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The heat-shock factors (HSFs) belong to an evolutionary conserved family
of transcription factors that were discovered already over 30 years ago.
The HSFs have been shown to a have a broad repertoire of target genes,
and they also have crucial functions during normal development. Impor-
tantly, HSFs have been linked to several disease states, such as neurode-
generative disorders and cancer, highlighting their importance in
physiology and pathology. However, it is still unclear how HSFs are regu-
lated and how they choose their specific target genes under different condi-
tions. Posttranslational modifications and interplay among the HSF family
members have been shown to be key regulatory mechanisms for these tran-
scription factors. In this review, we focus on the mammalian HSF1 and
HSF2, including their interplay, and provide an updated overview of the
advances in understanding how HSFs are regulated and how they function
in multiple processes of development, aging, and disease. We also discuss
HSFs as therapeutic targets, especially the recently reported HSF1 inhibi-
tors.

Correspondence

L. Sistonen, Turku Bioscience Centre,
University of Turku and Abo Akademi
University, 20520 Turku, Finland

Tel: +35822153311

E-mail: lea.sistonen@abo.fi

(Received 18 June 2021, revised 17 August
2021, accepted 2 September 2021)

doi:10.1111/febs.16178

Introduction

Transcriptional regulation is crucial during the life of
an organism. Transcription factors are regulatory pro-
teins that bind to DNA and facilitate formation of
multiprotein complexes at specific genomic sites to reg-
ulate gene expression, thereby coordinating the cellular
response to diverse signals. In  eukaryotes,

Abbreviations

transcription factors interact and function in a combi-
natorial manner, and they typically work as dimers [1].
Most transcription factors can form either homo- or
heterodimers, by which the DNA-binding specificity
and affinity can be regulated, thereby expanding their
target site repertoire [2]. Many transcription factors
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fibroblast; CaSig, cancer signature; ChlP-on-chip, chromatin immunoprecipitation followed by microarray hybridization; ChIP-seq, chromatin
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belong to families composed of multiple isoforms, with
capacity of binding to similar DNA sequences, which
makes the transcriptional regulation even more multi-
faceted [3].

The heat-shock factor (HSF) is an evolutionary con-
served transcription factor that binds DNA as a tri-
mer. Only one HSF is found in invertebrates, whereas
the vertebrate family of HSFs consists of at least seven
members; HSF1-5 and HSFX and HSFY [4]. Among
the mammalian HSFs, HSF1 is functionally most simi-
lar to the sole invertebrate HSF, as it is essential for
stress-induced heat-shock protein (HSP) production.
This review focuses mainly on HSF1 and HSF2 that
are rare transcription factors forming either homo- or
heterotrimers in mammals (Table 1). Since the original
discoveries of HSF1 as a key transcription factor dur-
ing acute stress, HSFs are now recognized to regulate
gene expression beyond HSPs and stress responses (for
recent comprehensive reviews, [4,5]), and many new
targets genes have been identified [6,7]. Importantly,
HSFs are activated by both intrinsic and extrinsic sig-
nals during cell differentiation and developmental pro-
cesses, such as gametogenesis and neurogenesis.
Therefore, it is not surprising that HSFs are also
involved in many pathologies, such as cancer and neu-
rodegenerative diseases.

Multifaceted properties of HSFs

The function of a transcription factor is determined by
its structural features. The HSF family members have
functional domains that are either shared or unique
(see more details in Fig. 1). All HSF family members
contain an amino-terminal winged helix-turn-helix
DNA-binding domain (DBD). Two recent crystallo-
graphic studies have solved the structure of HSF1 and
HSF2 DBDs bound to DNA [8,9]. These studies
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wraps around the entire DNA double helix and posi-
tions the rest of the HSF protein on the other side of
the DNA. The DNA-binding activity of HSFs requires
trimerization. Mammalian HSFs trimerize upon acti-
vation via intermolecular interactions between the HR-
A/B oligomerization domain which forms a triple
coiled-coil between three HSF monomers [10]. The
HR-C found in the carboxy terminus interacts
intramolecularly with the HR-A/B and represses
oligomerization under nonstressed conditions [11]. The
largely unstructured transactivation domain (AD) is
required for HSFs to induce transcription and enables
interaction with other transcription factors, cofactors,
and chromatin remodelers [12-16]. The regulatory
domain (RD) in HSF1 has a heat-sensing capacity and
is important for transactivation [17]. Although a puta-
tive RD has been identified in the C-terminal part of
HSF2 (Fig. 1), it may have negative regulatory func-
tions, that is, an opposite effect to that of HSF1
[14,18].

As is common in many transcription factor families,
also HSF1 and HSF2 can bind to the same DNA
sequences, called heat-shock elements (HSEs), in the
genome (Fig. 2). However, there are also reports of
HSEs that are occupied only by either HSF1 or HSF2,
as exemplified by GBA (glucosidase B acid) for HSF1
and MLL (myeloid/lymphoid or mixed-lineage leuke-
mia) or p35 (cyclin-dependent kinase 5 activating pro-
tein) for HSF2 [19-23]. The HSE was originally
identified from only a small set of target genes and
defined as inverted pentameric nGAAn repeats
(n = any nucleotide), and at least three continuous
inverted repeats of nGAAn were found in the HSP
gene promoters [24]. Subsequently, the target gene
repertoire has increased and the HSE architecture dis-
plays a great variation, such as spacing, orientation,
and number of repeats, and the exact sequence of the

showed that the carboxy-terminal part of the DBD cis-acting element can also vary [6,7,25]. The
Table 1. Shared and unique features of HSF1 and HSF2.
Feature HSF1 HSF2 References
Transcriptional regulation Not known HSE in promoter where HSF1 can bind [79]
IncRNA, miRNA HSR1 IncRNA miR-18, miR-144, TUGT IncRNA [52,136-138]
Stability Stable Unstable, half-life decreases in the [41,53,55,56]
absence of HSF1
Degradation; Examples of E3 Via ubiquitination; FBXW7, NEDD4 Via ubiquitination; APC/C [41,43,44]
ligases
Cellular localization, as inactive Cytosol and nucleus, monomer Cytosol, dimer [139,140]
Cellular localization, as active Nucleus, trimer, either homo- or Nucleus, trimer, either homo- or [139,140]
heterotrimer heterotrimer
Binding to nuclear stress bodies, nSBs ~ Yes Yes [61,141,142]
Interacting partners Many Few known [135]
Extracellular Not known Not known
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Fig. 1. Comparison of the functional domains of human HSF1 and HSF2, and posttranslational modifications therein. The DNA-binding
domain (DBD) in HSF1 and HSF2 is largely conserved (70% identity, 80% similarity), whereas the rest of the protein is less conserved
(approximately 35% identity). The trimerization domain contains two heptad repeats, HR-A and HR-B, forming a leucine zipper, and the C-
terminal heptad repeat HR-C can interact with HR-A/B and repress trimerization. The regulatory domain RD is extensively phosphorylated in
HSF1, but no PTMs have been reported within the RD of HSF2. The transactivation domain AD resides in the C terminus. The identified
acetylation, phosphorylation, sumoylation, and ubiquitination sites are indicated on both HSF1 and HSF2. Some lysines may be conjugated
by different chemical groups or whole proteins. It is important to note that not all sites are modified simultaneously. Note also that not all
sumoylation and ubiquitination sites have been experimentally validated, as they have been identified in large-scale proteome-wide studies.

differences in the HSE architecture and within the
chromatin landscape may therefore be important
determinants for HSF binding to their specific target
genes [19,26,27].

Transcription factors regulate gene expression not
only by binding to promoters but also by binding and
activating enhancers. Enhancers are distal regulatory
sequences found upstream or downstream of genes, or
even within genes, and they promote transcription of
nearby genes by forming a loop between the enhancer
and the gene promoter [28]. Enhancers can be tran-
scribed to produce eRNAs, which can regulate both
enhancer activity and transcriptional activity of nearby
genes, but the underlying mechanisms are still largely
unknown [29]. Genome-wide analyses have revealed
that different forms of stress, for example, heat shock,
induce both up- and downregulation of enhancers
[19,30,31]. HSF1 has been shown to bind to a multi-
tude of enhancers and transactivate genes by activating
nearby enhancers in response to heat stress [19,31,32]
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(Fig. 2). Almost 500 enhancers are induced by heat
shock in an HSF1-dependent manner. For example, in
the Tax1 binding protein 1 (TAX1BP1) locus, HSF1
was found to bind only to a divergently transcribed
enhancer 4.5 kb upstream of the gene promoter but it
was essential for the heat-induced eRNA transcription
and for the release of paused RNA polymerase from
the TAXIBP1 promoter [32]. Further studies are
required to determine whether also HSF1-HSF2 het-
erotrimers or HSF2 homotrimers can bind and regu-
late transcription via enhancers.

Posttranslational modifications
regulate HSF1 and HSF2

Transcription factors are modified after their synthesis
by conjugation of chemical groups (e.g., acetyl,
methyl, and phosphate) or of whole proteins (e.g.,
SUMO and ubiquitin). These posttranslational modifi-
cations (PTMs) may regulate localization to the
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Fig. 2. Interaction of HSF1 and HSF2 at the chromatin. Panel A summarizes results from genome-wide ChlP-seq or ChlP-on-chip analyses
of HSF1 (blue) and HSF2 (red) binding to their target genes, and panel B illustrates a newly discovered function of HSF1, transactivating
genes via enhancers. (A) The conditions under which HSF1 or HSF2 DNA binding was performed are indicated to the left and the binding
activity is assessed as: + basic levels, ++ increased levels. When both HSF1 and HSF2 were found to bind to the same gene, they are
depicted as an HSF1-HSF2 heterotrimer. Note that the stoichiometry of HSF1 and HSF2 in the heterotrimer can vary, and
heterotrimerization has not been studied on a genome-wide scale. To formally prove heterotrimerization, a sequential chromatin
immunoprecipitation would be required, with one antibody against one HSF, followed by a second immunoprecipitation using the first
pulldown material. As indicated in panel B, HSF1 can operate through enhancers, but the exact mechanisms are still not clear [19,31,32].
Enhancers can also be transcriptionally active and produce eRNAs. It should be emphasized that no comprehensive genome-wide analyses
of HSF1-mediated eRNA-induced transcription are yet available. PIC stands for preinititation complex, n.d. for not determined. * study not
genome-wide.

nucleus, DNA-binding, interaction with other factors, ubiquitination that can have either positive or negative
transactivation, attenuation, and degradation [33]. regulatory effects (Fig. 1, [3.4] for comprehensive
HSF1 and HSF2 undergo different PTMs, including reviews). When bound to DNA, the HSF family mem-
acetylation,  phosphorylation, sumoylation, and bers expose biochemically distinct surfaces, which
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could be used for PTMs or protein—protein interac-
tions to specifically regulate the activity of these tran-
scription factors [8,9,34].

HSF1 is phosphorylated at serines and threonines
throughout the protein, with many sites localized at the
RD [4,35,36]. HSF1 is hyperphosphorylated by heat
shock and other protein-damaging stresses, and this
may precede its DNA binding and transactivation
capacity [37,38]. Multiple kinases have been identified
that phosphorylate HSF1 at specific sites, and these
kinases are regulated by different stimuli, such as stress-
induced GlIcNAcylation (O-linked B-N-acetylglu-
cosamine modification) of GSK-3p [4,39]. Some HSF1
hyperphosphorylation sites have been connected to the
transcriptionally active HSF1, especially S326 residing
in the RD that is used as a proxy for HSF1 activation
[4,35]. Intriguingly, disrupting all known HSF1 phos-
phorylation sites in the RD did not render HSF1 tran-
scriptionally incompetent, as this mutant HSF1 was still
able to localize to the nucleus and transactivate HSP
genes [40]. Instead, the mutant had a lower threshold for
activation than wild-type HSF1, suggesting that HSF1
RD phosphorylation provides with a fine-tuning mecha-
nism for HSF1’s activity [40]. Nevertheless, distinct
phosphorylation events may be important in different
disease states, regulating HSF1 activity and stability [4].

Both HSF1 and HSF2 proteins can be regulated by
ubiquitin-mediated proteasomal degradation [41-45]
(Table 1). Interestingly, the HSF1 protein levels are dys-
regulated in certain pathologies; for example, in neurode-
generative diseases, the amount of HSF1 is diminished,
leading to impaired HSF1 target gene expression [44—47].
Aberrant HSF1 degradation by the ubiquitin E3 ligase
NEDD4 underlies a-synucleinopathy [44]. Acetylation
of K80 in the HSF1 DBD correlates with increased
HSF1 ubiquitination [44]. HSF1 acetylation has multiple
regulatory effects including stabilization of HSF1, and
acetylation of K80 and K118 in the DBD of HSF1 during
the attenuation phase of an acute heat shock inhibits
HSF1 DNA-binding activity [42,48]. In cancer and
Huntington’s disease models, the ubiquitin ligase E3
FBXW?7 promotes the degradation of HSF1 in a
phosphorylation-dependent manner [43,45]. The two ser-
ine residues S303 and S307 need to be phosphorylated
for FBXW7 and HSF1 to interact and for HSF1 to be
degraded. In recent proteome-wide studies, several HSF1
ubiquitination sites have been identified [49,50], but their
functional impact has not yet been validated (Fig. 1).

Quantitative changes in HSF2 levels have been
observed during cell differentiation, stress, and disease
[41,51-54]. In contrast to HSF1, which is a stable pro-
tein under acute stress, the amount of HSF2 decreases
during heat stress, and importantly, in cells lacking
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HSF1, there is usually less HSF2 protein than in wild-
type cells [55,56]. In response to acute stress, HSF2 is
ubiquitinated and degraded [41]. Although mass spec-
trometric analyses have identified multiple lysines on
HSF?2 that can be ubiquitinated (Fig. 1), the sites have
not been experimentally validated [49,50,57,58]. The
anaphase-promoting complex/cyclosome (APC/C) E3
ligase can mediate HSF2 degradation, but it is plausi-
ble that other ubiquitin E3 ligases are involved in reg-
ulating HSF2 levels [41]. In mitosis, HSF2 protein and
mRNA levels decline in multiple cell lines [59]. This
affects the chromatin environment of the HSPAIA
(HSP70) promoter, allowing HSF1 binding, which
protects mitotic cells against acute heat stress [59]. The
functional relevance of HSF2 degradation and the
underlying mechanisms are still largely unknown.

Proteome-wide studies have shown that heat shock
induces massive sumoylation of many transcription
factors, including HSF1 and HSF2 [60-63] (Fig. 1).
HSF1 is stress-inducibly sumoylated at K298 (a major
site) and K126 (a minor site). Surprisingly, this sumoy-
lation event is not required for the induction of the
heat-shock response, but it rather suppresses HSF1
transactivation capacity [64-66]. A recent study
showed, using purified proteins, that trimerized HSF1
is more efficiently sumoylated at K298 than mono-
meric HSF1, but sumoylation does not interfere with
HSF1 DNA-binding or HSC70-mediated dissociation
from DNA in vitro [67]. In contrast, sumoylation of
HSF2 at K82 in the DBD inhibits its DNA-binding
activity [68—71]. Multiple sumoylation sites on both
HSF1 and HSF2 in the DBD and HR-A/B have been
identified in an independent mass spectrometric analy-
sis using cell lines exposed to proteotoxic stresses [72].
Although the functional effects of these modifications
have not been established, it is likely that sumoylation
may have a more multifaceted role in regulating
trimerization and DNA binding of HSFs than previ-
ously anticipated.

Taken together, the complex effects of different
PTMs on HSFs, where some sites may be modified by
multiple PTMs or where one PTM depends on
another, provide with a fine-tuning mechanism for
controlling the activity of the HSFs. A major challenge
lies in characterizing the specific PTMs and their func-
tion in various cell types and tissues under physiologi-
cal and pathological conditions.

Trimerization of HSF1 and HSF2
modulates transcriptional capacity

HSF1 and HSF2 are co-expressed in many tissues, and
they can form heterotrimers, suggesting an interplay
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between HSF1 and HSF2 [51,73]. Genome-wide ChIP-
on-chip and ChIP-seq analyses have demonstrated that
HSF1 and HSF2 can bind to the same target gene pro-
moters [6,20-22] (Fig. 2). However, from these studies
it is impossible to distinguish if HSFs bind as hetero-
trimers or homotrimers. Certain genes are also found
to be specific for either HSF1 or HSF2. Cells devoid
of HSF1 cannot activate a heat-shock response, show-
ing that HSF2 is not able to compensate for the loss
of HSF1 [74]. Nevertheless, heterotrimerization of
HSF1-HSF2 may modulate the expression of certain
genes, since cells lacking HSF2 induce HSPs to a lower
level than wild-type cells [56]. HSF2 is considered
responsive to chronic stress, for example at fever-like
temperatures (39—41 °C) and upon exposures to etha-
nol or proteasome inhibition [73,75-78]. The protea-
some inhibitor bortezomib causes an increase in both
mRNA and protein levels of HSF2 in human primary
cells [73]. Recently, a new interrelationship between
HSF1 and HSF2 was suggested when HSF1 was
shown to transcriptionally regulate the levels of HSF2
by binding to an HSE in the HSF2 gene promoter in
cells subjected to proteasome inhibition [79].

HSFs in development, aging, and
degeneration

The HSFs are an exceptional class of transcription fac-
tors. In addition to responding rapidly to different
forms of protein-damaging stresses throughout the life
of an organism, they are also vital for developmental
and differentiation-related processes. To study the
interdependency between HSFs in vertebrates, model
organisms with multiple HSF family members, such as
zebrafish and mice, have been used. Although mice
deficient of HSF1, HSF2, or HSF4 are viable, they all
display different phenotypes, suggesting that individual
HSFs have their specific functions during development
[74,80,81]. For example, HSFI~/~ mice display a
reduced body and organ size, which may be due to
compromised protein synthesis [§1]. Interestingly, there
is a synergy between HSFI and HSF2, as both
HSFI™'~ and HSF2~/~ mice have impaired gametoge-
nesis, whereas the double knockout male mice are
completely sterile [20,21,52,81-84]. The crosstalk
between HSF1 and HSF2 in development is demon-
strated by genome-wide studies, revealing that HSF1
and HSF2 can bind to the same genomic regions in
spermatogenic cells [20].

HSF1 and HSF2 are important for brain develop-
ment and function by regulating crucial processes,
such as neuronal migration, neuronal synapse forma-
tion, and responses to proteotoxic stress [85-88] (for a
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recent review, [89]). These HSFs interact and play dual
roles in brain development and stress response, which
has been demonstrated using mice exposed to prenatal
alcohol treatment [76]. HSF2, which under normal
conditions forms homotrimers at certain target genes
and promotes neural migration, heterotrimerized with
HSF1 when mice were treated with ethanol. The
HSF1-HSF2 heterotrimerization alters the gene expres-
sion program by inducing transcription of HSPs to
promote cell survival upon ethanol exposure. Intrigu-
ingly, this prenatal stress leads to neural migration
defects as neuro-specific HSF2 target genes are not
expressed anymore. HSFs may therefore play a role in
neuropsychiatric disorders of neurodevelopmental ori-
gin due to prenatal insults [90].

HSF1 is required for larval development of the
nematode C. elegans [91,92]. A recent study uncovered
how stress signals in neurons can be transmitted to
vulnerable germ cells to provide protection against
damage [93]. In C. elegans, serotonin is released by
maternal neurons during stress, which ensures both the
viability and stress resilience of future offspring. Sero-
tonin acts through a signal transduction pathway
which is conserved between C. elegans and mammalian
cells [93]. In mammalian neuronal cells, serotonin
increases HSP mRNA and protein levels in an HSF1-
dependent manner. In soon to be fertilized germ cells,
serotonin enables HSF1 to alter the chromatin land-
scape by recruiting the histone chaperone FACT,
which results in displacement of histones, thereby
allowing active transcription of protective genes such
as HSPs [93]. Further studies regarding HSF1 activa-
tion by the neurotransmitter serotonin in human cells
are warranted, especially if increased HSF1 activation
could be utilized for developing therapy for neurode-
generative diseases.

During aging, there is a deterioration in the ability
to properly respond to external cues, which coincides
with a failure in maintaining proteostasis, that is, the
balance between protein synthesis, folding, and degra-
dation [94]. This aging-related proteostasis collapse has
been well established in nematodes, whereas it has
been unclear if a similar phenomenon exists in mam-
mals [95,96]. A recent study shows, using
transcriptome-wide characterization of gene expres-
sion, splicing, and translation, that significant deterio-
ration occurs in the transcriptional activation of the
heat shock response in stressed human senescent cells
[97]. Mechanistically, both the nuclear localization and
subnuclear distribution of HSF1 phosphorylated at
S326, a marker for activated HSF1, are impaired. The
proteasome function also declines in stressed senescent
cells, and it is not recovered when the cells are placed
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back to normal temperature [97]. The proteostasis col-
lapse may have multiple implications on how humans
age.

The prevalence of human neurodegenerative diseases
increases with age [36]. The hallmarks of many neu-
rodegenerative diseases are accumulation of misfolded
proteins and a proteostasis collapse due to imbalance
in protein folding and degradation. HSF1 has a pro-
tective role and also genes other than HSPs are
affected [98]. In contrast to HSF1, it is still unknown
whether HSF2 is involved in neurodegenerative dis-
eases. Nevertheless, an HSF2~/~ mouse model for
Huntington’s disease displays increased protein aggre-
gation in the brain and a reduced life span, suggesting
that HSF2 may have a role in regulating neuronal pro-
teostasis. Although the underlying molecular mecha-
nisms for HSF2 function are unclear, accumulation of
protein aggregates in the absence of HSF2 is partially
due to changes in chaperone levels, especially oB-
crystallin expression [75]. HSF2 has also been identi-
fied as a gene whose expression is commonly downreg-
ulated during aging when performing a meta-analysis
of transcriptional changes associated with Alzheimer’s
disease and aging [99].

HSF1 and HSF2 in cancer

In numerous types of cancer, elevated chaperone levels
driven by HSF1 have been observed, which correlates
with poor prognosis, increased metastatic potential,
and resistance to therapy [100]. A key role for HSF1
in cancer was established when HSFI~/~ mice were
found to be resistant to tumorigenesis [101,102]. In
human tumors, HSF1 protein levels are frequently ele-
vated, mainly due to gene amplification, or due to
mutations in the ubiquitin E3 ligase FBXW?7, which
supports tumorigenesis [43,103]. FBXW?7 is a nuclear
protein, frequently mutated in multiple different can-
cers [104], suggesting that FBXW?7 controls the stabil-
ity of nuclear HSF1 in cancer. Interestingly, only a
few HSF1 mutations have been found in cancers, sug-
gesting that HSF1 is needed intact for transformation
and tumor progression [105]. In many cancer types,
HSF1 is found active in the nucleus, and consequently,
HSF1 levels and nuclear localization correlate with the
degree of malignancy. Since increased HSF1 protein
expression corresponds with the progress of prostate
and breast cancer, and poor disease-specific survival,
nuclear HSF1 could be used as a prognostic marker
[106,107].

HSF1 drives oncogenesis by regulating a specific
cancer gene expression signature (HSF1 CaSig), com-
posed of 456 genes, which includes not only genes
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encoding chaperones but also genes involved in cell
adhesion, cell cycle control, metabolism, proliferation,
protein translation, and signaling [7]. This gene expres-
sion profile is different from that induced by HSF1
during heat shock. Importantly, the HSF1 CaSig could
be used for therapeutic and prognostic applications,
and retrospective studies have shown that melanoma
patients with high expression of HSF1 and CaSig
genes have poorer outcome and overall survival than
patients with less HSF1 [7,103,108].

HSF1 has been implicated in immunological
responses as interleukin 6 (IL-6) has been shown to be a
direct target gene for HSF1, and certain HSF1 CaSig
genes are involved in immune functions [7,109]. In
breast cancer cells, programmed death-ligand 1 (PD-
L1), a target for cancer immunotherapy, is an HSF1 tar-
get gene, and phosphorylation of HSF1 at T120 induces
higher expression of PD-L1 [110]. Recently, a role for
HSF1 in antitumor immunity was reported, as HSF1
can regulate interferon y (IFNy)-induced major histo-
compatibility complex I (MHC-I) expression [111]. In
this study, a novel immunogenic long noncoding RNA,
LIMIT, was shown to cis-activate a guanylate-binding
protein (GBP) gene cluster, leading to disrupted
HSP90-HSF1 interaction and HSF1 activation. Inter-
estingly, the authors also suggest that the LIMIT-GBP-
HSF1 axis could be targetable for immunotherapy.

Malignant cells within a tumor are surrounded by
many different types of cells, such as fibroblasts,
immune, and endothelial cells as well as components
of extracellular matrix (ECM). This microenvironment
is essential for tumor formation and progression [112].
Cancer-associated fibroblasts (CAFs) support cancer
cells in a noncell autonomous manner by secretion of
ECM, chemokines, cytokines, and growth factors.
HSF1 is frequently activated in CAFs where it drives
a transcriptional program enabling malignancy. The
transcriptional program is clearly different from that
driven by HSF1 in adjacent cancer cells [113]. In
fibroblasts that are cocultured with cancer cells, HSF1
regulates the expression of genes involved in cell adhe-
sion and wound healing, which activates ECM genes
in adjacent cancer cells [113,114]. Recently, it was
shown that HSF1 is crucial in the remodeling of the
ECM structure and composition in a mouse model of
colitis-associated colon cancer (CAC) [115]. Loss of
HSF1 abrogates ECM assembly by colon fibroblasts,
prevents inflammation-induced ECM remodeling, and
inhibits progression to CAC in mice. These findings
are recapitulated in CAC patients, where a strong acti-
vation of stromal HSF1 is accompanied with a high
expression of many ECM-affiliated HSF1 target genes
[115]. HSF1 also regulates a transcriptional profile that
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promotes malignancy in CAFs from gastric cancer
patients [116]. HSF1 upregulates inhibin subunit beta
A (INHBA) and thrombospondin 2 (THBS2), and
these proteins are secreted in CAF-derived extracellu-
lar vesicles to the tumor microenvironment to promote
cancer [116]. Accumulating evidence indicates that
HSF1 functions as a master regulator in CAFs in mul-
tiple carcinomas from different tissues and that release
of extracellular vesicles is one way to promote tumori-
genesis of nearby cells.

So far, there are only a few reports on involvement
of HSF2 in cancer [54,117], which was highlighted in a
recent comprehensive review [118]. HSF2 expression is
frequently decreased in several human malignancies,
and the decreased HSF2 expression correlates with the
aggressiveness in clinical samples of prostate cancer
[54]. In contrast, in hepatocellular cancer, patients with
higher levels of HSF2 display worse survival [117]. A
loss of HSF2 increases tumor growth and invasive
properties, and silencing HSF2 in prostate cancer cells
promotes invasion through altered expression of genes
linked to focal adhesion and actin cytoskeleton [54].
HSF2 is also implicated in proteasome inhibitor-
mediated control of cancer cell migration [79]. A
recent study in human osteosarcoma cells revealed the
importance of HSF2 in maintaining cell-cell adhesion
during proteotoxic stress [119]. HSF2 is indispensable
for cell survival after prolonged proteasome inhibition,
and the ability to survive proteotoxic stress is not only
dependent on induction of chaperones, but involves
multiple targets in different pathways, including genes
belonging to the cadherin superfamily. Interestingly,
studies in human cells or mouse testis have also identi-
fied cadherins as HSF2 target genes [6,20]. Additional
studies are needed to understand the role of HSF2 in
cell-cell adhesion and to study HSF2 in CAFs. It
would be particularly important to identify the HSF2-
driven cancer-specific gene expression signature in dif-
ferent types of cancer.

Pharmacological regulation of HSFs

HSF1 inhibitors

Because many cancer cells are clearly dependent on
HSF1 due to a so-called nononcogene addiction, and
HSF1 levels or the HSF1 transcriptional signature cor-
relate with the survival of cancer patients, pharmaco-
logical targeting of HSF1 is desirable [103,120].
However, there are major challenges with the drugga-
bility of transcription factors, such as HSF1, which
has no enzymatic activity and contains structurally
extended regions of disorder. Nevertheless, several
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HSF1 inhibitors have been identified based on natural
product library screens and different screening
methodologies [103]. In most cases, the compounds
have been found utilizing HSE-promotor reporter
assays, and they may impact either basal or stress-
induced activity. Using this approach, many com-
pounds identified may not be direct HSF1 inhibitors,
but instead inhibit general transcription, translation,
or upstream signaling pathways, and they may also
have ‘off-target’ effects [103].

In addition to natural molecules, some synthetic
compounds have emerged as potential HSF1 inhibi-
tors. For example, KRIBB11 was found in an HSE-
luciferase reporter assay, and it was shown to copre-
cipitate with HSF1 [121]. However, KRIBB11 may
also accelerate Mcl-1 degradation through an HSF1-
independent pathway, suggesting that KRIBB11 is not
specific for HSF1 [122]. Another synthetic compound,
Iusel15, developed using in silico screening, binds
both the full-length HSF1 and the HSFI DBD in a
surface plasmon resonance analysis [123]. Ispl 15 can
disrupt the interaction between HSF1 and ATFI1.
ATF]1 recruits transcriptional coregulators and modu-
lates HSF1 activity by maintaining an open chromatin
state at HSF1 target loci. Although many functional
properties of HSF1, such as the DNA-binding, protein
stability, and trimerization, are not affected by
Igskl15, it is cytotoxic to a variety of cancer cell lines
[123].

Recently, a novel type of HSF1 inhibitor, named
DTHIB, was developed by screening for small mole-
cules binding to the structurally well-ordered HSF1
DBD using differential scanning fluorimetry [124]. This
study demonstrated that DTHIB is a direct HSF1 inhi-
bitor binding with high affinity to HSF1. DTHIB
destabilized HSF1 protein levels especially in the
nucleus, whereas cytosolic HSF1 was unaffected.
Nuclear HSF1 was degraded by the proteasome in an
FBXW?7 ubiquitin E3 ligase-dependent manner. Using
cell lines as well as mouse xenograft and syngeneic
models, DTHIB was shown to inhibit therapy-resistant
prostate cancer cell proliferation. Since DTHIB treat-
ment broadly inhibited the HSF1 CaSig and HSFI1-
mediated transcriptional network [124], it will be inter-
esting to see whether this inhibitor is efficacious
toward other cancer types besides prostate cancer.
DTHIB is a welcome therapeutic outcome of drug
development, and it provides new possibilities to
address outstanding mechanistic questions regarding
HSFs in stress biology. To this end, the fate of HSF2
remains unclear when nuclear HSF1 is degraded, as
HSF2 has been earlier shown to be less stable when
HSF1 is downregulated or completely absent [55,56].
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HSF1 activators

Activation of HSF1 has been considered as a thera-
peutic approach against neurodegenerative diseases
that are caused by protein misfolding, for example,
Alzheimer’s, Parkinson’s, ALS (amyotrophic lateral
sclerosis), and polyglutamine diseases including Hunt-
ington’s disease. Multiple small compounds have been
identified to activate endogenous HSF1 and induce
HSP protein production, and some of them could be
promising candidates in pharmacological treatment of
neurodegenerative diseases [125]. However, most of
these compounds are not direct HSF1 binders; instead,
they bind and inhibit chaperones, such as HSP70,
HSP90, or TriC, all proteins known to interact with
HSF1 [126]. Importantly, HSF1 levels are considerably
decreased in Huntington’s and other neurodegenerative
disease models, suggesting that compounds inhibiting
HSF1 degradation and increasing HSF1 levels are
required rather than those stimulating the transactivat-
ing capacity of HSF1 [44,45].

HSP90 inhibitors induce a heat-shock response

HSP90 is an essential and very abundant molecular
chaperone in eukaryotic cells. HSP90 is a dimeric pro-
tein with a large repertoire of so-called client proteins,
including kinases, phosphatases, growth factor recep-
tors, and nuclear hormone receptors [127]. HSP90 can
regulate both the function and stability of its client
proteins. Since many HSP90 clients have crucial roles
in rapidly growing cancer cells, inhibition of HSP90
suppresses many signaling pathways that are impor-
tant for cancer. Thus, multiple HSP90 inhibitors have
been developed for cancer therapies, and many of
them target the N terminus of HSP90 which contains
the ATP-binding site. However, despite several
promising preclinical studies, not a single HSP90 inhi-
bitor has been approved for a clinical use by the FDA
[128]. Most HSP90 inhibitors induce a heat-shock
response and trigger the transcriptional activity of
HSF1 [129]. The increased levels of HSPs and HSF1
activation are unfortunately counterproductive when
treating cancer. In addition, high doses of HSP90
inhibitors may have immunosuppressive functions. It
has therefore been proposed that HSP90 inhibitors
could be used at continuous low doses that do not
induce a heat-shock response, in combination with
other cancer drugs, to receive a better therapeutic effi-
cacy [130,131].

To this date, it is unclear how N-terminal HSP90
inhibitors activate the heat-shock response. The cur-
rent model proposes that HSF1 can be kept in an
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inactive state with HSP90, HSP70, and other chaper-
ones, and that once HSP90 is inactivated, HSF1 is
released from the complex, which allows its trimeriza-
tion, and subsequent transcription of HSPs [132]. The
knowledge regarding HSF2, HSP90, and HSP90 inhi-
bitors is scarce. Intriguingly, a recent study shows that
HSF2 can be coprecipitated with HSP90 when using
specific conformationally strained, ‘closed-form’,
HSP90 mutants [133]. Similarly to HSF1-HSP90 inter-
action, different HSP90 inhibitors are able to disrupt
HSF2-HSP90 interaction [132,133]. Other studies have
observed that the HSP90 inhibitor STA-9090 increases
HSF2 levels in multiple bladder cancer cell lines [134].
In addition, HSF27/~ cells are more sensitive to
HSP90 inhibitors geldanamycin and 17-AAG than
wild-type cells [119]. Therefore, HSF2 levels and stabil-
ity of HSF2 should be taken into consideration when
studying HSP90 inhibitors.

Perspectives

During the past years, we have acquired increased
knowledge of the expression patterns and functions of
HSF1 and HSF2 in physiology and pathology. Many
fundamental questions are still unanswered and are
summarized in Box 1.

Although much less research has been performed on
HSF2 than HSFI1, there is accumulating evidence
demonstrating a role for HSF2 in biological processes
besides gametogenesis and corticogenesis. Interrela-
tionship of HSF1 and HSF?2 is still poorly understood,
particularly whether they compete or work in synergy,
and how the interplay changes depending on the cellu-
lar state (normal, stress, or disease state). So far, most
studies addressing HSF interdependency have been
performed in various cell lines exposed to acute stress,
especially heat shock, and future studies directed

BOX 1. Outstanding questions

- Can HSF2 be transcriptionally active indepen-
dently of HSF1 or other transcription factors?

- What is the HSF2 transcriptional signature?

- What changes HSFs from inducing one transcrip-
tional program to another?

- What is the fate of HSF2 (and the other HSFs)
when HSFI is inhibited by novel inhibitors?

- Are there compensatory mechanisms when one or
several members of the HSF family are deleted or
downregulated (silenced)?
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toward pathologies are required. Importantly, when
developing and analyzing pharmacological regulators
for HSF1 or the heat-shock response, HSF2 and other
HSF family members should be monitored.

There are gaps in understanding how HSFs are reg-
ulated. HSF protein levels must be carefully tuned and
PTMs may regulate both the stability of these proteins
and their transcriptional activity. We still do not know
how the formation of heterotrimers is regulated.

P. Roos-Mattjus and L. Sistonen

Author contributions

PRM and LS wrote the manuscript.

References

1

Funnell AP & Crossley M (2012) Homo- and
heterodimerization in transcriptional regulation. Adv
Exp Med Biol 747, 105-121.

Examples of questions to be addressed include the fol- 2 Amoutzias GD, Robertson DL, Van de Peer Y &
lowing: Do the different PTMs play a key role, or is it Oliver SG (2008) Choose your partners: dimerization
the ratio between HSF1 and HSF?2 that determines in eukaryotic transcription factors. Trends Biochem Sci
heterotrimerization? Do HSF1 and HSF2 form com- 33, 220-229. o )
plexes with other HSF family members, such as 3 Lambert SA, Jolma A Campitelli LF, Das PKj Yin Y,
HSF4? Identification of proteins that interact with Albu M, Chen X, Taipale J, Hughes TR & Weirauch
HSFs may give insights into how they are regulated MT (2018) The human transcription factors. Cell 172,
and how the condition-specific target genes are 630-665. )
. . 4 Gomez-Pastor R, Burchfiel ET & Thiele DJ (2018)
selected. For this purpose, the HSF1 interactome dur- . .
. . . . Regulation of heat shock transcription factors and
ing different disease conditions was recently reported, . . . .
. . . their roles in physiology and disease. Nat Rev Mol Cell
and HSF1 was shown to interact with a diverse group Biol 19. 4-19
of proteins, and interestingly, more partner .prot.elns 5 Joutsen J & Sistonen L (2019) Tailoring of proteostasis
were detected under stress than control situations networks with Heat Shock Factors. Cold Spring Harb
[135]. . , Perspect Biol 11, a034066.
The impact of HSFs in cancer is more complex 6 Vihervaara A, Sergelius C, Vasara J, Blom MA, Elsing
the.m previously anticipateq, .sinc§ there is now clear AN, Roos-Mattjus P & Sistonen L (2013)
evidence that HSF1 activity in CAFs promotes Transcriptional response to stress in the dynamic
tumorigenesis and metastasis [113-116]. Extracellular chromatin environment of cycling and mitotic cells.
vesicles derived from CAFs contain proteins encoded Proc Natl Acad Sci USA 110, 3388-3397.
by HSF1 target genes that are critical for tumor 7 Mendillo ML, Santagata S, Koeva M, Bell GW, Hu R,
progression [116]. This crosstalk emphasizes the Tamimi RM, Fraenkel E, Ince TA, Whitesell L &
importance of including both the stroma and cancer Lindquist S (2012) HSF1 drives a transcriptional
cells in forthcoming studies. In addition to different program distinct from heat shock to support highly
forms of cancer, many neurodegenerative diseases malignant human cancers. Cell 150, 549-562.
progress during aging, and abnormal functions of 8 Neudegger T, Verghese J, Hayer-Hartl M, Hartl FU &
HSFs, particularly those of HSFI, have been impli- BfaChe}" A (2016) Structure of humz.ln heat-shock
cated in aged cells and organisms. Thus, it remains transcription _f"‘Ctor Iin complex with DNA. Nat
to be established whether HSFs are dysregulated also Struct Mol Biol 23, 140-146. )
in other aging-related diseases, including metabolic 9 Jacger AM, Pemble CW, Sistonen L & Thiele DJ
disorders (2016) Structures of HSF2 reveal mechanisms for
' differential regulation of human heat-shock factors.
Nat Struct Mol Biol 23, 147-154.
Acknowledgements 10 Peterander] R, Rabenstein M, Shin YK, Liu CW,
. Wemmer DE, King DS & Nelson HC (1999
We thank the members of the Sistonen laboratory for . - y S .(' . )
. . ) ; . Biochemical and biophysical characterization of the
inspiring discussions and constructive comments on trimerizati . -
1 ) rimerization domain from the heat shock transcription
the manus?rlpt. Ou_r Work 15/ s_upported by The Acad- factor. Biochemistry 38, 3559-3569.
emy of Flnlagd, Sigrid Jusehl%s Foundation, Cancer 11 Rabindran SK, Haroun RI, Clos J, Wisniewski J &
E ound?ltlon E mland, the Medical Research F ougda- Wu C (1993) Regulation of heat shock factor trimer
tion OL‘V och Hilsa, Magnus Ehrnrooth Foundation, formation: role of a conserved leucine zipper. Science
and Abo Akademi University. 259, 230-234.
12 Park JM, Werner J, Kim JM, Lis JT & Kim YJ (2001)
Conflict of interest Mediator, not holoenzyme, is directly recruited to the
heat shock promoter by HSF upon heat shock. Mol
The authors declare no conflicts of interest. Cell 8, 9-19.
10 The FEBS Journal (2021) © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



P. Roos-Mattjus and L. Sistonen

Interplay between mammalian HSF1 and HSF2

13 Sullivan EK, Weirich CS, Guyon JR, Sif S & Kingston mechanisms underlying its genome-wide transcriptional
RE (2001) Transcriptional activation domains of regulation. Mol Cell 62, 63-78.
human heat shock factor 1 recruit human SWI/SNF. 26 Jaeger AM, Makley LN, Gestwicki JE & Thiele DJ
Mol Cell Biol 21, 5826-5837. (2014) Genomic heat shock element sequences drive

14 Yoshima T, Yura T & Yanagi H (1998) Function of cooperative human heat shock factor 1 DNA binding
the C-terminal transactivation domain of human heat and selectivity. J Biol Chem 289, 30459-30469.
shock factor 2 is modulated by the adjacent negative 27 Yamamoto N, Takemori Y, Sakurai M, Sugiyama K
regulatory segment. Nucleic Acids Res 26, 2580~ & Sakurai H (2009) Differential recognition of heat
2585. shock elements by members of the heat shock

15 Shi Y, Kroeger PE & Morimoto RI (1995) The transcription factor family. FEBS J 276, 1962-1974.
carboxyl-terminal transactivation domain of heat 28 Pennacchio LA, Bickmore W, Dean A, Nobrega MA
shock factor 1 is negatively regulated and stress & Bejerano G (2013) Enhancers: five essential
responsive. Mol Cell Biol 15, 4309—4318. questions. Nat Rev Genet 14, 288-295.

16 Kmiecik SW, Le Breton L & Mayer MP (2020) 29 Chen H, Du G, Song X & Li L (2017) Non-coding
Feedback regulation of heat shock factor 1 (Hsfl) transcripts from enhancers: New insights into enhancer
activity by Hsp70-mediated trimer unzipping and activity and gene expression regulation. Geno
dissociation from DNA. EMBO J 39, ¢104096. Proteomics Bioinform 15, 201-207.

17 Newton EM, Knauf U, Green M & Kingston RE 30 Himanen SV & Sistonen L (2019) New insights into
(1996) The regulatory domain of human heat shock transcriptional reprogramming during cellular stress. J
factor 1 is sufficient to sense heat stress. Mol Cell Biol Cell Sci 132 (21):jcs238402.

16, 839-846. 31 Lyu X, Rowley MJ & Corces VG (2018) Architectural

18 Zhu Z & Mivechi NF (1999) Regulatory domain of proteins and pluripotency factors cooperate to
human heat shock transcription factor-2 is not orchestrate the transcriptional response of hESCs to
regulated by hemin or heat shock. J Cell Biochem 73, temperature stress. Mol Cell 71, 940-955.

56-69. 32 Vihervaara A, Mahat DB, Himanen SV, Blom MAH,

19 Vihervaara A, Mahat DB, Guertin MJ, Chu T, Danko Lis JT & Sistonen L (2021) Stress-induced
CG, Lis JT & Sistonen L (2017) Transcriptional transcriptional memory accelerates promoter-proximal
response to stress is pre-wired by promoter and pause release and decelerates termination over mitotic
enhancer architecture. Nat Commun 8, 255. divisions. Mol Cell 81, 1715-1731.

20 Korfanty J, Stokowy T, Widlak P, Gogler-Piglowska 33 Holmberg CI, Tran SE, Eriksson JE & Sistonen L
A, Handschuh L, Podkowinski J, Vydra N, (2002) Multisite phosphorylation provides
Naumowicz A, Toma-Jonik A & Widlak W (2014) sophisticated regulation of transcription factors.
Crosstalk between HSF1 and HSF2 during the heat Trends Biochem Sci 27, 619-627.
shock response in mouse testes. Int J Biochem Cell Biol 34 Hentze N, Le Breton L, Wiesner J, Kempf G & Mayer
57, 76-83. MP (2016) Molecular mechanism of thermosensory

21 Akerfelt M, Henriksson E, Laiho A, Vihervaara A, function of human heat shock transcription factor
Rautoma K, Kotaja N & Sistonen L (2008) Promoter Hsfl. Elife 5, e11576.

ChIP-chip analysis in mouse testis reveals Y 35 Guettouche T, Boellmann F, Lane WS & Voellmy R
chromosome occupancy by HSF2. Proc Natl Acad Sci (2005) Analysis of phosphorylation of human heat
USA 105, 11224-11229. shock factor 1 in cells experiencing a stress. BMC

22 Akerfelt M, Vihervaara A, Laiho A, Conter A, Biochem 6, 4.

Christians ES, Sistonen L & Henriksson E (2010) Heat 36 Anckar J & Sistonen L (2011) Regulation of HSF1
shock transcription factor 1 localizes to sex chromatin function in the heat stress response: implications in
during meiotic repression. J Biol Chem 285, 34469— aging and disease. Annu Rev Biochem 80, 1089—
34476. 1115.

23 Chang Y, Ostling P, Akerfelt M, Trouillet D, Rallu 37 Cotto JJ, Kline M & Morimoto RI (1996) Activation
M, Gitton Y, El Fatimy R, Fardeau V, Le Crom S, of heat shock factor 1 DNA binding precedes stress-
Morange M et al. (2006) Role of heat-shock factor 2 induced serine phosphorylation. Evidence for a
in cerebral cortex formation and as a regulator of p35 multistep pathway of regulation. J Biol Chem 271,
expression. Genes Dev 20, 836-847. 3355-3358.

24 Amin J, Ananthan J & Voellmy R (1988) Key features 38 Dayalan Naidu S, Sutherland C, Zhang Y, Risco A,
of heat shock regulatory elements. Mol Cell Biol 8, de la Vega L, Caunt CJ, Hastie CJ, Lamont DJ,
3761-3769. Torrente L, Chowdhry S et al. (2016) Heat Shock

25 Mahat DB, Salamanca HH, Duarte FM, Danko CG Factor 1 is a substrate for p38 mitogen-activated
& Lis JT (2016) Mammalian heat shock response and protein kinases. Mol Cell Biol 36, 2403-2417.

The FEBS Journal (2021) © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 1

Federation of European Biochemical Societies



Interplay between mammalian HSF1 and HSF2

39

40

41

4

43

44

45

46

47

48

49

50

12

Kazemi Z, Chang H, Haserodt S, McKen C &
Zachara NE (2010) O-linked beta-N-acetylglucosamine
(O-GIcNACc) regulates stress-induced heat shock
protein expression in a GSK-3beta-dependent manner.
J Biol Chem 285, 39096-39107.

Budzynski MA, Puustinen MC, Joutsen J & Sistonen
L (2015) Uncoupling stress-inducible phosphorylation
of Heat Shock Factor 1 from its activation. Mol Cell
Biol 35, 2530-2540.

Ahlskog JK, Bjork JK, Elsing AN, Aspelin C, Kallio
M, Roos-Mattjus P & Sistonen L (2010) Anaphase-
promoting complex/cyclosome participates in the acute
response to protein-damaging stress. Mol Cell Biol 30,
5608-5620.

Raychaudhuri S, Loew C, Korner R, Pinkert S, Theis
M, Hayer-Hartl M, Buchholz F & Hartl FU (2014)
Interplay of acetyltransferase EP300 and the
proteasome system in regulating heat shock
transcription factor 1. Cell 156, 975-985.

Kourtis N, Moubarak RS, Aranda-Orgilles B, Lui K,
Aydin IT, Trimarchi T, Darvishian F, Salvaggio C,
Zhong J, Bhatt K et al. (2015) FBXW7 modulates
cellular stress response and metastatic potential
through HSF1 post-translational modification. Nat
Cell Biol 17, 322-332.

Kim E, Wang B, Sastry N, Masliah E, Nelson PT, Cai
H & Liao FF (2016) NEDD4-mediated HSF1
degradation underlies alpha-synucleinopathy. Hum
Mol Genet 25, 211-222.

Gomez-Pastor R, Burchfiel ET, Neef DW, Jaeger AM,
Cabiscol E, McKinstry SU, Doss A, Aballay A, Lo
DC, Akimov SS et al. (2017) Abnormal degradation of
the neuronal stress-protective transcription factor
HSF1 in Huntington’s disease. Nat Commun 8, 14405.
Jiang YQ, Wang XL, Cao XH, Ye ZY, Li L & Cai
WQ (2013) Increased heat shock transcription factor 1
in the cerebellum reverses the deficiency of Purkinje
cells in Alzheimer’s disease. Brain Res 1519, 105-111.
Goetzl EJ, Boxer A, Schwartz JB, Abner EL, Petersen
RC, Miller BL, Carlson OD, Mustapic M &
Kapogiannis D (2015) Low neural exosomal levels of
cellular survival factors in Alzheimer’s disease. Ann
Clin Transl Neurol 2, 769-773.

Westerheide SD, Anckar J, Stevens SM, Sistonen L &
Morimoto RI (2009) Stress-inducible regulation of
heat shock factor 1 by the deacetylase SIRT1. Science
323, 1063-1066.

Akimov V, Barrio-Hernandez I, Hansen SVF,
Hallenborg P, Pedersen AK, Bekker-Jensen DB, Puglia
M, Christensen SDK, Vanselow JT, Nielsen MM et al.
(2018) UbiSite approach for comprehensive mapping
of lysine and N-terminal ubiquitination sites. Nat
Struct Mol Biol 25, 631-640.

Vogl AM, Phu L, Becerra R, Giusti SA, Verschueren
E, Hinkle TB, Bordenave MD, Adrian M,

51

52

53

54

55

56

57

58

59

60

61

P. Roos-Mattjus and L. Sistonen

Heidersbach A, Yankilevich P et al. (2020) Global site-
specific neddylation profiling reveals that NEDDylated
cofilin regulates actin dynamics. Nat Struct Mol Biol
27, 210-220.

Sandqvist A, Bjork JK, Akerfelt M, Chitikova Z,
Grichine A, Vourc’h C, Jolly C, Salminen TA,
Nymalm Y & Sistonen L (2009) Heterotrimerization of
heat-shock factors 1 and 2 provides a transcriptional
switch in response to distinct stimuli. Mol Biol Cell 20,
1340-1347.

Bjork JK, Sandqvist A, Elsing AN, Kotaja N &
Sistonen L (2010) miR-18, a member of Oncomir-1,
targets heat shock transcription factor 2 in
spermatogenesis. Development 137, 3177-3184.
Mathew A, Mathur SK & Morimoto RI (1998) Heat
shock response and protein degradation: regulation of
HSF2 by the ubiquitin-proteasome pathway. Mol Cell
Biol 18, 5091-5098.

Bjork JK, Akerfelt M, Joutsen J, Puustinen MC,
Cheng F, Sistonen L & Nees M (2016) Heat-shock
factor 2 is a suppressor of prostate cancer invasion.
Oncogene 35, 1770-1784.

Rossi A, Ciafre S, Balsamo M, Pierimarchi P &
Santoro MG (2006) Targeting the heat shock factor 1
by RNA interference: a potent tool to enhance
hyperthermochemotherapy efficacy in cervical cancer.
Cancer Res 66, 7678-7685.

Ostling P, Bjork JK, Roos-Mattjus P, Mezger V &
Sistonen L (2007) Heat shock factor 2 (HSF2)
contributes to inducible expression of hsp genes
through interplay with HSF1. J Biol Chem 282, 7077—
7086.

Wagner SA, Beli P, Weinert BT, Nielsen ML, Cox J,
Mann M & Choudhary C (2011) A proteome-wide,
quantitative survey of in vivo ubiquitylation sites
reveals widespread regulatory roles. Mol Cell
Proteomics 10 (M111), 13284.

Kim HT, Kim KP, Lledias F, Kisselev AF, Scaglione
KM, Skowyra D, Gygi SP & Goldberg AL (2007)
Certain pairs of ubiquitin-conjugating enzymes (E2s)
and ubiquitin-protein ligases (E3s) synthesize
nondegradable forked ubiquitin chains containing all
possible isopeptide linkages. J Biol Chem 282, 17375
17386.

Elsing AN, Aspelin C, Bjork JK, Bergman HA,
Himanen SV, Kallio MJ, Roos-Mattjus P & Sistonen
L (2014) Expression of HSF2 decreases in mitosis to
enable stress-inducible transcription and cell survival. J
Cell Biol 206, 735-749.

Boulanger M, Chakraborty M, Tempe D, Piechaczyk
M & Bossis G (2021) SUMO and transcriptional
regulation: The lessons of large-scale proteomic,
modifomic and genomic studies. Molecules 26, 828.
Niskanen EA, Malinen M, Sutinen P, Toropainen S,
Paakinaho V, Vihervaara A, Joutsen J, Kaikkonen

The FEBS Journal (2021) © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



P. Roos-Mattjus and L. Sistonen

MU, Sistonen L & Palvimo JJ (2015) Global
SUMOylation on active chromatin is an acute heat

Federation of European Biochemical Societies

Interplay between mammalian HSF1 and HSF2

human SUMO proteome reveals co-modification with
phosphorylation. Nat Struct Mol Biol 24, 325-336.

stress response restricting transcription. Genome Biol 73 Rossi A, Riccio A, Coccia M, Trotta E, La Frazia S &
16, 153. Santoro MG (2014) The proteasome inhibitor

62 Niskanen EA & Palvimo JJ (2017) Chromatin bortezomib is a potent inducer of zinc finger AN1-type
SUMOylation in heat stress: To protect, pause and domain 2a gene expression: role of heat shock factor 1
organise? SUMO stress response on chromatin. (HSF1)-heat shock factor 2 (HSF2) heterocomplexes. J
BioEssays 39, 1600263. Biol Chem 289, 12705-12715.

63 Golebiowski F, Matic I, Tatham MH, Cole C, Yin Y, 74 McMillan DR, Xiao X, Shao L, Graves K &
Nakamura A, Cox J, Barton GJ, Mann M & Hay RT Benjamin 1J (1998) Targeted disruption of heat shock
(2009) System-wide changes to SUMO modifications in transcription factor 1 abolishes thermotolerance and
response to heat shock. Sci Signal 2, ra24. protection against heat-inducible apoptosis. J Biol

64 Hong Y, Rogers R, Matunis MJ, Mayhew CN, Chem 273, 7523-7528.

Goodson ML, Park-Sarge OK & Sarge KD (2001) 75 Shinkawa T, Tan K, Fujimoto M, Hayashida N,
Regulation of heat shock transcription factor 1 by Yamamoto K, Takaki E, Takii R, Prakasam R,
stress-induced SUMO-1 modification. J Biol Chem 276, Inouye S, Mezger V et al. (2011) Heat shock factor 2
40263-40267. is required for maintaining proteostasis against febrile-

65 Hietakangas V, Ahlskog JK, Jakobsson AM, Hellesuo range thermal stress and polyglutamine aggregation.
M, Sahlberg NM, Holmberg CI, Mikhailov A, Mol Biol Cell 22, 3571-3583.

Palvimo JJ, Pirkkala L & Sistonen L (2003) 76 El Fatimy R, Miozzo F, Le Mouel A, Abane R,
Phosphorylation of serine 303 is a prerequisite for the Schwendimann L, Saberan-Djoneidi D, de Thonel A,
stress-inducible SUMO modification of heat shock Massaoudi I, Paslaru L, Hashimoto-Torii K et al.
factor 1. Mol Cell Biol 23, 2953-2968. (2014) Heat shock factor 2 is a stress-responsive

66 Hietakangas V, Anckar J, Blomster HA, Fujimoto M, mediator of neuronal migration defects in models of
Palvimo JJ, Nakai A & Sistonen L (2006) PDSM, a fetal alcohol syndrome. EMBO Mol Med 6, 1043—
motif for phosphorylation-dependent SUMO 1061.
modification. Proc Natl Acad Sci USA 103, 45-50. 77 Miozzo F, Arnould H, de Thonel A, Schang AL,

67 Kmiecik SW, Drzewicka K, Melchior F & Mayer MP Saberan-Djoneidi D, Baudry A, Schneider B & Mezger
(2021) Heat shock transcription factor 1 is V (2018) Alcohol exposure promotes DNA
SUMOylated in the activated trimeric state. J Biol methyltransferase DNMT3A upregulation through
Chem 296, 100324. reactive oxygen species-dependent mechanisms. Cell

68 Anckar J, Hietakangas V, Denessiouk K, Thiele DJ, Stress Chaperones 23, 115-126.

Johnson MS & Sistonen L (2006) Inhibition of DNA 78 Lecomte S, Desmots F, Le Masson F, Le Goff P,
binding by differential sumoylation of heat shock Michel D, Christians ES & Le Drean Y (2010) Roles
factors. Mol Cell Biol 26, 955-964. of heat shock factor 1 and 2 in response to proteasome

69 Tateishi Y, Ariyoshi M, Igarashi R, Hara H, inhibition: consequence on p53 stability. Oncogene 29,
Mizuguchi K, Seto A, Nakai A, Kokubo T, Tochio H 4216-4224.

& Shirakawa M (2009) Molecular basis for 79 Santopolo S, Riccio A, Rossi A & Santoro MG (2021)
SUMOylation-dependent regulation of DNA binding The proteostasis guardian HSF1 directs the

activity of heat shock factor 2. J Biol Chem 284, 2435— transcription of its paralog and interactor HSF2

2447, during proteasome dysfunction. Cell Mol Life Sci 78,

70 Goodson ML, Hong Y, Rogers R, Matunis MJ, Park- 1113-1129.

Sarge OK & Sarge KD (2001) Sumo-1 modification 80 Jin X, Eroglu B, Moskophidis D & Mivechi NF (2018)
regulates the DNA binding activity of heat shock Targeted deletion of Hsfl, 2, and 4 genes in mice.
transcription factor 2, a promyelocytic leukemia Methods Mol Biol 1709, 1-22.

nuclear body associated transcription factor. J Biol 81 Xiao X, Zuo X, Davis AA, McMillan DR, Curry BB,
Chem 276, 18513-18518. Richardson JA & Benjamin 1J (1999) HSF1 is required

71 Feng H, Wang S, Guo L, Punekar AS, Ladenstein R, for extra-embryonic development, postnatal growth
Wang DC & Liu W (2016) MD simulation of high- and protection during inflammatory responses in mice.
resolution X-ray structures reveals post-translational EMBO J 18, 5943-5952.
modification dependent conformational changes 82 Christians E, Davis AA, Thomas SD & Benjamin 1J
in HSF-DNA interaction. Protein Cell 7, 916— (2000) Maternal effect of Hsfl on reproductive success.
920. Nature 407, 693-694.

72 Hendriks IA, Lyon D, Young C, Jensen LJ, Vertegaal 83 Wang G, Ying Z, Jin X, Tu N, Zhang Y, Phillips M,
AC & Nielsen ML (2017) Site-specific mapping of the Moskophidis D & Mivechi NF (2004) Essential

The FEBS Journal (2021) © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 13



Interplay between mammalian HSF1 and HSF2

84

85

86

87

88

89

90

91

92

93

94

95

14

requirement for both hsfl and hsf2 transcriptional
activity in spermatogenesis and male fertility. Genesis
38, 66-80.

Hong SH, Han G, Lee SJ, Cocquet J & Cho C (2021)
Testicular germ cell-specific IncRNA, Teshl, is
required for complete expression of Y chromosome
genes and a normal offspring sex ratio. Sci Adv 7 (24):
eabg5177.

Kallio M, Chang Y, Manuel M, Alastalo TP, Rallu
M, Gitton Y, Pirkkala L, Loones MT, Paslaru L,
Larney S et al. (2002) Brain abnormalities, defective
meiotic chromosome synapsis and female subfertility in
HSF2 null mice. EMBO J 21, 2591-2601.

Takaki E, Fujimoto M, Sugahara K, Nakahari T,
Yonemura S, Tanaka Y, Hayashida N, Inouye S,
Takemoto T, Yamashita H et al. (2006) Maintenance
of olfactory neurogenesis requires HSF1, a major heat
shock transcription factor in mice. J Biol Chem 281,
4931-4937.

Homma S, Jin X, Wang G, Tu N, Min J, Yanasak N
& Mivechi NF (2007) Demyelination, astrogliosis, and
accumulation of ubiquitinated proteins, hallmarks of
CNS disease in hsfl-deficient mice. J Neurosci 27,
7974-7986.

Uchida S, Hara K, Kobayashi A, Fujimoto M, Otsuki
K, Yamagata H, Hobara T, Abe N, Higuchi F,
Shibata T et al. (2011) Impaired hippocampal
spinogenesis and neurogenesis and altered affective
behavior in mice lacking heat shock factor 1. Proc
Natl Acad Sci USA 108, 1681-1686.

Duchateau A, de Thonel A, El Fatimy R, Dubreuil V
& Mezger V (2020) The "HSF connection": Pleiotropic
regulation and activities of Heat Shock Factors shape
pathophysiological brain development. Neurosci Lett
725, 134895.

Dowell J, Elser BA, Schroeder RE & Stevens HE
(2019) Cellular stress mechanisms of prenatal maternal
stress: heat shock factors and oxidative stress. Neurosci
Lett 709, 134368.

Li J, Chauve L, Phelps G, Brielmann RM &
Morimoto RI (2016) E2F coregulates an essential HSF
developmental program that is distinct from the heat-
shock response. Genes Dev 30, 2062-2075.

Jedlicka P, Mortin MA & Wu C (1997) Multiple
functions of Drosophila heat shock transcription
factor in vivo. EMBO J 16, 2452-2462.

Das S, Ooi FK, Cruz Corchado J, Fuller LC, Weiner
JA & Prahlad V (2020) Serotonin signaling by
maternal neurons upon stress ensures progeny survival.
Elife 9, e55246.

Labbadia J & Morimoto RI (2015) The biology of
proteostasis in aging and disease. Annu Rev Biochem
84, 435-464.

Ben-Zvi A, Miller EA & Morimoto RI (2009) Collapse
of proteostasis represents an early molecular event in

96

97

98

99

100

101

102

103

104

105

106

107

P. Roos-Mattjus and L. Sistonen

Caenorhabditis elegans aging. Proc Natl Acad Sci USA
106, 14914-14919.

Taylor RC & Dillin A (2011) Aging as an event of
proteostasis collapse. Cold Spring Harb Perspect Biol
3, a004440.

Sabath N, Levy-Adam F, Younis A, Rozales K,
Meller A, Hadar S, Soueid-Baumgarten S & Shalgi R
(2020) Cellular proteostasis decline in human
senescence. Proc Natl Acad Sci USA 117, 31902—
31913.

Riva L, Koeva M, Yildirim F, Pirhaji L, Dinesh D,
Mazor T, Duennwald ML & Fraenkel E (2012) Poly-
glutamine expanded huntingtin dramatically alters the
genome wide binding of HSF1. J Huntingtons Dis 1,
33-45.

Ciryam P, Kundra R, Freer R, Morimoto RI, Dobson
CM & Vendruscolo M (2016) A transcriptional
signature of Alzheimer’s disease is associated with a
metastable subproteome at risk for aggregation. Proc
Natl Acad Sci USA 113, 4753-4758.

Dai C (2018) The heat-shock, or HSF1-mediated
proteotoxic stress, response in cancer: from proteomic
stability to oncogenesis. Philos Trans R Soc Lond B
Biol Sci 373, 20160525.

Min JN, Huang L, Zimonjic DB, Moskophidis D &
Mivechi NF (2007) Selective suppression of
lymphomas by functional loss of Hsfl in a p53-
deficient mouse model for spontaneous tumors.
Oncogene 26, 5086-5097.

Dai C, Whitesell L, Rogers AB & Lindquist S (2007)
Heat shock factor 1 is a powerful multifaceted
modifier of carcinogenesis. Cell 130, 1005-1018.
Dong B, Jaeger AM & Thiele DJ (2019) Inhibiting
Heat Shock Factor 1 in cancer: A unique therapeutic
opportunity. Trends Pharmacol Sci 40, 986-1005.
Akhoondi S, Sun D, von der Lehr N, Apostolidou S,
Klotz K, Maljukova A, Cepeda D, Fiegl H, Dafou D,
Marth C et al. (2007) FBXW7/hCDC4 is a general
tumor suppressor in human cancer. Cancer Res 67,
9006-9012.

Prince TL, Lang BJ, Guerrero-Gimenez ME,
Fernandez-Munoz JM, Ackerman A & Calderwood
SK (2020) HSF1: Primary factor in molecular
chaperone expression and a major contributor to
cancer morbidity. Cells 9, 1046.

Bjork JK, Ahonen I, Mirtti T, Erickson A, Rannikko
A, Butzow A, Nordling S, Lundin J, Lundin M,
Sistonen L et al. (2018) Increased HSF1 expression
predicts shorter disease-specific survival of prostate
cancer patients following radical prostatectomy.
Oncotarget 9, 31200-31213.

Santagata S, Hu R, Lin NU, Mendillo ML, Collins
LC, Hankinson SE, Schnitt SJ, Whitesell L, Tamimi
RM, Lindquist S ez al. (2011) High levels of nuclear
heat-shock factor 1 (HSF1) are associated with poor

The FEBS Journal (2021) © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



P. Roos-Mattjus and L. Sistonen

108

109

110

111

112

113

114

115

116

117

118

prognosis in breast cancer. Proc Natl Acad Sci USA
108, 18378-18383.

Fok JHL, Hedayat S, Zhang L, Aronson LI,
Mirabella F, Pawlyn C, Bright MD, Wardell CP,
Keats JJ, De Billy E et al. (2018) HSF1 is essential for
myeloma cell survival and a promising therapeutic
target. Clin Cancer Res 24, 2395-2407.

Inouye S, Izu H, Takaki E, Suzuki H, Shirai M,
Yokota Y, Ichikawa H, Fujimoto M & Nakai A
(2004) Impaired IgG production in mice deficient for
heat shock transcription factor 1. J Biol Chem 279,
38701-38709.

Yang T, Ren C, Lu C, Qiao P, Han X, Wang L,
Wang D, Lv S, Sun Y & Yu Z (2019) Phosphorylation
of HSF1 by PIM2 induces PD-L1 expression and
promotes tumor growth in breast cancer. Cancer Res
79, 5233-5244.

Li G, Kryczek I, Nam J, Li X, Li S, Li J, Wei S,
Grove S, Vatan L, Zhou J et al. (2021) LIMIT is an
immunogenic IncRNA in cancer immunity and
immunotherapy. Nat Cell Biol 23, 526-537.

Hanahan D & Weinberg RA (2011) Hallmarks of
cancer: the next generation. Cell 144, 646-674.
Scherz-Shouval R, Santagata S, Mendillo ML, Sholl
LM, Ben-Aharon I, Beck AH, Dias-Santagata D,
Koeva M, Stemmer SM, Whitesell L e al. (2014) The
reprogramming of tumor stroma by HSF1 is a potent
enabler of malignancy. Cell 158, 564-578.

Ferrari N, Ranftl R, Chicherova I, Slaven ND,
Moeendarbary E, Farrugia AJ, Lam M, Semiannikova
M, Westergaard MCW, Tchou J et al. (2019)
Dickkopf-3 links HSF1 and YAP/TAZ signalling to
control aggressive behaviours in cancer-associated
fibroblasts. Nat Commun 10, 130.

Levi-Galibov O, Lavon H, Wassermann-Dozorets R,
Pevsner-Fischer M, Mayer S, Wershof E, Stein Y,
Brown LE, Zhang W, Friedman G et al. (2020) Heat
Shock Factor 1-dependent extracellular matrix
remodeling mediates the transition from chronic
intestinal inflammation to colon cancer. Nat Commun
11, 6245.

Grunberg N, Pevsner-Fischer M, Goshen-Lago T,
Diment J, Stein Y, Lavon H, Mayer S, Levi-Galibov
O, Friedman G, Ofir-Birin Y et al. (2021) Cancer-
associated fibroblasts promote aggressive gastric
cancer phenotypes via Heat Shock Factor 1-mediated
secretion of extracellular vesicles. Cancer Res 81,
1639-1653.

Yang LN, Ning ZY, Wang L, Yan X & Meng ZQ
(2019) HSF?2 regulates aerobic glycolysis by
suppression of FBP1 in hepatocellular carcinoma. Am
J Cancer Res 9, 1607-1621.

Puustinen MC & Sistonen L (2020) Molecular
mechanisms of Heat Shock Factors in cancer. Cells 9,
1202.

119

120

121

122

123

124

125

126

127

128

129

130

Interplay between mammalian HSF1 and HSF2

Joutsen J, Da Silva AJ, Luoto JC, Budzynski MA,
Nylund AS, de Thonel A, Concordet JP, Mezger V,
Saberan-Djoneidi D, Henriksson E et al. (2020) Heat
Shock Factor 2 protects against proteotoxicity by
maintaining cell-cell adhesion. Cell Rep 30, 583-597.
Kijima T, Prince T, Neckers L, Koga F & Fujii Y
(2019) Heat shock factor 1 (HSF1)-targeted anticancer
therapeutics: overview of current preclinical progress.
Expert Opin Ther Targets 23, 369-377.

Yoon YJ, Kim JA, Shin KD, Shin DS, Han YM, Lee
Y], Lee JS, Kwon BM & Han DC (2011) KRIBB11
inhibits HSP70 synthesis through inhibition of heat
shock factor 1 function by impairing the recruitment
of positive transcription elongation factor b to the
hsp70 promoter. J Biol Chem 286, 1737-1747.

Kang MJ, Yun HH & Lee JH (2017) KRIBBI1
accelerates Mcl-1 degradation through an HSF1-
independent, Mule-dependent pathway in A549 non-
small cell lung cancer cells. Biochem Biophys Res
Commun 492, 304-309.

Vilaboa N, Bore A, Martin-Saavedra F, Bayford M,
Winfield N, Firth-Clark S, Kirton SB & Voellmy R
(2017) New inhibitor targeting human transcription
factor HSF1: effects on the heat shock response and
tumor cell survival. Nucleic Acids Res 45, 5797—

5817.

Dong B, Jaeger AM, Hughes PF, Loiselle DR, Hauck
JS, Fu Y, Haystead TA, Huang J & Thiele DJ (2020)
Targeting therapy-resistant prostate cancer via a direct
inhibitor of the human heat shock transcription factor
1. Sci Transl Med 12, eabb5647.

Fujikake N, Takeuchi T & Nagai Y (2016) HSF1
activation by small chemical compounds for the
treatment of neurodegenerative diseases. In Heat
Shock Factor (Nakai A, ed), pp. 277-292. Tokyo,
Japan, Springer.

Neef DW, Jaeger AM & Thiele DJ (2011) Heat shock
transcription factor 1 as a therapeutic target in
neurodegenerative diseases. Nat Rev Drug Discov 10,
930-944.

Pearl LH (2016) Review: The HSP90 molecular
chaperone - an enigmatic ATPase. Biopolymers 105,
594-607.

Yuno A, Lee MJ, Lee S, Tomita Y, Rekhtman D,
Moore B & Trepel JB (2018) Clinical evaluation and
biomarker profiling of Hsp90 inhibitors. Methods Mol
Biol 1709, 423-441.

Bagatell R, Paine-Murrieta GD, Taylor CW, Pulcini
EJ, Akinaga S, Benjamin 1J & Whitesell L (2000)
Induction of a heat shock factor 1-dependent stress
response alters the cytotoxic activity of hsp90-binding
agents. Clin Cancer Res 6, 3312-3318.

Jaeger AM, Stopfer L, Lee S, Gaglia G, Sandel D,
Santagata S, Lin NU, Trepel JB, White F, Jacks T

et al. (2019) Rebalancing protein homeostasis

The FEBS Journal (2021) © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 15
Federation of European Biochemical Societies



Interplay between mammalian HSF1 and HSF2

131

132

133

134

135

136

16

enhances tumor antigen presentation. Clin Cancer Res
25, 6392-6405.

Jaeger AM & Whitesell L (2019) HSP90: Enabler of
cancer adaptation. Annu Rev Cancer Biol 3, 275-297.
Kijima T, Prince TL, Tigue ML, Yim KH, Schwartz
H, Beebe K, Lee S, Budzynski MA, Williams H,
Trepel JB et al. (2018) HSP90 inhibitors disrupt a
transient HSP90-HSF1 interaction and identify a
noncanonical model of HSP90-mediated HSF1
regulation. Sci Rep 8, 6976.

Pesonen L, Svartsjo S, Back V, de Thonel A, Mezger
V, Saberan-Djoneidi D & Roos-Mattjus P (2021)
Gambogic acid and gambogenic acid induce a thiol-
dependent heat shock response and disrupt the
interaction between HSP90 and HSF1 or HSF2. Cell
Stress Chaperones. https://doi.org/10.1007/s12192-4
Prince T, Ackerman A, Cavanaugh A, Schreiter B,
Juengst B, Andolino C, Danella J, Chernin M &
Williams H (2018) Dual targeting of HSP70 does not
induce the heat shock response and synergistically

reduces cell viability in muscle invasive bladder cancer.

Oncotarget 9, 32702-32717.

Burchfiel ET, Vihervaara A, Guertin MJ, Gomez-
Pastor R & Thiele DJ (2021) Comparative
interactomes of HSF1 in stress and disease reveal a
role for CTCF in HSF1-mediated gene regulation. J
Biol Chem 296, 100097.

Cai H, Xue Y, Wang P, Wang Z, Li Z, Hu Y, Li Z,
Shang X & Liu Y (2015) The long noncoding

137

138

139

140

141

142

P. Roos-Mattjus and L. Sistonen

RNA TUGI regulates blood-tumor barrier
permeability by targeting miR-144. Oncotarget 6,
19759-19779.

Shamovsky I & Nudler E (2009) Isolation and
characterization of the heat shock RNA 1. Methods
Mol Biol 540, 265-279.

Shamovsky I, Ivannikov M, Kandel ES, Gershon D &
Nudler E (2006) RNA-mediated response to heat
shock in mammalian cells. Nature 440, 556-560.

Sarge KD, Murphy SP & Morimoto RI (1993)
Activation of heat shock gene transcription by heat
shock factor 1 involves oligomerization, acquisition of
DNA-binding activity, and nuclear localization and
can occur in the absence of stress. Mol Cell Biol 13,
1392-1407.

Sistonen L, Sarge KD & Morimoto RI (1994) Human
heat shock factors 1 and 2 are differentially activated
and can synergistically induce hsp70 gene
transcription. Mol Cell Biol 14, 2087-2099.

Alastalo TP, Hellesuo M, Sandqvist A, Hietakangas
V, Kallio M & Sistonen L (2003) Formation of
nuclear stress granules involves HSF2 and coincides
with the nucleolar localization of Hsp70. J Cell Sci
116, 3557-3570.

Jolly C, Konecny L, Grady DL, Kutskova YA, Cotto
JJ, Morimoto RI & Vourc’h C (2002) In vivo binding
of active heat shock transcription factor 1 to human
chromosome 9 heterochromatin during stress. J Cell
Biol 156, 775-781.

The FEBS Journal (2021) © 2021 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies


https://doi.org/10.1007/s12192-4

	Outline placeholder
	febs16178-aff-0001
	febs16178-aff-0002
	febs16178-aff-0003

	 Intro�duc�tion
	 Mul�ti�faceted prop�er�ties of HSFs
	febs16178-tbl-0001

	 Post�trans�la�tional mod�i�fi�ca�tions reg�u�late HSF1 and HSF2
	febs16178-fig-0001
	febs16178-fig-0002

	 Trimer�iza�tion of HSF1 and HSF2 mod�u�lates tran�scrip�tional capac�ity
	 HSFs in devel�op�ment, aging, and degen�er�a�tion
	 HSF1 and HSF2 in cancer
	 Phar�ma�co�log�i�cal reg�u�la�tion of HSFs
	 HSF1 inhibitors
	 HSF1 acti�va�tors
	 HSP90 inhibitors induce a heat-shock response

	 Per�spec�tives
	febs16178-fea-0001

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	febs16178-bib-0001
	febs16178-bib-0002
	febs16178-bib-0003
	febs16178-bib-0004
	febs16178-bib-0005
	febs16178-bib-0006
	febs16178-bib-0007
	febs16178-bib-0008
	febs16178-bib-0009
	febs16178-bib-0010
	febs16178-bib-0011
	febs16178-bib-0012
	febs16178-bib-0013
	febs16178-bib-0014
	febs16178-bib-0015
	febs16178-bib-0016
	febs16178-bib-0017
	febs16178-bib-0018
	febs16178-bib-0019
	febs16178-bib-0020
	febs16178-bib-0021
	febs16178-bib-0022
	febs16178-bib-0023
	febs16178-bib-0024
	febs16178-bib-0025
	febs16178-bib-0026
	febs16178-bib-0027
	febs16178-bib-0028
	febs16178-bib-0029
	febs16178-bib-0030
	febs16178-bib-0031
	febs16178-bib-0032
	febs16178-bib-0033
	febs16178-bib-0034
	febs16178-bib-0035
	febs16178-bib-0036
	febs16178-bib-0037
	febs16178-bib-0038
	febs16178-bib-0039
	febs16178-bib-0040
	febs16178-bib-0041
	febs16178-bib-0042
	febs16178-bib-0043
	febs16178-bib-0044
	febs16178-bib-0045
	febs16178-bib-0046
	febs16178-bib-0047
	febs16178-bib-0048
	febs16178-bib-0049
	febs16178-bib-0050
	febs16178-bib-0051
	febs16178-bib-0052
	febs16178-bib-0053
	febs16178-bib-0054
	febs16178-bib-0055
	febs16178-bib-0056
	febs16178-bib-0057
	febs16178-bib-0058
	febs16178-bib-0059
	febs16178-bib-0060
	febs16178-bib-0061
	febs16178-bib-0062
	febs16178-bib-0063
	febs16178-bib-0064
	febs16178-bib-0065
	febs16178-bib-0066
	febs16178-bib-0067
	febs16178-bib-0068
	febs16178-bib-0069
	febs16178-bib-0070
	febs16178-bib-0071
	febs16178-bib-0072
	febs16178-bib-0073
	febs16178-bib-0074
	febs16178-bib-0075
	febs16178-bib-0076
	febs16178-bib-0077
	febs16178-bib-0078
	febs16178-bib-0079
	febs16178-bib-0080
	febs16178-bib-0081
	febs16178-bib-0082
	febs16178-bib-0083
	febs16178-bib-0084
	febs16178-bib-0085
	febs16178-bib-0086
	febs16178-bib-0087
	febs16178-bib-0088
	febs16178-bib-0089
	febs16178-bib-0090
	febs16178-bib-0091
	febs16178-bib-0092
	febs16178-bib-0093
	febs16178-bib-0094
	febs16178-bib-0095
	febs16178-bib-0096
	febs16178-bib-0097
	febs16178-bib-0098
	febs16178-bib-0099
	febs16178-bib-0100
	febs16178-bib-0101
	febs16178-bib-0102
	febs16178-bib-0103
	febs16178-bib-0104
	febs16178-bib-0105
	febs16178-bib-0106
	febs16178-bib-0107
	febs16178-bib-0108
	febs16178-bib-0109
	febs16178-bib-0110
	febs16178-bib-0111
	febs16178-bib-0112
	febs16178-bib-0113
	febs16178-bib-0114
	febs16178-bib-0115
	febs16178-bib-0116
	febs16178-bib-0117
	febs16178-bib-0118
	febs16178-bib-0119
	febs16178-bib-0120
	febs16178-bib-0121
	febs16178-bib-0122
	febs16178-bib-0123
	febs16178-bib-0124
	febs16178-bib-0125
	febs16178-bib-0126
	febs16178-bib-0127
	febs16178-bib-0128
	febs16178-bib-0129
	febs16178-bib-0130
	febs16178-bib-0131
	febs16178-bib-0132
	febs16178-bib-0133
	febs16178-bib-0134
	febs16178-bib-0135
	febs16178-bib-0136
	febs16178-bib-0137
	febs16178-bib-0138
	febs16178-bib-0139
	febs16178-bib-0140
	febs16178-bib-0141
	febs16178-bib-0142


