeric HSF1 protein harbouring the wing
domain from HSF2 compromised HSF1 activation /n7 vivo, which led to diminished
induction of HSP70 expression!L. In contrast to HSF1 and HSF2, HSF4 does not contain a
lys in its predicted wing domain that could be sumoylated (FIG. 2). This provides evidence
for isoform-specific regulation of HSFs by SUMO.

HSF1 and metabolism

Previous work aimed at identifying genomic loci bound by HSF1 in Saccharomyces
cerevisiae showed that HSF1 regulates a wide range of targets well beyond those encoding
chaperones; the identified targets included transcription factors, proteins that maintain the
integrity of the cell wall and cytoskeleton, and metabolic enzymes*®. Indeed, mammalian
HSF1 plays an important part in metabolic control, including in sensing metabolic stress and
in regulating energy metabolism and white fat browning. These exciting findings will be
briefly discussed below.

Cross talk between metabolic stress and the HSF1-mediated heat shock response

Metabolic stresses such as nutrient deprivation result in an increased intra-cellular AMP-to-
ATP ratio that triggers a stress response to maintain cellular energy homeostasis. This
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response is largely coordinated by the kinase AMPK, the principal function of which is to
enhance ATP generation and reduce ATP expenditure to ensure cell survival“®.
Concomitantly, metabolic stress decreases expression of the protein quality-control
machinery, sensitizing cells to proteotoxic stress*L. Intriguingly, this effect is mediated by
the direct repression of HSF1 by AMPK (FIG. 3), which phosphorylates HSF1 Ser121.
Accordingly, loss of AMPK elevated basal HSF1 activity and reversed the HSF1 repression
imposed by glucose starvation®!. In an analogous way, the yeast homologue of AMPK,
Snfl, regulates yeast HSF4/. Interestingly, metformin, used to treat type 11 diabetes mellitus,
is also an AMPK agonist, and its application recapitulates the HSF1 repression observed
under nutrient deprivation®. In support of the idea that HSF1 functions at the intersection
between the proteotoxic stress response and metabolic stress, it has been demonstrated that
HSF1~~ mice exhibit increased insulin signalling and increased AMPK activation in
response to low glucose levels, indicating that HSF1 could potentially be targeted to control
insulin resistance and diabetes*2.

HSF1 and the PGCla network in mitochondrial function

Previous studies elegantly demonstrated a crucial role for HSF1 in mitochondrial function
and protection against oxidative stress*8. Neurons have an extremely high demand for
continued production of high-energy phosphate bonds such as those found in ATP, and
reduced mitochondrial function is associated with neurodegeneration®, Peroxisome
proliferator-activated receptor-y coactivator la (PGCla; which is encoded by PPARGCI1A)
is a central transcription regulator of mitochondrial (and peroxisomal) remodelling and
biogenesis®®51, On one hand, PGCla dysfunction contributes to neurodegenerative
diseases, such as Huntington disease*9>2, On the other hand, invasive cancer cells, which —
similar to neurons — require high ATP production, exhibit a direct correlation between
increased PGCla expression and the formation of distant metastases. Silencing of PGCla
in cancer cells reduced invasive potential and attenuated metastasis®3.

HSF1 directly activates PGCla transcription®* (FIG. 3). Accordingly, increasing HSF1
protein levels in a mouse model of Huntington disease elevated the expression of PGCla
and its downstream targets such as cytochrome ¢ and the mitochondrial transcription factor
TFAMS,

HSF1 in systemic energy metabolism and white fat browning

In addition to the parts played by HSF1 and PGCla in regulating mitochondrial
metabolism, these two transcription factors function in thermogenesis and the browning of
white fat>455 (FIG. 3). An imbalance between energy input and output results in the
accumulation of excessive fat tissue, leading to obesity, diabetes and cardiovascular
dysfunction. White adipose tissue is the main site of energy storage, whereas brown fat is
principally involved in energy expenditure. Evidence has demonstrated that HSF1 activates
Ppargclaexpression and increased the energy expenditure of mice on a high-fat diet by
inducing the browning of white adipose tissue and activating the expression of mitochondrial
genes in muscle®*. HSF1~/~ mice exhibit increased lipid deposition and decreased brown fat
markers, features associated with decreased PGCla expression. These results demonstrate
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that, via the activation of PGCla, HSF1 modulates mitochondrial and brown fat gene
programmes that have an impact on thermogenic function and energy expenditure®*.

Although HSF1 is considered the master activator of chaperone expression and directly
activates PGCla, it is worth noting that HSF1 and PGC1la also physically interact and
colocalize on several HSF1 target promoters®®56, Interestingly, cells and mice lacking
Ppargclaare more sensitive to thermal challenge, whereas ectopic expression of PGCla
activates ~30% of the genes commonly known to be involved in heat shock responses®. In
addition, PGC1la functions in the HSF1-dependent induction of HSP70 in hyperthermia.
However, it has also been reported that PGCla functions as a repressor of HSF1-mediated
transcriptional programmes in hepatocytes, in muscle and in cancer cell lines®. Although
the regulatory mechanisms that control PGC1la and HSF1 interactions are not fully
deciphered, it is clear that specific transcriptional programmes are controlled via cooperation
between these two transcription factors at multiple levels. This finding suggests that other
transcription factors regulate HSF1 target gene expression in different cell types or disease
conditions.

neurodegenerative diseases

HSFs have essential roles in brain development and function through their engagement in
regulating genetic programmes involved in the modulation of neuronal migration, the
formation and maintenance of neuronal synapses and the resistance to proteotoxic
stress®’61 (FIG. 4a; see Supplementary information S4 (box)). The impairment of HSF1
activity with ageing and in age- related diseases such as neurodegeneration has been widely
documented?. At the same time, somewhat paradoxically, protein misfolding-based
neurodegenerative diseases are associated with reduced expression of the protein quality-
control machinery3.24.62 (FIG. 4b, ¢). Whereas impaired HSF1 activation does not cause
neurodegenerative disease, it does seem to exacerbate protein misfolding and aggregation, at
least in part by decreasing chaperone expression, thereby contributing to decreased protein
quality control, neuronal dysfunction, neuronal cell death and disease progression. Studies in
cell culture, fruitfly, worm and mouse models of neurodegenerative disease clearly
demonstrate that enhancing protein-folding capacity and pro-survival functions via elevated
expression of HSF1, as well as chaperone proteins and other HSF1 targets, has therapeutic
potential®2.

Huntington disease and other polyglutamine expansion diseases

The abnormal expansion of polyglutamine (polyQ)-encoding regions underlies 14
neurodegenerative diseases, the most common of which include Huntington disease, spinal
and bulbar muscular atrophy (SBMA) and spinocerebellar ataxia. In general, polyQ
expansions cause the misfolding and aggregation of proteins, leading to cellular dysfunction
and death®3,

Similar to what has been observed in neurons from older animals?35, the expression of
several HSF1 target genes encoding protein chaperones and anti-apoptotic proteins is
decreased in polyQ diseases, thus exacerbating the progression of protein misfolding and
neurodegeneration84-66.67 Selective neuronal death is a crucial feature of neurodegenerative
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disease; therefore, the elucidation of the mechanisms that underlie the cell-specific defects in
HSF1 activity may lead to a better understanding of how neurodegeneration could be
slowed.

Overexpression of individual protein chaperones has shown beneficial effects in protein-
misfolding disease models by enhancing the refolding and solubilization of pathogenic
polyQ proteins88-70. However, given that multiple individual chaperones work in obligatory
molecular complexes®®, coordinated activation of multiple chaperones via increased HSF1
activity or stability could lead to a more profound impact on the amelioration of protein
aggregation in Huntington disease®2. Consistent with HSF1 activating the expression of
protein chaperones and stress-protective pathways, HsfZ knockout in a Huntington disease
mouse model led to increased brain aggregation of mutant huntingtin (mHTT) — a protein
that harbours expanded polyQ tracts in Huntington disease — and a shortened lifespan’?,
whereas expression of a constitutively active form of HSF1 alleviated mHTT aggregation
and prolonged lifespan’2. Moreover, an Hsf*/~ mouse model of SBMA, which contains a
pathogenic polyQ repeat expansion in the androgen receptor, exhibited increased androgen
receptor aggregation in neurons and non-neuronal tissues and increased neurodegeneration
compared with Hsf1** SBMA mice’3.

Genome-wide HSF1 chromatin immunoprecipitation and sequencing analysis in striatum
cells from wild-type mice and mice modelling Huntington disease revealed that expression
of mMHTT dramatically alters HSF1 binding to DNA’4. After heat shock, HSF1 binding to
target promoters was reduced by ~40% in mutant cells compared with control cells.
Intriguingly, genes related to cytoskeletal organization, focal adhesions and the activity of
GTPases were the most affected, whereas HSF1 binding to chaperone genes was not
substantially altered despite evidence for decreased chaperone expression in Huntington
disease. This finding could be explained by the fact that HSF1 can bind to its target HSE-
containing promoters without inducing transcription’®, suggesting that multiple inhibitory
mechanisms control HSF1 activity in Huntington disease.

Whereas pharmacological activation of HSF1 has therapeutic potential in Huntington
disease, an approach to activate HSF1 by HSP90 inhibition conferred only transient benefits
in a mouse model®®. Accumulating reports suggest that HSF1 protein levels are reduced in
neurodegenerative disease3:66.73.76, Mouse models of SBMA also showed decreased levels
of HSF1 in motor neurons and decreased chaperone expression’3. Similarly, a cell model of
spinocerebellar ataxia 6 harbouring polyQ expansions within the Cav2.1 calcium channel
gene exhibits decreased HSF1 and HSP70 expression’’. What causes HSF1 levels to
decrease in the context of neurodegenerative diseases? In Huntington disease, this decrease
is associated with the abnormal degradation of HSF1 during disease progression3. HSF1 is
phosphorylated at Ser303 and Ser307 within the regulatory domain, and these two
phosphorylation events are associated with HSF1 inactivation (see discussion above and
TABLE 1). This modification in Huntington disease is mediated by CK2; in particular, the
CK2a.’ catalytic subunit is dramatically elevated in this disease. Phosphorylated HSF1 then
recruits the FBXW?7 F box component of an E3 ligase, which is also elevated, driving HSF1
ubiquitin-proteasome dependent degradation (FIG. 4b). Mutating Ser303 to Ala is sufficient
to increase HSF1 levels in yeast378 and in polyQ-expressing mammalian cells, and the
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expression of HSF1 lacking the Ser303-Ser307 region in a Huntington disease mouse model
ameliorates polyQ aggregation and associated phenotypes’2. Similarly, pharmacological or
genetic inhibition of CK2a.” restored HSF1 protein levels, increased chaperone expression,
decreased mHTT aggregation in the striatum and increased the abundance of medium spiny
neurons in a Huntington disease mouse model. Increasing HSF1 levels also had a positive
impact on the expression of PGC1a%, the decreased expression of which is partly
responsible for mitochondrial dysfunction in Huntington disease®?. Therefore, restoring
HSF1 levels increases protein folding capacity and the abundance of a key regulator of
energy metabolism3. CK2-mediated degradation of HSF1 is a phenomenon that may also
apply to other neurodegenerative diseases (see below).

HSF2 also modulates polyQ aggregation and Huntington disease progression, as mice
modelling Huntington disease and harbouring an Hsf2 deletion exhibit a reduced lifespan
and an increase in protein aggregation in the striatum’®. HSF2 may function through
cooperative interactions with HSF1 and increased expression of alpha-crystallin B chain
(a(B)-crystallin), a small chaperone that binds to misfolded proteins and prevents
aggregation’®. In the absence of both HSF1 and HSF2, overexpression of a.(B)-crystallin
and other HSF targets such as the scaffolding protein PDZKS3 can alleviate polyQ
aggregation; the expression of these targets depends on cooperation between HSF1 and
nuclear factor of activated T-cells, cytoplasmic 2 (NFATC2)71.79, Therefore, interactions
between HSF1, HSF2 and other transcription factors modulate the expression of proteins
that prevent protein aggregation. Differences in these interactions may determine the
vulnerabilities of different neuronal cell types to the aggregation of proteins with polyQ
expansions.

Parkinson disease

Parkinson disease is characterized by a progressive loss of dopaminergic neurons mainly due
to a-synuclein (a-syn) aggregation and the formation of Lewy bodies in the substantia
nigra. Early studies overexpressing HSP70 in a fly model of Parkinson disease demonstrated
that increased levels of HSP70 prevent a.-syn toxicity and dopaminergic neuronal loss0.
Expression of constitutively active HSF1 in human cells modelling Parkinson disease
increased HSP70 protein levels and decreased a-syn inclusions and toxicity®L.
Overexpression of a-syn in human cells results in HSF1 depletion, and this is further
exacerbated in mutant cells modelling early onset Parkinson disease’. HSF1 is also depleted
in the midbrain of mice expressing a-syn and in patients with diffuse Lewy body disease’.
This depletion of HSF1 was ascribed to an aberrant degradation mechanism that involves the
E3 ligase NEDD4, the levels of which are increased in Parkinson disease (FIG. 4c).
Interestingly, SIRT1-mediated deacetylation was found to be crucial for NEDD4-mediated
HSF1 degradation’. Although it is currently unclear whether HSF1 phosphorylation is also
required for NEDD4-mediated degradation, several kinases that phosphorylate HSF1, such
as CK2, have been reported to exhibit increased expression and activity in Parkinson
disease82:83,
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Alzheimer disease

Cognitive deficits in Alzheimer disease are believed to largely result from the accumulation
of amyloid-, a toxic peptide released after proteolysis of the B-amyloid precursor protein
that misfolds and aggregates, contributing to neuronal loss in the hippocampus and
cerebellum84. Pharmacological activation of HSF1 by HSP90 inhibition in a mouse model of
Alzheimer disease ameliorated the synapse and memory loss induced by amyloid-g, owing
in part to the increased expression of HSP70 and HSP25, as well as of various presynaptic
and postsynaptic proteins®®. Furthermore, intra-nasal administration of HSP70 to mice
increased hippocampal and cortical neuron density, diminished amyloid-B accumulation and
improved spatial memory®6. Cerebellar Purkinje cells, the numbers of which are reduced in
patients with Alzheimer disease and in mouse models, show a depletion of HSF1 and
chaperones23, and overexpression of HSF1 in rat or mouse models rescues Purkinje cell
numbers, lowers amyloid-p levels and ameliorates the cognitive deficits associated with
Alzheimer disease?3:87. Although it is not known if the decreased levels of HSF1 in the
context of Alzheimer disease result from increased degradation88:89 (FIG. 4c), it is curious
that CK2 is elevated in both mouse models and patients and that CK2 high level is correlated
with disease progression8:89, CK2 elevation is associated with the inflammatory response
driven by astrocytes, which influences amyloid formation88.90, although the connection
between CK2, HSF1 and inflammation has yet to be explored.

Amyotrophic lateral sclerosis

Amyotrophic lateral sclerosis (ALS) is a progressive neurodegenerative disease that affects
motor neurons in the brain and spinal cord, ultimately leading to paralysis. Motor neurons
affected by ALS accumulate protein aggregates, such as aggregates of superoxide dismutase
1 (SOD1), which are associated with familial ALS®L. HSF1 is thought to protect motor
neurons by activating chaperones and taurine transporter (TauT) expression. Increased
expression of TauT enhances taurine accumulation in motor neurons, and taurine in turn acts
as an antioxidant by reducing the motor neuron loss caused by the oxidative stress resulting
from SOD1 dysfunction92. The increased susceptibility of ALS motor neurons to protein
aggregation and oxidative stress has been associated with diminished HSF1 activity93:94
(FIG. 4c). Mice modelling ALS and overexpressing SIRT1 showed increased HSF1
deacetylation and activation in the spinal cord, increased HSP70 levels and a prolonged
lifespan®. In cultured motor neurons from model mice and patients with ALS, HSP70
expression is decreased, suggesting that HSF1 is compromised.

Apart from SOD1, ALS is also associated with the accumulation of misfolded, detergent-
resistant (insoluble), ubiquitylated and hyper-phosphorylated TAR DNA-binding protein 43
(TDP43; also known as TARDBP), which is observed in more than 95% of individuals with
familial ALS (and in ~25-50% of Alzheimer disease cases). HSF1 overexpression maintains
the solubility of nuclear TDP43, decreases its hyper-phosphorylation and inhibits its
cytotoxicity91:94, Accordingly, HSF1-deficient mice display increased TDP43 insolubility
and ALS-associated phenotypes. Importantly, in mice showing increased levels of TDP43,
HSF1 levels are reduced in motor neurons, and this reduction correlates with decreased
HSP40 and HSP70 levels®. Similar to other neurodegenerative diseases, CK2 levels are also
increased in ALS, but the role of CK2-mediated phosphorylation in regulating HSF1
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abundance has not been reported in this context:97. In summary, decreased HSF1 levels
seem to contribute to the pathology of neurodegenerative diseases by reducing stress
tolerance and neuronal cell survival (FIG. 4).

HSFs in cell proliferation and cancer

Elevated chaperone expression has been observed in many cancers and correlates with poor
prognosis, increased metastatic potential and resistance to therapy98. The expression of both
HSF1 and HSF2 has been shown to be altered in cancer, with evidence indicating distinct
roles for these HSFs in tumorigenesis*99.100,

HSF1 and HSF2 have different capacities for regulating gene expression in mitosis

Phosphorylation-dependent regulation of HSFs is important for resistance to stress during
mitosis and for genomic integrity and stability2?, as discussed above. A genome-wide study
investigated how the genomic occupancy of HSF1 and HSF2 is altered in mitotic cells®. The
results revealed that HSF1 has a dramatically reduced ability to bind to DNA during mitosis.
This reduced binding is accompanied by the diminished transcription of HSF1-bound genes
in mitotic cells compared with asynchronous cells, showing that HSF1 function is dampened
in mitotic cells. By contrast, HSF2 exhibited only modestly reduced binding in mitotic cells,
which was partly explained by a higher capacity to bind to condensed chromatin (which
prevails in mitosis) compared with HSF1. These studies revealed both overlapping and
distinct HSF binding patterns and suggested unique roles for HSF1 and HSF2 in the cell
cycle and in mitosis (for further details, see Supplementary information S5 (box)).

HSF1 in cancer initiation and progression

The importance of HSF1 in cancer has been revealed by HsfZ-knockout mice, which have a
decreased propensity to form tumours driven by oncogenic RAS, loss of p53 or chemical
carcinogens?2:42101-103 One clear role that HSF1 has in cancer is to promote adaptation and
survival in the rapidly changing and stressful conditions encountered by cancer cells,
including hypoxia, acidosis and alterations in nutrient availability?2. High levels of HSF1
maintain proteomes during stress and support the high biosynthetic demand of cancer cells.
In a diverse array of cancers, HSF1 abundance and nuclear localization are strongly
increased?. Cancer cells are described as having a ‘non-oncogene’ addiction to HSF1,
meaning that these cells are more highly dependent on HSF1 function than are normal cells.
However, it is important to note that increased levels of active HSF1 per se do not cause
cancer initiation104,

High HSF1 levels correlate with poor prognosis, although the mechanisms by which HSF1
expression and activity are elevated in cancer cells may vary®. For example, increased
HSF1 activity and protein levels are observed in ERBB2-overexpressing cancers in which
HSF1 translation is increased9%. Cancer cells also increase HSF1 levels by preventing its
degradation through either reduced expression or mutagenesis of the E3 ligase FBXW?7
(REF. 40).

Alterations in HSF1 activity in cancer cells also occur via PTMs. For example, HSF1 is
activated by MEK- mediated Ser326 phosphorylation% (TABLE 1). It has been shown that
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MEK, the upstream activator of ERK, forms a ternary complex with ERK and HSF1 in
which ERK phosphorylates and inhibits MEK, resulting in decreased phosphorylation of
HSF1 at Ser326, ultimately inactivating HSF1 and sensitizing cells to proteotoxic stress.
Accordingly, MEK blockade decreased HSF1 Ser326 phosphorylation and induced
proteotoxic stress in cancer cell lines, whereas ERK blockade increased this phosphorylation
and prevented the formation of toxic amyloids1%, In tumours driven by the loss of the
tumour suppressor protein neurofibromin (NF1), MEK is over-active, resulting in
constitutively active HSF1. Such high HSF1 protein levels and activity promote cell survival
and further increase MAPK signalling, which supports cancer growth and proliferation193,
Given that ~30% of human cancers contain mutations that deregulate MAPK signalling, this
pathway seems to have an important role in activating HSF1 in cancer cells, preventing
amyloidogenesis and subsequent apoptosis®.

Because key cancer-related proteins such as p53, AKT, RAF1, BCR-ABL1 fusion, cyclin-
dependent kinase 4 (CDK4), Cyclin D, ERBB2, hormone receptors and hypoxia-inducible
factor 1a (HIF1a) are highly dependent on chaperones for their activity and stability, it is
not surprising that changes in HSF1 have an impact on oncoprotein abundance and
function®. In addition to promoting the activity of oncoproteins, chaperones also drive
cancer-specific signalling pathways to facilitate oncogenesis and inhibit apoptosis!?” (FIG.
5). For example, HSP70 prevents stress-induced apoptosis through the JUN N-terminal
kinase (JNK)-stress-activated protein kinase pathway, and HSP90 inhibits apoptosis through
AKT, tumour necrosis factor receptors, and the function of nuclear factor-xB (NF-xB)107. In
addition, chaperones buffer the folding of proteins destabilized by mutations, which are
more frequent in cancer cells owing to their genomic instability98-107,

The role of HSF1 in regulating a cancer gene expression signature is clear, and it is well
established that HSF1 drives oncogenesis in many ways beyond inducing the expression of
chaperone proteins. HSF1 coordinates the activation of genes that support the initiation and
maintenance of cancer cells through changes in processes including metabolism, protein
translation, cell cycle control, signalling and proliferationl%8 (FIG. 5). Interestingly, HSF1
regulates these programmes through both gene activation and repression1%. For example,
HSF1 negatively regulates genes related to apoptosis, including those encoding microtubule-
associated protein tau (MAPT) and the apoptosis regulator BAX2. In addition, chromatin
immunoprecipitation followed by deep sequencing experiments revealed that the
constellation of gene targets that are bound and regulated by HSF1 is quite unique in cancer
— a staggering 60% of the genes bound in cancer cell lines were not bound in non-
transformed cell lines, even under heat shock conditions. Other studies have also
demonstrated the varied roles of HSF1 in cancer. For example, in mammary carcinogenesis,
HSF1 increases the levels of Huantigen R (HUR; also known as ELAVL1), an RNA-binding
protein that stabilizes mMRNAs to promote translation. HuR targets include mRNAs encoding
B-catenin, HIF1a, Cyclin D and HSFL1 itself, which results in a positive regulatory feedback
loop99:.110_ Translation of B-catenin, a transcription factor that stimulates proliferation,
differentiation, migration, angiogenesis and survival, is further increased by the ability of
HSF1 to suppress the synthesis of lincRNA-p21 (see Supplementary information S1 (box)),
which negatively regulates B-catenin translation199, Studies have also highlighted the link
between HSF1 and translational capacity, as depletion of HSF1 resulted in decreased levels
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of the ribosomal large subunit proteins RPL13 and RPL17, whereas hyperactive HSF1
increased the basal levels of these proteinsl06. HSF1 also activates translation by
derepressing a major regulator of cellular growth, mechanistic target of rapamycin complex
1 (MTORCY1). This derepression occurs through HSF1-mediated suppression of JNK, which
normally inhibits mMTORC1 (REFS 111,112).

A distinct reprogramming of HSF1 target genes is also observed in cells that surround
cancer cells, called stromal cells, which are non-malignant and genetically stable but support
cancer cell malignancy® (FIG. 5). Stromal cells include immune cells, endothelial cells and
fibroblasts, which comprise the tumour microenvironment and are essential for tumour
formation and progression®. The most abundant stromal cells are cancer-associated
fibroblasts (CAFs). HSF1 is activated to drive a CAF transcription programme that is
complementary to but distinct from that observed in cancer cells*®. For example, HSF1 in
CAFs drives the expression of transforming growth factor- and its cognate receptors, as
well as of stromal cell-derived factor 1 (SDF1; also known as CXCL12), leading to the
secretion of proteins that enhance the survival and proliferation of cancer cells in a non-cell-
autonomous manner. Furthermore, high levels of nuclear, activated HSF1 found in the
stroma correlate with higher tumour grades, reduced overall survival and poorer patient
outcomes. Activated HSF1 in stromal cells may even be more predictive of patient survival
than HSF1 levels in the tumour itself, indicating the crucial importance of stromal HSF1
activation in cancer progression®>.

HSF2 as a potential tumour suppressor

Additional roles of HSF2 in cancer are emerging and indicate that HSF2 may act as a
tumour suppressor26:99, A reduction in HSF2 levels increased the invasiveness of cancer
organoids, further supporting the notion that low levels of HSF2 promote malignant
invasiveness. What are the underlying mechanisms?

Transcriptome analyses in prostate cancer organoids showed that HSF2 silencing
substantially affected gene expression related to translation, energy metabolism, membrane
transport, RNA metabolism, invasion and chromatin assembly and disassembly9%. HSF2
silencing supports invasive transformation via the regulation of actin cytoskeleton pathways
and GTPase signalling. In addition, HSF2 silencing promotes epithelial-mesenchymal
transition (EMT), whereby cells lose polarity and adhesion properties while gaining invasive
properties, contributing to tumour progression. This transition is accomplished via reduced
levels of E-cadherin, a hallmark of EMT. Although this compelling study demonstrates that
HSF2 acts as a tumour suppressor in prostate cancer and HSF2 mRNA is reduced in many
other cancers, another study demonstrated that HSF2 was increased in 38 out of 50 samples
isolated from patients with lung cancer!13, In addition, changes in HSF2 could alter HSF1
function, as HSF2 can hetero-oligomerize and modulate the activity of HSF1 (REFS
114,115). Further investigation is needed to clarify how HSF2 functions in different types of
cancer, both in concert with HSF1 and independently.
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Conclusions and perspective

Over the past few years, our understanding of the structure, regulation and function of HSFs
has rapidly increased, providing new insights into the roles of these transcription factors in
protein misfolding, metabolism, neurological disease and cancer. However, many
unanswered questions remain. It will be important to gain a systematic understanding of the
full network of HSF isoforms encoded in the human genome, their complete structures and
how they interact within this family and with other proteins in unique combinations to
regulate gene expression. although HSFs, particularly HSF1, are subject to a plethora of
PTMs, we still have a poor understanding of their specific and context-dependent roles in
HSF regulation under normal or disease situations. Furthermore, the mechanisms by which
HSF1 and HSF2 are regulated in the broad context of metabolism, particularly by protein
misfolding in neurodegeneration or by cancer signalling pathways, remain to be elucidated.
A comprehensive understanding of this family of transcription factors could provide a basis
for optimizing selective small molecule agonists or antagonists of HSF function, which may
provide possibilities for new therapeutic interventions.
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Winged helix-turn-helix (WHTH)
Structural feature of a protein containing a-helices, B-sheets and loops arranged to form a
helix—turn—helix DNA-binding motif with a wing domain.

Transactivation
Activation of gene expression by transcription factors.

Chaperonin
Multi-subunit protein folding machines found from bacteria to humans that fold proteins in
an ATP-dependent manner.

Valosin-containing protein (p97/VCP)
A multitasking, chaperone-like AAA ATPase involved in protein ubiquitylation.

Aneuploidy
An abnormal number of chromosomes.

Genomic instability
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The acquisition of insertions, deletions or rearrangements in chromosomes or loss of
chromosomes.

Wing domain

A structural feature in a winged helix—turn—helix domain typically composed of loops that
come together to form a butterfly-like, ‘wing’ protrusion, typically in contact with the DNA
backbone.

Focal adhesions
Functional points of contact that facilitate signalling in response to stimuli such as force.

GTPases
Guanine nucleotide-hydrolysing proteins that function in cellular signalling, protein
translation, vesicular trafficking and other processes.

Lewy bodies
Protein aggregates in Parkinson disease and other dementias.

Substantia nigra
Midbrain structure of basal ganglia that has an important role in movement and reward
function.

Purkinje cells
Large GABAergic neurons in the cerebellar cortex with a large number of dendritic spines,
which are small protrusions that receive axonal input.

Astrocytes
Supporting glial cells in the brain and spinal cord that contribute to the function and health
of other cells in the central nervous system.

Oncogenic RAS
RAS is a family of related small GTPases involved in signal transduction pathways. RAS
mutations are the most common cancer-associated mutations.

Nuclear factor-xB (NF-xB)
A protein complex that controls the expression of genes involved in inflammation and a
range of other functions.

Mechanistic target of rapamycin complex 1 (mMTORC1)
Controls protein synthesis and senses the cellular energy, nutrient and redox balance status.
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Figure 1. Heat shock transcription factor 1 activation cycle
In response to proteotoxic stress conditions, heat shock transcription factor 1 (HSF1) is

subject to a multistep activation and attenuation cycle. Inactive HSF1 monomers are retained
in the cytoplasm in complex with regulatory proteins such as heat shock proteins (HSPs) 40,
70 and 90, as well as the cytosolic chaperonin TCP1 ring complex (TRiC). Upon stress
sensing, HSF1 is activated, causing the dissociation of inhibitory proteins, HSF1
oligomerization and nuclear retention. HSF1 is modified by several activating post-
translational modifications (PTMs) that promote DNA binding and transcriptional activation
of target genes in concert with cofactor recruitment. HSF1 is then modified by different
inhibitory PTMs, and by p23, causing DNA dissociation, HSF1 inactivation and HSF1
degradation (TABLE 1; see Supplementary information S3 (box)). It is currently unknown
where HSF1 degradation occurs and to what extent HSF1 is newly synthesized or recycled
into the cytoplasm. Ultimately, after attenuation, HSF1 is maintained in the cytoplasm by an
inhibitory protein complex in a negative-feedback mechanism. Colour code: DNA-binding
domain (dark blue), leucine zipper oligomerization domain LZ1 3 (light blue), regulatory
domain (grey), LZ4 (yellow) and activation domain (orange).

HSF1
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Figure 2. Structural insights into heat shock transcription factor—DNA interaction topology
a, b | Crystal structure of the DNA-binding domain (DBD) of heat shock transcription factor

1 (HSF1)28 (Protein Data Bank (PDB) accession number: 3HTS) and crystal structure of
HSF2 (REF. 11) bound to a two-site heat shock element (HSE) as a dimer (PDB: 5D8K).
These independently solved structures revealed that a previously unknown carboxy-terminal
(C term) helix (red) that is conserved in both HSF1 and HSF2 directs these HSFs to wrap
around the HSE DNA, resulting in a topology where the DBD and the remainder of the HSF
protein (not present in the crystal structure) occupy opposite sides of the DNA. ¢ | A new
model for the HSF-DNA interaction. Structural studies support a model that is in contrast to
the previous model for the topology of DNA-bound HSF oligomers. In the old model (left),
the oligomerization domains (light blue) were positioned on top of the DBD, such that the
free surface of the DBD (shown in green, in contrast to the DNA-bound portion of the DBD
shown in blue) was buried by the rest of the protein. In the new model (right), this free
surface of the DBD is solvent exposed, which makes it available for interactions with
regulatory proteins and to accept post-translational modifications. d | Surface representations
of HSF1, HSF2 and HSF4 in their DNA-bound state with identical amino acids shared by all
three family members shown in blue and divergent residues in green, cyan and orange,
respectively. The surfaces that contact DNA are highly conserved, whereas the solvent-
exposed surfaces are divergent. e | Sequence alignment of the DBDs of HSF1, HSF2 and
HSF4. Residues conserved between isoforms are highlighted in black. Residues that
contribute to the formation of a-helices, B-sheets and wing domains of HSF1 and HSF2
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(from crystal structures1:28) are underlined (as no structural data for HSF4 are currently
available, residues contributing to secondary structures are not designated). f | The HSF2
DBD structure (PDB: 5D8K) with a fully resolved wing domain and a line showing the
location of Lys82, which is subject to regulatory sumoylation®. Unlike other winged helix—
turn—helix DBDs, the wing domain of HSF2 does not contact the DNA backbone. Although
the entire wing domain was not resolved for HSF1, a similar conformation was seen for the
areas of the wing that were resolved?728,
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Figure 3. Heat shock transcription factor 1 at the forefront of metabolic regulation
Heat shock transcription factor 1 (HSF1) acts as a core component of metabolic regulation

through its ability to respond to metabolic and environmental stresses in key organs such as
the liver and skeletal muscle. In this regard, HSF1 directly activates expression of the
transcription factor peroxisome proliferator-activated receptor-y coactivator la (PGCla).
Moreover, through direct protein protein interactions, PGCla cooperates with HSF1 to
activate the expression of chaperones and proteins that function in mitochondrial metabolism
and biogenesis to prevent oxidative damage and increase oxidative
phosphorylation?8:51.53.55 The HSF1 and PGC1la network also functions in white adipose
tissue browning, conferring heat production and beneficial effects on adiposity, insulin
resistance and dyslipidaemia®®. Intriguingly, this intricate network is simultaneously
inhibited and activated by the metabolic stress sensor 5’-AMP-activated protein kinase
(AMPK). AMPK phosphorylates and represses HSF1 function during nutrient deprivation,
causing a proteotoxic stress response*l. However, AMPK also activates PGCla expression
and transcriptional activity in adipose tissuel?4. This regulation focuses on modulating
energy expenditure to improve metabolic fitness and stress protection. HSP40, heat shock
protein 40; TRiC, TCP1 ring complex.
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Figure 4. Heat shock transcription factor 1 inactivation or depletion is a common defect in
neurodegenerative disease

a | Healthy neuronal cells can cope with misfolded protein stress by activating heat shock
transcription factor 1 (HSF1) in response to stress sensing, which then activates the
transcription of target genes that promote neuronal function and survival. Target genes
include protein chaperones, peroxisome proliferator-activated receptor-y coactivator 1a
(PGC1a), postsynaptic density protein 95 (PSD95), synapsin and brain-derived neurotrophic
factor (BDNF). b | In Huntington disease, pathogenic mutant huntingtin protein (mHTT)
with an expanded polyglutamine (polyQ) tract increases the levels of casein kinase 2
subunit-a” (CK2a.") and an F box component of an E3 ubiquitin ligase, FBXW?7, which
drive HSF1 phosphorylation and ubiquitin-dependent proteolysis, respectively. This
decreases HSF1 levels and impairs the resolution of protein aggregates, thereby contributing
to increased proteotoxicity, neuronal dysfunction and death. c | In Parkinson disease,
Alzheimer disease and amyotrophic lateral sclerosis, reduced HSF1 protein levels and/or
activity has been reported and is associated with decreased expression of chaperones,
exacerbating the aggregation of disease-relevant proteins, including a-synuclein, amyloid-g
(AB), phosphorylated Tau (Tau-P), TAR DNA-binding protein 43 (TDP43), mutant
superoxide dismutase 1 (mSOD1) and chromosome 9 open reading frame 72 (COORF72).
Although it is unknown whether CK2 has an impact on HSF1 abundance in these
neurodegenerative diseases, increased CK2 levels have been observed. Two E3 ubiquitin
ligases, NEDD4 and FBXW?7, have been implicated in HSF1 degradation in Parkinson
disease and Huntington disease, respectively.
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Figure 5. Distinct regulation of heat shock transcription factor 1 in cancer and

neurodegenerative disease

a | In cancer cells, heat shock transcription factor 1 (HSF1) is increased and drives a cancer-
specific gene signature that supports cancer cell growth and survival. After establishment,
tumours recruit and reprogramme cancer-associated fibroblasts (CAFs) from the
surrounding stromal tissue, resulting in activation of pathways in CAFs that enhance cancer
proliferation, metastasis and angiogenesis. The stromal-specific HSF1-dependent gene
signature, which is distinct from that of cancer and healthy cells, includes activation of
transforming growth factor-pB (TGF) and stromal cell-derived factor 1 (SDF1) expression,
leading to the secretion of cancer-supportive soluble proteins. By contrast, in
neurodegenerative diseases such as Huntington disease, HSF1 is abnormally degraded, and
its promoter occupancy is altered. b | HSF1 functions are distinct in neurodegenerative
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diseases, such as Huntington disease, and in cancer, contributing to gene expression
signatures that are characteristic for each disease in Huntington disease, HSF1 levels
decrease, which impairs the expression of genes with functions in processes that are crucial
for striatal neuronal function”*125; in cancer, increased HSF1 levels are associated with
inhibition of apoptotic genes and activation of genes that drive processes supporting cancer
cell metabolism, proliferation, translation and genomic instability*?8. The decreased levels
of HSF1 in Huntington disease result from increased degradation via a mechanism involving
phosphorylation by the casein kinase 2 subunit-a” (CK2a."), which is overexpressed, and
subsequent ubiquitylation associated with increased FBXW?7 (see FIG. 4b). In melanoma,
HSF1 levels are elevated owing to decreased expression or mutation of FBXW?7 and
decreased ubiquitylation4?. Two known mechanisms for activation of HSF1 in cancers
involve increased phosphorylation of HSF1 at Ser326 by mitogen-activated protein kinase
kinase (MEK) through oncogenic RAS signalling9® and decreased activity of 5"-AMP-
activated protein kinase (AMPK), which ultimately lowers inhibitory Ser121
phosphorylation. Full list of gene names is detailed in Supplementary Information S6
(box).
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Post-translational modifications described for HSF1
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PTM Enzyme Effect Physiological context Refs

Phosphorylation

Serl21 MK2, AMPK HSP90 binding and repression Cancer (), metabolic 41,126,127

stress (1)

Ser127 - - 128

Thr142 CK2 DNA binding activation Heat shock (1) 129

Ser195 - LZ1-3 and LZ4 dissociationand ~ Heat shock O 130
transactivation

Ser216 PLK1 Protein degradation, mitotic Mitosis (1) 25
progression

Ser230 CaMKII Activation Heat shock (1) 126,131

Ser292 - - 39,126

Ser303 g%&ﬁ, ERK1, MEK1, Attenuation and degradation Cancer (V), HD (1) 3,40,126,128, 132 134

Ser307 gil;%, ERK1, MEK1, Attenuation and degradation Cancer (¥), HD (1) 3,40,126 128

Ser314 - - Cancer (V) 126,127

Ser319 - - - 126

Ser320 PKAca Activation Heat shock (1) 135

Thr323 - Repression Heat shock (1) 127

Ser326 mTOR, ERK1/2, MEK1 Activation (Figat shock (1), cancer 106,126,136

Ser333 PKC6 HSP90 dissociation and Cancer (1) 137
activation

Ser344 - - 126

Ser363 PKCa, PKCC, INK Repression Heat shock (V) 126,128,134

Thr367 - Repression Cancer (V) 127

Ser419 PLK1 Nuclear localization and Heat shock (V) 126
activation

Serd44 - - 126

Acetylation

Lys80 GCNS5, p300 Inhibition, DNA binding Heat shock (V) 31,37,38
dissociation

SIRT1, HDAC7, HDAC9

Lys116 - - 31

Lys118 p300 Inhibition Heat shock (1) 31,32

Lys126, Lys148 - - 31

Lys157, Lys188 - - 31,138

Lys208 p300 Protein stabilization Basal conditions (1) 31,32

Lys224 - - 31

Lys298 p300 Protein stabilization Basal conditions (1) 31,32

Lys524 - Heat shock response Heat shock (1) 32
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PTM Enzyme Effect

Physiological context Refs

Sumoylation

Lys62, Lys91, - -
Lys116, Lys118,
Lys126, Lys131,
Lys139, Lys148,
Lys157, Lys162,
Lys184, Lys208

43

Lys298 UBC9 Repression

Heat shock (V) 43,132

Lys372 - -

43

Arrows indicate stress and/or pathological conditions in which alterations in particular modifications have been reported. ‘-’ indicates that the
function of this post-translational modification is not known or has not been assessed yet. AMPK, 5’-AMP-activated protein kinase; CaMKII,
calcium/calmodulin-dependent protein kinase type 1l; CK2, casein kinase 2; ERK1, extracellular signal-regulated kinase; GSK3B, glycogen
synthase kinase 3p; HD, Huntington disease; HDAC, histone deacetylase; HSF1, heat shock factor 1; HSP90, heat shock protein 90; JNK, JUN N-
terminal kinase; LZ, leucine zipper; MEK1 (mitogen-activated protein kinase kinase 1; MK2, MAP kinase-activated protein kinase 2; mTOR,
mechanistic target of rapamycin; PKAca, cCAMP-dependent protein kinase catalytic subunit; PKC, protein kinase C; PLK1, polo-like kinase 1;

SIRT1, NAD-dependent protein deacetylase sirtuin 1.
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