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The heat shock factors (HSFs) form a family of transcription factors,

which are evolutionarily conserved in eukaryotes. They are best known as

transcriptional regulators of molecular chaperone genes, including those

encoding heat shock proteins, in response to heat shock and other

protein-damaging stresses. Since the discovery of the first HSF and its

eponymous role in the heat shock response four decades ago, the currently

known HSFs in vertebrates, that is, HSF1-5, HSFX, and HSFY, have been

implicated in a wide array of physiological and pathological processes,

including organismal development and cancer progression. To date, most

studies have focused on individual HSFs, but it is becoming increasingly

evident that the role of multiple HSFs and their potential crosstalk should

be considered. In this review, we provide a comprehensive overview of the

structures, functions, and regulation of the mammalian HSF family mem-

bers and explore their interplay in biological processes. We highlight recent

advancements regarding the roles of HSF family members in viral infec-

tion, cell adhesion, and spermatogenesis, and discuss the key questions to

be addressed by forthcoming studies in HSF biology.

Introduction

Cells employ protective programs to adapt to stressful

conditions that challenge the integrity of their prote-

ome. These programs rely on a large repertoire of

molecular chaperones, such as heat shock proteins

(HSPs), which prevent the accumulation of misfolded

or damaged proteins. Without HSPs aiding

misfolded proteins to return to a native state, or

directing them to be degraded, cellular functions are

hampered, ultimately leading to cell death [1,2]. The

stress source can be external, such as exposure to

heavy metals or elevated temperature, but many physi-

ological processes also increase the demand for

protein-folding machinery to maintain protein homeo-

stasis, that is, proteostasis [3]. Indeed, HSPs and other

components of the molecular chaperone networks

assist in the folding of nascent proteins, their matura-

tion, and proper localization within the cell, even in

the absence of stress [4].
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The eukaryotic heat shock factor (HSF) family con-

sists of well-established transcriptional regulators of

HSP genes. HSFs were originally discovered for their

role in the rapid induction of HSPs during acute heat

stress, a hallmark of the heat shock response (HSR)

[1]. The HSR is evolutionarily conserved and is found

even in bacteria, such as Escherichia coli, where the r
factor r32 performs a similar role as eukaryotic HSFs

to uphold proteostasis during stress [5]. Previously,

fungi and invertebrates were considered to possess

only a single HSF, but multiple HSFs have been iden-

tified in certain species, such as in the pathogenic fun-

gus Cryptococcus neoformans and the ant

Harpegnathos saltator [6,7]. Notably, these recently dis-

covered HSFs and the considerably larger HSF family

in plants are functionally related but not orthologous

to vertebrate HSFs [6–9]. The vertebrate HSF family,

which according to current knowledge consists of

seven members, that is, HSF1-5, HSFX, and HSFY,

expanded early in evolution, which is highlighted by

the similarities in their amino acid sequences (Fig. 1).

HSF1-5 are conserved from fish to mammals, but

high-confidence HSFX and HSFY orthologues have

only been identified in mammalian species (Ensembl

release 113 [10]). The expansion of the family has

enabled functional diversification of HSFs (Fig. 2A).

The HSFs have proven to be considerably more versa-

tile than their initially described function in the HSR

and are associated with a growing list of biological

processes [11,12].

The HSF family members and their
domain structure

Among the HSF family members, HSF1 is known as

the master regulator of the HSR and is functionally

the counterpart to the single HSF in most yeast and

invertebrate species [13]. Consequently, HSF1 is the

most studied HSF, and knowledge regarding its func-

tion has expanded beyond the HSR to include physio-

logical and pathological processes, such as

development, cancer progression, and neurodegenera-

tive diseases [14]. In contrast to the prominent role of

HSF1 in the response to acute stress, HSF2 is active in

circumstances where the stress is moderate and pro-

longed [15,16]. HSF2 is also known to participate in

developmental and differentiation-related processes,

including embryogenesis, corticogenesis, and spermato-

genesis [17–19]. While the involvement of HSF1 and

HSF2 has been described across different physiological

and pathological conditions, the roles of other HSFs

are more restricted to specific contexts. HSF4 is best

known for being a crucial developmental factor in the

eye, and mutations affecting the activity of HSF4 are

linked to the occurrence of congenital cataracts in

humans [20–23]. The most recently discovered verte-

brate HSF, that is, HSF5, is similarly relevant in

differentiation-related processes, with recent studies

focusing on its impact on male fertility [24–27].
Contrary to the other vertebrate HSFs, functional

disparities are evident for HSF3, HSFX, and HSFY.

HSF3 is the dominant heat-responsive HSF in birds,

and HSF1 cooperates with HSF3 during the HSR in

reptiles [28–30]. In rodents, HSF3 regulates nonclassi-

cal heat shock genes during heat stress, but it is a

pseudogene in humans [31]. This demonstrates the var-

iability for HSF3 in vertebrates, and even between

mammalian species. Although still understudied,

HSFX and HSFY are distinguished from other HSFs

by being present as multicopy genes on the X- and Y-

chromosomes, respectively [27,32]. The gene copy

number of both HSFs differs among mammals, includ-

ing variation in the quantity of HSFY genes within a

genus [33–35]. The sex chromosomal HSF gene copies

are not all identical in length and may be pseudogenes,

as reported for human HSFY [36]. Therefore, in this

review, we refer to the human genes corresponding to

the longest amino acid sequences, that is, HSFX1 and

HSFY1, as HSFX and HSFY.

The members of the HSF family are composed of

several domains, which are integral to their activity as

transcription factors (Fig. 2A). Some of these domains

are structurally highly conserved, but additional

domains have been defined based on their functional

roles rather than sequence similarity [37]. The highest

degree of similarity between HSFs is concentrated in

the structured domains, such as the DNA-binding

domain (DBD) or the multimerization domain (HR-

A/B) (Fig. 2B).

The N-terminal winged helix-turn-helix DBD is the

defining feature of all the HSF family members.

The DBD enables the HSFs to recognize a conserved

cis-acting DNA sequence, the so-called heat shock ele-

ment (HSE), consisting of inverted repeats of the pen-

tamer 50-nGAAn-30, where n represents any nucleotide

[38]. In contrast to other transcription factors with

winged helix-turn-helix domains, the wing domain in

the HSF DBD does not directly bind to DNA, as evi-

denced by crystal structures of human HSF1, HSF2,

and HSF4 DBDs bound to DNA [23,39,40]. Instead,

the second helix is inserted into the major groove of

the DNA, serving as a recognition helix that binds to

the HSE. The differences in structure between the

DBDs of HSF1, HSF2, and HSF4 are minor, but

sequence analysis of HSF5 indicates that its wing

domain is poorly conserved and possibly substituted
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with a disordered sequence [25,27]. HSFs display dif-

ferential affinity to HSEs, to which the organization of

the nGAAn pentamers contributes: HSF1 binds longer

contiguous HSEs, HSF5 shows preference for short

HSEs, and both HSF2 and HSF4 display affinity to

discontiguous HSEs [25,27,41–43]. The HSEs are not

exclusive to the promoters of protein-coding genes, but

they also direct specific HSFs to drive transcription of

noncoding RNAs, such as microRNA and enhancer

RNA [44–47]. The differences between which type of

HSE each HSF preferentially binds likely contribute to

target their specificity.
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Fig. 1. Phylogram based on HSF protein sequences from vertebrates, invertebrates, and fungi, including human (Homo sapiens), cattle (Bos

taurus), mouse (Mus musculus), rat (Rattus norvegicus), chicken (Gallus gallus), western clawed frog (Xenopus tropicalis), zebrafish (Danio

rerio), fruit fly (Drosophila melanogaster), fungus (Cryptococcus neoformans), and baker’s yeast (Saccharomyces cerevisiae). Constructed

using multiple sequence alignment with ClustalO, phylogenetic tree generation with Simple Phylogeny through EMBL-EBI Job Dispatcher,

and formatted with iTOL [194,195]. Amino acid sequences were retrieved from the NCBI RefSeq (for C. neoformans) or UniProt databases.

Tree scale indicates distance; the number of substitutions in proportion to the alignment length, excluding gaps.
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HSFs typically contain domains consisting of struc-

turally conserved leucine-zipper-like heptad repeats,

such as the HR-A/B and HR-C domains. The oligo-

merization domain HR-A/B, present in HSF1, HSF2,

and HSF4, facilitates the assembly of HSF trimers

through coiled-coil interactions between monomers

[48]. In addition to their homotrimeric configurations,

HSF1 and HSF2 have been found to interact with

each other as heterotrimers. The HSF1 and HSF2

HR-A/B domains have around 50% sequence identity,

but key amino acids within the domains are conserved

[39,49] (Fig. 2B). Although complexes composed of

HSF2 and HSF4 have also been reported, it is unclear

whether the oligomerization domains are involved in

these interactions [50]. Notably, HSF5 lacks HR

domains but is still capable of oligomerization in vitro

[27].

According to our current knowledge, the second

leucine-zipper-like domain, that is, HR-C, is specific to

HSF1 and HSF2 (Fig. 2A). In the absence of stress,

this domain mediates autoinhibition of HSF1 trimeri-

zation through interaction with the HR-A/B domain

[51,52]. Consequently, as HSF4 lacks an HR-C

domain, it assembles into DNA-binding trimers even

in the absence of stress [53]. It is worth pointing out

that the currently available databases include HR-C as

a domain in HSF4, likely based on sequence similarity

to HSF1 and/or HSF2. However, Nakai and

coworkers noted in their original paper on HSF4 that

proline residues in key positions distinguish it from an

HR-C domain [53]. This assessment is supported by

the model shown in Fig. 3, where the predicted disor-

der analysis for HSF1 and HSF2 reveals higher struc-

tural order in their HR-C domains, whereas the whole

C-terminal half of HSF4 is predicted to be largely

disordered.

The transactivation domains (ADs) in HSF1 serve

as interaction sites for cofactors and chromatin remo-

deling proteins, essential for optimal induction of its

target genes during stress [14]. The ADs are repressed

by the regulatory domain (RD), keeping HSF1 inac-

tive under normal growth conditions, which enables its

activation strictly in a stress-dependent manner [54].

Domains functionally similar to the AD and RD in

HSF1 have been identified in HSF2 and HSF4, but

they remain less characterized [55,56]. Interestingly,

two splicing isoforms have been described for both

human HSF2 and HSF4 [57,58] (Fig. 3). The HSF2a
isoform contains all 13 exons, but HSF2b lacks a

54-base pair segment from the AD downstream of the

HR-C, due to the exclusion of exon 11 [59]. While sev-

eral studies indicate that HSF2a has higher transacti-

vation capacity, the HSF2 isoforms have not been

explored comprehensively [11,57,60]. In contrast to the

exon exclusion in HSF2, the HSF4 isoforms HSF4a
and HSF4b arise through alternative splicing of exons

8 and 9 [58]. Both isoforms form trimers and bind to

DNA, but since only the HSF4b isoform contains the

AD, HSF4a has a repressive effect on the constitutive

expression of chaperone genes [58,61,62].

Multilevel regulation of HSF activity

The activity of HSFs is regulated at multiple levels such

as gene expression, protein degradation, autoinhibition,

interacting partners, phase separation [63], and post-

translational modifications (PTMs). These regulatory

layers adjust many aspects of HSF functionality, such as

their concentration, oligomerization, DNA-binding

activity, localization, and transactivation capacity

[11,63–65]. While many of the regulatory mechanisms

have been studied primarily in the context of stress,

PTMs have been described across diverse conditions,

and our knowledge of these modifications is steadily

increasing due to high-throughput screening efforts. The

currently known PTMs for HSFs include acetylation,

biotinylation, methylation, O-GlcNAcylation, phosphor-

ylation, SUMOylation, and ubiquitination, but many of

the modified amino acids have yet to be functionally

characterized [62,66–68] (Fig. 3). Together, HSFs are

regulated by intricate mechanisms to ensure proper acti-

vation and attenuation of these transcription factors

according to the requirements of the cell.

Mechanisms of HSF1 activation and attenuation

Since HSF1 was originally discovered as a responsive

factor to acute heat shock, its regulatory cycle has

Fig. 2. The domain structure of the HSF family is conserved. (A) Comparison of the domain structure of HSFs in human (Homo sapiens),

mouse (Mus musculus), chicken (Gallus gallus), zebrafish (Danio rerio), fruit fly (Drosophila melanogaster) and baker’s yeast (Saccharomyces

cerevisiae). The number of amino acids in each HSF is indicated. AD, transactivation domain; DBD, DNA-binding domain; HR-A/B,

oligomerization domain; HR-C, C-terminal heptad repeat domain; RD, regulatory domain. (B) Sequence identity comparison of human HSFs,

determined by multiple-sequence alignment (MSA) of full-length HSFs, DBDs, or HR-domains. EMBL-EBI Job Dispatcher was used for

alignment and percent identity matrices [195]. UniProt accession numbers for the aligned amino acid sequences: Q00613 (HSF1), Q03933

(HSF2), Q9ULV5 (HSF4), Q4G112 (HSF5), Q9UBD0 (HSFX), Q96LI6 (HSFY).
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been mainly described in this context. Without stress

stimulation, monomeric HSF1 molecules remain in an

autoinhibitory state, with the HR-C domain interact-

ing with the HR-A/B domain, while being associated

with a repressive multichaperone complex (e.g., HSPC,

HSPA, DNAJ, and TRiC) [65]. When misfolded pro-

teins accumulate during proteotoxic stress, the chaper-

ones in the repressive complex are titrated away from

the HSF1 monomers, which in turn are free to trimer-

ize, translocate to the nucleus, and activate gene

expression [11]. HSF1 is also capable of sensing stress

in vitro, since elevated temperatures cause the unfold-

ing of the HR-C domain, leaving the HR-A/B free to

oligomerize, which occurs in a concentration-

dependent manner [69]. In addition, HSF1 is a target

of multiple PTMs such as acetylation,

phosphorylation, SUMOylation, and ubiquitination.

Upon acute proteotoxic stress, HSF1 is hyperpho-

sphorylated, which correlates with its DNA binding

and transcriptional activity [14]. HSF1 phosphoryla-

tion-deficient mutants, however, are still capable of

mounting the HSR, and phosphorylation is considered

to be a fine-tuning mechanism for HSF1 activ-

ity [70,71]. Among the many phosphorylation sites in

HSF1, S303 stands out as a priming site for the

SUMOylation of the adjacent K298, constituting a

phosphorylation-dependent SUMOylation motif

(PDSM, ΨKxExxSP, where Ψ denotes a branched

hydrophobic amino acid) [72]. Curiously, SUMOyla-

tion of K298 inhibits HSF1 transactivation capacity

without affecting its DNA binding or trimerization

status, suggesting that this modification might disrupt

Fig. 3. Overview of domains, posttranslational modifications (PTMs) and predicted disorder in human HSFs. The predicted disorder values

were determined with AIUpred, with values above 0.5 indicating a likely disordered region [196]. The databases PhosphoSitePlus, iPTMnet,

and GlyGen, which include modifications from high-throughput screens, were used as sources for PTMs [66–68]. The PTMs of human HSFs

are indicated, but additional PTMs have been detected on conserved amino acids of murine HSFs. Acetylation sites on human HSF2 with

experimental support have been added [92]. The number of amino acids in each HSF is indicated. AD, transactivation domain; DBD, DNA-

binding domain; HR-A/B, oligomerization domain; HR-C, C-terminal heptad repeat domain; RD, regulatory domain; a, region specific to the

a-isoform; b, region specific to the b-isoform.
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or promote the interaction between HSF1 and tran-

scriptional coactivators or corepressors, respectively

[73].

Upon alleviation of proteotoxic stress, HSF1

exhibits a gradual reduction in activity, which is

achieved by an HSP-mediated negative feedback loop

and specific PTMs. Once misfolded proteins are

restored to their native state or eliminated via degrada-

tion, the molecular chaperones become available to

once again repress HSF1 [74]. One of the best charac-

terized mechanisms of chaperone-mediated HSF1

attenuation involves HSPA8 (HSC70), a constitutively

expressed member of the HSPA family [75]. Using

hydrogen exchange mass spectrometry with purified

proteins, Kmiecik and coworkers elegantly showed

that HSC70 binds to multiple sites on HSF1 to medi-

ate its attenuation cycle. Notably, the site with the

highest affinity corresponds to the AD of HSF1, sug-

gesting that the free pool of HSC70 will initially bind

to this domain, triggering a partial attenuation of the

HSR. As free HSC70 levels continue to rise, the bind-

ing of HSC70 extends to a site in the C-terminal

region of the HR-A/B and progressively advances

toward the N terminus of the trimerization domain,

monomerizing HSF1 via an entropic pulling mecha-

nism [75]. Consequently, HSC70-mediated monomeri-

zation of HSF1 follows a sequential process, gradually

attenuating the HSR and presumably mediating the

recycling of HSF1 monomers.

Although the experiments conducted in vitro by

Kmiecik et al. were performed with an unmodified

HSF1 protein, PTMs also play a crucial role in the

attenuation process of HSF1 within the cellular context.

For example, HSF1 can be dissociated from its target

genes upon acetylation of the lysine residues K80 or

K118 by the acetyltransferases CBP and EP300, while

the acetylation of K208 and K298 enhances HSF1 sta-

bility [76–78]. Moreover, phosphorylation of HSF1 on

serine residues S303 and S307 by GSK3b and ERK1,

respectively, promotes its interaction with the ubiquitin

ligase FBXW7a, leading to its ubiquitination and sub-

sequent proteasomal degradation [79]. It is worth not-

ing that the degradation of HSF1 is of particular

clinical relevance, since dysregulation of this mecha-

nism has profound consequences in diseases such as

cancer and neurodegenerative disorders. In melanoma,

FBXW7a is either mutated or downregulated, correlat-

ing with an increase in nuclear HSF1 and cancer pro-

gression [79]. Similarly, mutant huntingtin increases the

protein levels of FBXW7a, leading to excessive HSF1

degradation in Huntington’s disease mouse models,

spiny neurons derived from human induced pluripotent

stem cells (iPSCs), and patient-derived brain samples

[80]. Taken together, the activation-attenuation cycle of

HSF1 presents several regulatory layers that need to be

orchestrated in order to fine-tune its activity.

Turnover is an important determinant of

HSF2 activity

In contrast to HSF1, the expression of HSF2 varies

across different cell types and tissues [81]. The amount

of HSF2 correlates with its activity, since HSF2

exhibits high expression and DNA-binding activity in

the mouse preimplantation embryo and human ery-

throleukemia K562 cells undergoing hemin-mediated

differentiation [82–84]. Moreover, HSF2 is expressed

and capable of binding DNA throughout mouse

embryonic development, peaking in the second half of

gestation when its expression is restricted to the central

nervous system [19]. The cell-type-specific expression

pattern of HSF2 is also evidenced during developmen-

tal processes, such as spermatogenesis and corticogen-

esis, where HSF2 plays a crucial role [17–19,85,86].
Therefore, HSF2 activity seems to be primarily regu-

lated by abundance, which is congruent with its short

half-life [87,88]. The levels of HSF2 also vary in a

stress type-dependent manner, underlining the diverse

roles of HSF2 in such adverse conditions. Upon heat

shock, HSF2 is ubiquitinated and targeted to the pro-

teasome by the APC/C E3-ligase [87], whereas drastic

upregulation of HSF2 occurs during proteasomal inhi-

bition by compounds such as MG132 and Bortezomib

[15,89–91].
In conjunction with ubiquitination, the stability of

HSF2 is governed by acetylation under non-stress and

stress conditions. HSF2 can be acetylated on eight key

lysine residues (K82, K128, K135, K197, K209, K210,

K395, and K401), of which at least three (K128,

K135, and K197) are acetylated by the acetyltrans-

ferases CBP and EP300 to inhibit HSF2’s proteasomal

degradation. Importantly, the influence of acetylation

on HSF2 stability has clinical relevance, as patients

suffering from a neurodevelopmental disorder charac-

terized by intellectual disability, known as

Rubinstein-Taybi syndrome, exhibit mutations on the

CBP or EP300 genes and lower levels of HSF2 due to

pronounced degradation [92]. These observations sug-

gest that the control mechanism of HSF2 protein

abundance via targeted degradation could also operate

during developmental and cell differentiation

processes.

Like ubiquitination and acetylation, SUMOylation

can regulate the activity of HSF2. For instance,

SUMOylation of K82 within the DBD of HSF2

inhibits its DNA-binding capacity [39]. Intriguingly, a
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proteome-wide analysis performed in human cells

revealed 20 SUMOylation sites across the HSF2 DBD

and HR-A/B, expanding the range of possible HSF2

modifications, although the precise function of these

sites remains unknown [93].

HSF4, HSF5, HSFX, and HSFY are expressed in a

tissue-specific manner

HSF4 lacks the HR-C domain and binds constitutively

to DNA as a trimer [53]. Similarly to HSF2, HSF4

exhibits a tissue-specific pattern of expression that

includes brain, skeletal muscle, pancreas, and lens of

the eye [11]. HSF4 has been extensively studied in

lenses due to the striking phenotype of severe cataract

in HSF4 knockout mice and the discovery of human

HSF4 mutations that lead to the same congenital

pathology [20,22,94]. Despite the strong functional

impact of HSF4 on lens development, its regulatory

mechanisms remain poorly understood, with only a

few studies shedding light on this topic. For example,

phosphorylation of T472 in HSF4b promotes nuclear

translocation through interaction with importin b-1
and enhances the expression of the target genes crys-

tallin alpha B (CRYAB) and HSPB1 (HSP25) [95].

The transcriptional activity of HSF4b has also been

shown to be repressed by phosphorylation of S299

within the PDSM and by biotinylation of K444

[62,96,97].

HSF5, HSFX, and HSFY have been mostly studied

in the context of spermatogenesis, as they were origi-

nally found and are preferentially expressed in the

male genital tract [98]. At least HSF5 and HSFY are

differentially expressed in male germ cells, suggesting

that their activity must be carefully regulated during

male gametogenesis [27,32]. For instance, HSF5 is

essential for the progression of male germ cells in the

meiotic state [27], which is described in more detail in

the last section of this review. Forthcoming studies are

warranted to elucidate the mechanisms regulating the

oligomerization, DNA-binding, and transactivation

capacity of these transcription factors.

HSFs as multi-functional transcription
factors

Since the discovery of HSFs as regulators of HSPs

during acute heat stress, knowledge of their biological

functions has markedly expanded. This includes pro-

tection against other types of proteotoxic insults and

association with multiple physiological and pathologi-

cal conditions [11] (Fig. 4). The protection against

acute proteotoxic stresses is primarily conferred by

HSF1, but cells lacking HSF2 display poorer survival

when exposed to prolonged moderate heat stress

[16,99]. Cells deficient in either HSF1 or HSF2 are also

more sensitive to stress caused by pharmacological

inhibition of HSP90 or the proteasome [15,89,100].

HSF1 and HSF2 have been demonstrated to share

binding sites on stress-related genes, including HSPs,

during heat-induced and oxidative stress [44,101,102].

Although HSF2 can modulate the stress-inducible

expression of target genes, this effect is HSF1-

dependent [57,102–104].
HSF2 is activated by temperatures in the febrile

range (38–41 °C), rather than by severe heat stress. At

higher temperatures, HSF1 activity increases, while the

activity and protein levels of HSF2 decrease

[16,87,101]. HSF2 knockout mouse embryonic fibro-

blasts display HSF1 activity at lower temperatures,

indicating that HSF2 may have a role in modulating

HSF1 activation dynamics [105]. Interestingly, the tem-

perature required for HSF1 activation is lower in male

germ cells, which has been demonstrated in mice

(35–38 °C) and rainbow trout (22 °C) compared to the

activation temperature in the respective somatic cells

(42 °C and 28 °C) [106,107]. The specific expression of

HSF2, HSF5, HSFX, and HSFY in testes and male

germ cells suggests that the activation threshold of

HSF1 may be influenced by these other members

of the HSF family.

The activation of HSF4 is stress-independent, and

this factor is mainly known as a regulator of constitu-

tively expressed chaperones, such as CRYAB and

HSPB1 (HSP25), which are critical for lens develop-

ment [14,58,94]. HSF4 also drives the expression of the

antioxidase heme oxygenase 1 (HMOX1) in human

lens epithelial cells by binding the proximal HSE on

the gene promoter, indicating that HSF4 may influence

the cellular redox balance [108]. The same HSE is

bound by HSF1 during heat shock, which induces

HMOX1 expression [109]. HSF4 is not required for

the HSR but participates by inducing nonclassical heat

shock genes and by directing chromatin modifications

that modulate HSF1 occupancy under stress condi-

tions [110]. In contrast, HSF5 was reported to be dis-

pensable for the HSR in mouse testes, although it can

form multimers in a heat-responsive manner in vitro

[27]. Additionally, neither the expression nor subcellu-

lar localization of HSFY changes in response to heat

shock in mouse testes or epididymis [111]. These

results suggest that HSF5 and HSFY may not be

directly linked to acute heat shock, but a role in

responses to other stresses, such as oxidative stress,

cannot be excluded.
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Dysregulation of HSFs is associated with

malignancies

Given the important roles of HSFs in development

and stress responses, it is not surprising that they are

also implicated in multiple pathologies (Fig. 4). Distur-

bances in proteostasis are intimately involved in cancer

progression, where factors such as genetic instability,

high protein synthesis, and an excess of reactive oxy-

gen species impair the balance between protein pro-

duction, folding, and degradation. The levels of HSF1

and HSPs are frequently elevated across different can-

cer types, correlating with poor prognosis [112,113].

HSF1 is linked to tumorigenesis, as demonstrated by

marked suppression of tumor occurrence in mouse car-

cinogenesis models where HSF1 expression was dis-

rupted [114,115]. However, the cancer-associated

transcriptional program driven by HSF1 is not limited

to HSPs, but includes genes involved in cell prolifera-

tion and adhesion, as well as development and metab-

olism [113]. HSF1 further supports malignancy by

non-cell-autonomous mechanisms, where it regulates

gene expression in cancer-associated fibroblasts (CAFs)

to alter the tumor microenvironment by extracellular

matrix (ECM) remodeling and by the secretion of

signaling molecules that promote cell proliferation

[116–118]. Importantly, the transcriptional programs

of HSF1 in acute stress, cancer cells, and CAFs are

distinct from one another [113,118].

In addition to the extensive involvement of HSF1 in

cancer, both HSF2 and HSF4 have been shown to

affect cancer cell proliferation and invasion, and altered

expression of HSF5 is associated with several cancer

types [15,102,119–121]. In contrast to HSF1, which pro-

motes tumor progression, the effects of other HSFs on

cancer are more diverse. HSF2 was abnormally

expressed in 25 out of 33 human cancers in datasets

from the cancer genome atlas program, but was linked

to either favorable or poor overall survival depending

on the cancer type [122]. This context-dependent role of

HSF2 in cancer is supported by several studies, as

HSF2 has been reported to promote proliferation in dif-

ferent cancers, including hepatocellular carcinoma and

breast cancer, but can also act as a suppressor of pros-

tate cancer invasion [102,120,123,124]. The roles of

HSF1 and HSF2 in cancer have been explored more in

depth in other reviews [125,126].

Similar to HSF1, knocking out HSF4 delayed tumor

development and cancer cell proliferation in a

Fig. 4. HSFs are involved in a diverse range of physiological and pathological processes. Filled boxes indicate HSFs currently known to be

associated with each process. ECM, extracellular matrix. References for HSF functions not mentioned in the main text: Cell cycle and HSF1

[197], HSF2 [190], HSF4 [198], HSF5 [26]; Metabolism and HSF2 [124,199], HSF4 [138]; Circadian rhythm and HSF1 [200]; Chromatin

remodeling and HSF1 [201], HSF2 [202], HSF5 [24]; DNA repair and HSF1 [203]; ECM remodeling and HSF2 [105]; Olfactory neurogenesis

and HSF1 [204]; Placental development and HSF1 [136]; Spermatogenesis and HSF4 [183]; Aging and HSF1 [3], HSF4 [205]; Fetal alcohol

spectrum disorder and HSF2 [188]; Ischemic reperfusion and HSF1 [206,207].
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carcinogenesis mouse model [127]. The HSF4 expres-

sion levels in human hepatocellular carcinoma and

colorectal cancer datasets correlate with poor progno-

sis, but the underlying mechanism is yet to be eluci-

dated [121,127,128]. However, HSF4 contributes to the

repair of DNA strand breaks by promoting the expres-

sion of the recombinase RAD51, a direct interactor of

BRCA2 DNA repair-associated protein [129,130].

HSF4-mediated RAD51 expression has not been eval-

uated in cancer, where elevated RAD51 expression is

linked to poor prognosis [131,132], but has been

demonstrated to counteract the accumulation of

cataract-promoting DNA damage in the lens [129].

Interestingly, while HSF5 is most prominently

expressed in testes, it is reportedly downregulated in

several cancer types and correlates with poor patient

survival in lung adenocarcinoma [119]. The altered

expression of HSF5 in cancer was also associated with

gene expression changes in the immune response and

inflammatory signaling pathways. HSF1, HSF2, and

HSF4 have been similarly linked to these pathways,

suggesting that the HSFs may have common target

genes or belong to common gene regulatory networks

[133–138].

Viruses co-opt HSF-mediated transcriptional

regulation

In addition to their roles in other pathology-associated

processes, HSFs are involved in viral infections. HSF1

has been identified as a key host factor for the success-

ful completion of the infection cycle of orthopox-

viruses, for example, the viruses that cause monkeypox

and smallpox [139]. Viral infection leads to HSF1 acti-

vation and consequently an increase in the expression

of HSP genes, such as members of the HSPA, DNAJ,

and HSPC families, which support the assembly and

release of viral particles. A recent study showed that

HSF1 has a similar role in human coronavirus

infection, including SARS-CoV-2 variants and low-

pathogenic seasonal coronaviruses [140]. The replica-

tion of both orthopox- and coronaviruses can be per-

turbed by pharmacological inhibition or RNAi-

mediated silencing of HSF1.

In human immunodeficiency virus-1 (HIV-1) infec-

tion, HSF1 is involved in both HIV-1 transcription

and reactivation [141]. Notably, HIV-1 infection of

CD4+ T cells is associated with an increase in the

abundance of HSF1 due to corecruitment of HSF1

and the viral protein negative factor (Nef) to an HSE

located on the HSF1 promoter. The Nef-HSF1 inter-

play induces transcription of the HSF1 gene, which

likely contributes to the elevated HSP levels observed

in HIV-1 infected cells [141,142]. However, the func-

tion of HSF1 in HIV-1 reactivation is more conten-

tious, as several studies have reported that HSF1

either mediates or represses HIV-1 reactivation

[141,143–145]. Nekongo et al. have suggested that the

disparity between results may be due to differences in

methodology for modulating HSF1 expression or

activity in each study. The impact of HSF1 on viral

infections, including HIV-1, was comprehensively

described in a recent review [146].

HSF1, HSF2, and HSF4 have been linked to several

herpesviruses, especially human cytomegalovirus

(HCMV) and the oncogenic gamma-herpesviruses

Epstein–Barr virus (EBV) and Kaposi’s sarcoma-

associated herpesvirus (KSHV) [97,147–149]. The life

cycles of herpesviruses are biphasic, consisting of a

latent phase where the virus is dormant, as well as

a lytic phase during which viral replication, assembly,

and release occur [150]. Notably, several genes

expressed during the lytic phase are associated with

carcinogenesis [150]. HSF1 is activated in cells infected

with HCMV, promoting host cell survival [149], and a

recent study reports that pharmacological inhibition of

HSF1 reduces the expression of HCMV genes [147].

These results indicate that HSF1 may be important for

the infection and replication cycles of HCMV. While

the impact of HSF4 on HCMV infection is not

known, experiments with recombinant adenoviral par-

ticles have demonstrated that HSF4 is able to directly

bind an HSE on the CMV immediate-early promoter,

a strong promoter commonly used in plasmids for

ectopic gene expression [97]. The HSF4 occupancy has

a repressive effect on the CMV promoter, which is spe-

cific for the HSF4b isoform, as its SUMOylation

depends on phosphorylation of S299 in the PDSM,

which is not present in the HSF4a isoform.

HSF1 and HSF2 have been suggested to regulate

EBV and KSHV gene expression [148,151], and the

replication of both viruses is dependent on chaperones

from the HSP70 family [152,153]. In EBV-infected

marmoset B cells (the B95-8 cell line), transcription of

the latency-establishing EBV nuclear antigen 1 gene is

induced by heat-activated HSF1 through direct bind-

ing to an HSE within the EBV latency promoter [151].

It was recently reported that HSF2 drives the expres-

sion of lytic genes in both EBV and KSHV [148]. This

study indicates that HSF2 binds directly to an HSE on

the promoter of the lytic cycle transcription factor

RTA, encoded by ORF50. Interestingly, HSF2

occupies the promoter specifically during latency,

resulting in subtle expression of downstream lytic

genes during the latent phase independently of HSF1.

As several lytic genes are associated with tumorigenesis
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[150], Cutrone et al. [148] suggest that HSF2 could be

a pro-oncogenic factor in KSHV- and EBV-infected

cells by promoting expression of lytic oncogenes in

latently infected cells.

To date, no involvement of HSF5, HSFX, or HSFY

in viral infections has been reported. This may be due

to their predominant expression in the male germ cells,

where they are protected by the blood–testis barrier.

However, certain viruses can cross the blood–testis
barrier, such as hepatitis B virus and Zika virus, which

can then infect both Sertoli and germ cells. Conse-

quently, a putative role of HSF5, HSFX, and HSFY

in viral infections cannot be disregarded [154].

Emerging roles of HSFs in cell adhesion and ECM

remodeling

The process of cell adhesion is fundamental for multi-

cellular organisms to orchestrate development, main-

tain tissue integrity, and respond to mechanical stimuli

[155–157]. During tissue morphogenesis, cells must be

physically connected to each other (cell–cell adhesion)
and to their substrate (cell–matrix adhesion) in order

to regulate their size, number, and shape [158]. A strik-

ing example is corticogenesis, where postmitotic neu-

rons rely on cell adhesion to migrate, proliferate, and

connect with each other to form intricated circuits

throughout different neuronal layers [159]. Mechanical

forces transmitted through cell adhesion structures

constitute crucial signals during embryogenesis to reg-

ulate processes such as cell death and differentiation

[155]. As a consequence, defective cell adhesion leads

to drastic developmental defects and pathologies such

as immunological disorders, cardiovascular diseases,

and cancer [160,161]. Remarkably, HSF1 and HSF2

have been linked to cell adhesion through a variety of

unbiased proteomic and transcriptomic screens, lead-

ing the field into new and exciting research directions.

Although HSF1 is best known for its role as the

master regulator of the HSR, this versatile transcrip-

tion factor also induces the expression of cell adhesion

genes in pathological and stress conditions

[44,102,118]. In highly malignant cancer cells, HSF1

has been shown to drive a transcriptional program dis-

tinct from heat shock, which includes cell-substrate

adhesion receptors called integrins and components of

the ECM [113]. Congruently, reduced levels of HSF1

in breast cancer cells impair cell adhesion to collagens,

reducing cell motility [162]. The effect of HSF1 on

adhesion genes is not restricted to only cancer cells, as

HSF1 operates in a similar manner in CAFs

[116–118]. Using an elegant experimental design,

Scherz-Shouval et al. unveiled that CAFs lacking

HSF1 failed to induce the expression of genes related

to ECM organization and adhesion in cocultured can-

cer cells, when compared to their WT counterparts

[118]. Since this seminal study, the role of HSF1 in the

tumor microenvironment has been expanded to CAFs

of breast, colon, and gastric cancers, where it regulates

genes encoding ECM components to enhance cancer

progression [116,117,163]. In response to stress, HSF1

regulates similar types of adhesion-related genes. For

example, upon treatment with geldanamycin, an

HSP90 inhibitor that induces the HSR, HSF1 binds to

the promoter of fibronectin and induces its transactiva-

tion [164]. Upon heat shock, HSF1 was recently shown

to indirectly modify the expression of genes involved

in cell-matrix adhesion by binding to enhancers, which

are distal regulatory elements that promote gene

expression through chromatin conformational changes

[44,165]. It is therefore important to consider that mul-

tiple mechanisms orchestrate the HSF1-dependent con-

trol of cell adhesion [44,47,165].

In contrast to HSF1, HSF2 appears to influence cell

adhesion primarily by regulating the expression of

transmembrane adhesion receptors rather than ECM

components. For instance, HSF2 has been shown to

affect the expression of different adhesion-related

genes, including members of the cadherin superfamily

[15]. The cadherin superfamily includes a variety of

calcium-dependent transmembrane receptors that

mediate cell–cell adhesion, among which E- and N-

cadherins are the best characterized for their roles in

development and cancer [159,166]. At least one mem-

ber of each cadherin subfamily is downregulated in the

absence of HSF2 under physiological conditions, pro-

viding a plausible explanation for the mispositioning

of neurons in the cortical layers of HSF2 knockout

mice [15,18]. Interestingly, a study conducted with cells

derived from patients suffering from Rubinstein–Taybi
syndrome demonstrated that these cells exhibit reduced

levels of HSF2 and impaired N-cadherin expression

[92].

In addition to regulating cell adhesion genes, HSF2

interacts with several adaptor proteins that link adhe-

sion receptors to the cytoskeleton, such as catenin

delta 1 (CTNND1), zonula occludens 1 (ZO1), zonula

occludens 2 (ZO2), and talin 1 (TLN1) [167]. Recently,

a detailed immunohistochemical analysis of HSF1 and

HSF2 expression in a large cohort of benign human

tissue samples revealed that HSF2 is present at cell–
cell adhesion sites in the liver, epididymis, and cardiac

muscle [168]. Among these tissues, the cardiac muscle

is particularly interesting since HSF2 was found at

specialized adhesion structures called the intercalated

disks. The intercalated disks facilitate rhythmic heart
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contractions by providing strong cell–cell contacts

between cardiomyocytes and contain a variety of adhe-

sion proteins, including CTNND1, ZO1, ZO2, and

TLN1 [169,170]. Based on this observation, it has been

hypothesized that HSF2 acts as a damage sensor for

cell–cell contacts and is transported from the mem-

brane to the nucleus to activate gene expression upon

mechanical strain [168,171]. To test this hypothesis, it

is crucial to identify the proteins that keep HSF2

sequestered at cell–cell adhesion sites, disrupt those

interactions, and evaluate the outcome upon mechani-

cal stimuli. Remarkably, CTNND1, ZO1, ZO2, and

TLN1 are known to localize in the nucleus and influ-

ence gene expression, indicating that HSF2 could par-

ticipate in the constant dialog between the plasma

membrane and the nucleus through these protein–
protein interactions [167,172,173].

Taken together, HSF1 and HSF2 play a role in cell

adhesion under both physiological and stress

conditions by regulating the expression of key

adhesion-related genes, including ECM components

and transmembrane adhesion receptors. This function

might not be restricted to these two HSFs, since ele-

vated levels of HSF5 correlate with the upregulation

of adhesion genes upon differentiation of neuronal

stem cells into central nervous system cell lineages

[174]. Future studies are therefore required to unveil

whether other HSF family members are also involved

in cell adhesion.

Spermatogenesis highlights interplay of HSFs in

developmental and cell differentiation

programmes

HSFs play critical roles in different developmental

processes, such as embryogenesis, corticogenesis, and

spermatogenesis [18,19,85]. In particular, spermatogen-

esis is a striking example, since most members of the

HSF family are required for sperm production.

Through numerous cell division events involving mito-

sis and meiosis, the male germ cells mature in special-

ized structures called the seminiferous tubules.

(A)

(B)

Fig. 5. HSFs in spermatogenesis. (A) Expression patterns of mouse HSF1, HSF2, HSF4, HSF5, and HSFY in spermatogonia, spermatocytes,

round spermatids, elongated spermatids, and spermatozoa [27,111,177,178]. The expression pattern of HSFX corresponds to human, from

Human Protein Atlas proteinatlas.org [81], since mouse data is not currently available. (B) Summary of phenotypes corresponding to knock-

out HSF1, HSF2, HSF1 & HSF2, and HSF5 knockout mice [27,85,136,180]. Created in BioRender [208].
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Continuous waves of cell differentiation give rise to

the following cell types in order of differentiation:

spermatogonia, spermatocytes, postmeiotic round sper-

matids, and spermatozoa [175,176] (Fig. 5). In mice,

HSF1 is predominantly expressed in spermatocytes

and round spermatids, while HSF2 has been detected

in all spermatogenic cells except mature spermatozoa

[17,177,178]. Similarly, HSF5 is predominantly

expressed in pachytene spermatocytes and round sper-

matids, whereas HSFY is present in spermatocytes as

well as round and elongating spermatids [27,32].

Mice lacking either HSF1 or HSF2 exhibit similar

disruptions in spermatogenesis, such as increased apo-

ptosis of spermatocytes and morphological defects in

sperm heads, but they remain fertile [17,85,177,179].

However, HSF1 and HSF2 double knockout mice are

infertile, due to stalling of spermatogenesis in the sper-

matocyte state [180]. This drastic phenotype in the

double knockout mice suggests synergistic transcrip-

tional activity between HSF1 and HSF2, as both fac-

tors co-occupy specific regions of the chromatin in

mouse spermatocytes [101]. Furthermore, HSF1 and

HSF2 have been shown to interact in mouse testes

under physiological conditions and directly regulate Y-

chromosomal multicopy genes that are essential for

meiosis and correct packing of the chromatin in sperm

heads [17,49,177,181]. There is therefore compelling

evidence for a functional interplay between HSF1 and

HSF2 during spermatogenesis, likely through their het-

erotrimerization [98,101].

Although the HSF5 protein was initially detected in

rat and mouse testes, the involvement of this transcrip-

tion factor in spermatogenesis was demonstrated using

a zebrafish knockout model [26,182]. HSF5 knockout

fish display male infertility due to drastically reduced

sperm count and defects in sperm morphology, which

were attributed to transcriptional dysregulation of cell

cycle and apoptosis genes [26]. Only recently have

HSF5 knockout mice been generated [24,25,27]. Simi-

lar to HSF1 and HSF2 double knockouts, mice lack-

ing HSF5 exhibit stalling of spermatogenesis at the

spermatocyte stage, leading to male infertility [27].

However, HSF5 binds to a set of genes that are funda-

mentally different from those occupied by HSF1 and

HSF2 in male germ cells under physiological condi-

tions. This difference in target gene specificity can be

explained by the HSF5 affinity for shorter HSEs as

compared to other HSFs [27]. Curiously, HSF5

prominently occupies the promoter of HSF2 in mouse

spermatocytes, suggesting that it could regulate the

expression of other HSFs in this particular cell type

[25]. Regarding the other HSFs, our knowledge of

HSF4, HSFX, and HSFY in spermatogenesis is scarce.

Nevertheless, disrupted expression of HSF4 and HSFY

has been associated with infertility, while the impact of

HSFX on male germ cell differentiation is not known

[32,36,183].

It is important to note that the process of spermato-

genesis is extremely vulnerable to temperature eleva-

tion, which causes extensive DNA damage and

massive apoptosis of spermatocytes [184]. While HSF1

is crucial for the survival of the more immature germ

cells, it appears to have a divergent role in spermato-

cytes. Intriguingly, spermatocytes in HSF1 knockout

mice are protected against cell death upon heat expo-

sure or doxorubicin-induced genotoxic stress, indicat-

ing that HSF1 functions as a quality control factor in

these male germ cells through a mechanism that is dif-

ferent from the HSR [179,185]. In agreement, mice

expressing an active form of HSF1 are sterile due to

arrest of spermatogenesis at the meiotic stage, and the

phenotype of these mice is similar to that observed in

WT mice exposed to a single heat shock [186]. Since

HSF1 and HSF2 cooperate during spermatogenesis, it

is also important to consider a plausible interplay of

both transcription factors under stress conditions in

male germ cells. Korfanty et al. studied the chromatin

occupancy of HSF1 and HSF2 in mouse spermato-

cytes upon mild (38 °C) and severe (43 °C) hyperther-
mia. While HSF2 genome-wide binding decreases

progressively upon temperature elevation, HSF1

exhibits a distinct pattern of chromatin occupancy by

decreasing at 38 °C and peaking following exposure to

43 °C [101]. In contrast to physiological conditions,

HSF1 and HSF2 do not seem to synergize under heat

stress in male germ cells, evidencing their individual

functions. To date, HSF5 and HSFY have not been

thoroughly studied in the testes during hyperthermia.

However, HSF5 appears to be dispensable for the

HSR, as HSF5 knockout testes show a similar pattern

of differentially expressed genes compared to their het-

erozygous counterparts when exposed to 33 °C versus

37 °C ex vivo [27]. Taken together, most HSF family

members coexist in spermatogenic cells, displaying a

distinct, cell-type-specific expression pattern through-

out the differentiation program.

Future perspectives and concluding
remarks

Forty years ago, the first HSF was identified in fruit

fly as a transcription factor that, upon acute heat

shock, bound a consensus sequence in the promoters

of HSP genes to induce their expression [187]. Since

then, the HSFs have been established as versatile tran-

scription factors involved in a wide range of cellular
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processes, such as development, responses to various

types of stress, viral infection, and pathologies. Exten-

sive transcriptomic data and chromatin occupancy

profiles have revealed that HSFs regulate distinct gene

expression programs depending on the biological

context [15,17,25,27,44,101,102,113,118,177,188–191].
How these factors identify their target genes under dif-

ferent conditions remains as an outstanding question.

In this regard, the discovery that HSF1 and HSF2 reg-

ulate distinct sets of genes through enhancers, as com-

pared to promoters, represents a major advancement

in the field [44,47]. Currently, this phenomenon has

been predominantly described under stress, and future

studies are needed to explore whether it extends to

developmental or pathological circumstances. Other

critical regulatory factors influencing the activity of

HSFs include their interacting partners and PTMs.

Some interactome studies have characterized specific

protein networks for HSF1, HSF2, and HSF5 in dif-

ferent conditions, but the interacting partners of other

HSF family members remain largely unexplored

[167,192,193]. Likewise, the currently known spectrum

of PTMs for HSF1 is significantly broader than for

other HSFs (Fig. 3), and our insights come primarily

from malignant cancer cells with intrinsic anomalies in

signaling cascades. Therefore, studies comparing the

protein networks and PTM patterns of all HSFs across

distinct biological milieus, such as development, pro-

teotoxic stress, neurodegenerative diseases, and cancer,

will be crucial to understand the functional dynamics

and synergistic interactions of these transcription

factors.

HSF biology has thus proven to be more complex

than initially anticipated, as reflected by the diversifica-

tion of HSFs in vertebrates (Figs 1 and 4). Their phys-

iological and clinical relevance is particularly

noticeable in processes such as sperm production and

cancer progression, in which most human HSFs are

involved. Considering the significant consequences of

dysregulation of HSFs, a fundamental question arises:

Are the HSFs part of common regulatory networks in

these biological processes? The emerging role of HSF1

and HSF2 in cell adhesion provides a compelling

framework to explore this question. Indeed, HSF1

plays a key role in regulating ECM architecture, while

HSF2 governs the expression of transmembrane adhe-

sion receptors and interacts with adaptor proteins that

link adhesion structures to the cytoskeleton

[15,116–118,167,168]. Similarly, HSF5 has been associ-

ated with the expression of adhesion proteins upon

neuronal differentiation. These findings strongly sug-

gest that the developmental defects and cancer-related

phenotypes linked to HSFs might arise from impaired

or dysregulated cell adhesion and tissue architecture.

In conclusion, although many facets of HSF biology

remain to be elucidated, substantial milestones for

resolving their function and regulation have been

reached. As our understanding increases, it is strikingly

evident that different members of the HSF family

exhibit both specialized and complementary roles, which

can vary depending on the tissue and cell type. In this

regard, advancements in single-cell and spatial omics

offer powerful means to unveil the molecular mecha-

nisms of the HSFs in their physiological context. With-

out a doubt, the field of HSF research is gaining strong

momentum, propelling it toward an exciting new era.

Acknowledgements

We thank Silvia Gramolelli, Jenny Joutsen, and Pia

Roos-Mattjus for providing expert comments on the

manuscript. We also thank the members of the Sisto-

nen laboratory for their constructive feedback on the

manuscript. The work was funded by the Research

Council of Finland (355596, LS), Sigrid Jus�elius Foun-

dation (LS), the Ella and Georg Ehrnrooth Founda-

tion (HSEH, AJDS, EH), K. Albin Johansson

Foundation (HSEH, AJDS, EH), and the �Abo Aka-

demi University Foundation (LS). Open access pub-

lishing facilitated by Abo Akademi, as part of the

Wiley - FinELib agreement.

Conflict of interest

The authors declare no conflict of interest.

Author contributions

HSEH, AJDS, LS, and EH conceptualized the review.

HSEH performed analysis and visualization of protein

disorder. HSEH and AJDS wrote the original draft.

HSEH, AJDS, LS, and EH wrote the revised

manuscript.

References

1 Lindquist S (1986) The heat-shock response. Annu Rev

Biochem 55, 1151–1191.
2 Mahat DB, Salamanca HH, Duarte FM, Danko CG &

Lis JT (2016) Mammalian heat shock response and

mechanisms underlying its genome-wide transcriptional

regulation. Mol Cell 62, 63–78.
3 Morimoto RI (2011) The heat shock response: systems

biology of proteotoxic stress in aging and disease. Cold

Spring Harb Symp Quant Biol 76, 91–99.

14 The FEBS Journal (2025) ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

A guide to the family of heat shock factors H. S. E. H€astbacka et al.

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70139 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



4 Gidalevitz T, Prahlad V & Morimoto RI (2011) The

stress of protein misfolding: from single cells to

multicellular organisms. Cold Spring Harb Perspect

Biol 3, a009704.

5 Nonaka G, Blankschien M, Herman C, Gross CA &

Rhodius VA (2006) Regulon and promoter analysis of

the E. coli heat-shock factor, r32, reveals a

multifaceted cellular response to heat stress. Genes Dev

20, 1776–1789.
6 Gao X, Fu Y, Sun S, Gu T, Li Y, Sun T, Li H, Du

W, Suo C, Li C et al. (2022) Cryptococcal Hsf3

controls intramitochondrial ROS homeostasis by

regulating the respiratory process. Nat Commun 13,

5407.

7 Glastad KM, Roessler J, Gospocic J, Bonasio R &

Berger SL (2023) Long ant life span is maintained by a

unique heat shock factor. Genes Dev 37, 398–417.
8 Fragkostefanakis S, Schleiff E & Scharf K-D (2025)

Back to the basics: the molecular blueprint of plant

heat stress transcription factors. Biol Chem doi: 10.

1515/hsz-2025-0115

9 Wang X, Shi X, Chen S, Ma C & Xu S (2018)

Evolutionary origin, gradual accumulation and

functional divergence of heat shock factor gene family

with plant evolution. Front Plant Sci 9, 71.

10 Dyer SC, Austine-Orimoloye O, Azov AG, Barba M,

Barnes I, Barrera-Enriquez VP, Becker A, Bennett R,

Beracochea M, Berry A et al. (2025) Ensembl 2025.

Nucleic Acids Res 53, D948–D957.

11 Alasady MJ & Mendillo ML (2024) The heat shock

factor code: specifying a diversity of transcriptional

regulatory programs broadly promoting stress

resilience. Cell Stress Chaperones 29, 735–749.
12 Pessa JC, Joutsen J & Sistonen L (2024)

Transcriptional reprogramming at the intersection of

the heat shock response and proteostasis. Mol Cell 84,

80–93.
13 Roos-Mattjus P & Sistonen L (2022) Interplay between

mammalian heat shock factors 1 and 2 in physiology

and pathology. FEBS J 289, 7710–7725.
14 Joutsen J & Sistonen L (2019) Tailoring of proteostasis

networks with heat shock factors. Cold Spring Harb

Perspect Biol 11, a034066.

15 Joutsen J, Da Silva AJ, Luoto JC, Budzynski MA,

Nylund AS, de Thonel A, Concordet J-P, Mezger V,

Sab�eran-Djoneidi D, Henriksson E et al. (2020) Heat

shock factor 2 protects against proteotoxicity by

maintaining cell-cell adhesion. Cell Rep 30, 583–597.e6.
16 Shinkawa T, Tan K, Fujimoto M, Hayashida N,

Yamamoto K, Takaki E, Takii R, Prakasam R,

Inouye S, Mezger V et al. (2011) Heat shock factor 2

is required for maintaining proteostasis against febrile-

range thermal stress and polyglutamine aggregation.

Mol Biol Cell 22, 3571–3583.

17 �Akerfelt M, Henriksson E, Laiho A, Vihervaara A,

Rautoma K, Kotaja N & Sistonen L (2008) Promoter

ChIP-chip analysis in mouse testis reveals Y

chromosome occupancy by HSF2. Proc Natl Acad Sci

U S A 105, 11224–11229.
18 Chang Y, €Ostling P, �Akerfelt M, Trouillet D, Rallu

M, Gitton Y, El Fatimy R, Fardeau V, Le Crom S,

Morange M et al. (2006) Role of heat-shock factor 2

in cerebral cortex formation and as a regulator of p35

expression. Genes Dev 20, 836–847.
19 Rallu M, Loones M, Lallemand Y, Morimoto R,

Morange M & Mezger V (1997) Function and

regulation of heat shock factor 2 during mouse

embryogenesis. Proc Natl Acad Sci U S A 94, 2392–
2397.

20 Anand D, Agrawal SA, Slavotinek A & Lachke SA

(2018) Mutation update of transcription factor genes

FOXE3, HSF4, MAF, and PITX3 causing cataracts

and other developmental ocular defects. Hum Mutat

39, 471–494.
21 Bu L, Jin Y, Shi Y, Chu R, Ban A, Eiberg H, Andres

L, Jiang H, Zheng G, Qian M et al. (2002) Mutant

DNA-binding domain of HSF4 is associated with

autosomal dominant lamellar and Marner cataract.

Nat Genet 31, 276–278.
22 Cao Z, Zhu Y, Liu L, Wu S, Liu B, Zhuang J, Tong

Y, Chen X, Xie Y, Nie K et al. (2018) Novel

mutations in HSF4 cause congenital cataracts in

Chinese families. BMC Med Genet 19, 150.

23 Xiao Z, Guo L, Zhang Y, Cui L, Dai Y, Lan Z,

Zhang Q, Wang S & Liu W (2020) Structural analysis

of missense mutations occurring in the DNA-binding

domain of HSF4 associated with congenital cataracts.

J Struct Biol X 4, 100015.

24 Barutc AR, Frit AJ, McCor RP, Nick JA & Asla M

(2023) Heat shock factor 5 establishes the male germ-

line meiotic sex chromosome inactivation through

regulation of Smarca4. Heliyon 9, e15194.

25 Luo C, Xu H, Yu Z, Liu D, Zhong D, Zhou S, Zhang

B, Zhan J & Sun F (2024) Meiotic chromatin-

associated HSF5 is indispensable for pachynema

progression and male fertility. Nucleic Acids Res 52,

10255–10275.
26 Saju JM, Hossain MS, Liew WC, Pradhan A,

Thevasagayam NM, Tan LSE, Anand A, Olsson P-E

& Orb�an L (2018) Heat shock factor 5 is essential for

spermatogenesis in zebrafish. Cell Rep 25, 3252–
3261.e4.

27 Yoshimura S, Shimada R, Kikuchi K, Kawagoe S,

Abe H, Iisaka S, Fujimura S, Yasunaga K, Usuki S,

Tani N et al. (2024) Atypical heat shock transcription

factor HSF5 is critical for male meiotic prophase

under non-stress conditions. Nat Commun 15,

3330.

15The FEBS Journal (2025) ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

H. S. E. H€astbacka et al. A guide to the family of heat shock factors

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70139 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1515/hsz-2025-0115
https://doi.org/10.1515/hsz-2025-0115
https://doi.org/10.1515/hsz-2025-0115
https://doi.org/10.1515/hsz-2025-0115
https://doi.org/10.1515/hsz-2025-0115
https://doi.org/10.1515/hsz-2025-0115


28 Kawazoe Y, Tanabe M, Sasai N, Nagata K & Nakai

A (1999) HSF3 is a major heat shock responsive factor

duringchicken embryonic development. Eur J Biochem

265, 688–697.
29 Takii R, Fujimoto M, Matsuura Y, Wu F, Oshibe N,

Takaki E, Katiyar A, Akashi H, Makino T, Kawata

M et al. (2017) HSF1 and HSF3 cooperatively regulate

the heat shock response in lizards. PLoS One 12,

e0180776.

30 Tanabe M, Kawazoe Y, Takeda S, Morimoto RI,

Nagata K & Nakai A (1998) Disruption of the HSF3

gene results in the severe reduction of heat shock gene

expression and loss of thermotolerance. EMBO J 17,

1750–1758.
31 Fujimoto M, Hayashida N, Katoh T, Oshima K,

Shinkawa T, Prakasam R, Tan K, Inouye S, Takii R

& Nakai A (2010) A novel mouse HSF3 has the

potential to activate nonclassical heat-shock genes

during heat shock. Mol Biol Cell 21, 106–116.
32 Shinka T, Sato Y, Chen G, Naroda T, Kinoshita K,

Unemi Y, Tsuji K, Toida K, Iwamoto T & Nakahori

Y (2004) Molecular characterization of heat shock-like

factor encoded on the human Y chromosome, and

implications for male infertility. Biol Reprod 71, 297–
306.

33 Skinner BM, Lachani K, Sargent CA, Yang F, Ellis P,

Hunt T, Fu B, Louzada S, Churcher C, Tyler-Smith C

et al. (2015) Expansion of the HSFY gene family in

pig lineages: HSFY expansion in suids. BMC Genomics

16, 442.

34 Stark-Dykema ER, Dulka EA, Gerlinger ER &

Mueller JL (2022) X-linked palindromic gene families

4930567H17Rik and Mageb5 are dispensable for male

mouse fertility. Sci Rep 12, 8554.

35 Yue X-P, Dechow C, Chang T-C, DeJarnette JM,

Marshall CE, Lei C-Z & Liu W-S (2014) Copy number

variations of the extensively amplified Y-linked genes,

HSFY and ZNF280BY, in cattle and their association

with male reproductive traits in Holstein bulls. BMC

Genomics 15, 113.

36 Tessari A, Salata E, Ferlin A, Bartoloni L, Slongo ML

& Foresta C (2004) Characterization of HSFY, a novel

AZFb gene on the Y chromosome with a possible role

in human spermatogenesis. Mol Hum Reprod 10, 253–
258.

37 Budzy�nski MA & Sistonen L (2017) Versatile functions

of heat shock factors: it is not all about stress. Curr

Immunol Rev 13, 4–18.
38 Amin J, Ananthan J & Voellmy R (1988) Key features

of heat shock regulatory elements. Mol Cell Biol 8,

3761–3769.
39 Jaeger AM, Pemble CW, Sistonen L & Thiele DJ

(2016) Structures of HSF2 reveal mechanisms for

differential regulation of human heat-shock factors.

Nat Struct Mol Biol 23, 147–154.

40 Neudegger T, Verghese J, Hayer-Hartl M, Hartl FU &

Bracher A (2016) Structure of human heat-shock

transcription factor 1 in complex with DNA. Nat

Struct Mol Biol 23, 140–146.
41 Jaeger AM, Makley LN, Gestwicki JE & Thiele DJ

(2014) Genomic heat shock element sequences drive

cooperative human heat shock factor 1 DNA binding

and selectivity. J Biol Chem 289, 30459–30469.
42 Takemori Y, Enoki Y, Yamamoto N, Fukai Y,

Adachi K & Sakurai H (2009) Mutational analysis of

human heat-shock transcription factor 1 reveals a

regulatory role for oligomerization in DNA-binding

specificity. Biochem J 424, 253–261.
43 Yamamoto N, Takemori Y, Sakurai M, Sugiyama K

& Sakurai H (2009) Differential recognition of heat

shock elements by members of the heat shock

transcription factor family. FEBS J 276, 1962–1974.
44 Himanen SV, Puustinen MC, Da Silva AJ, Vihervaara

A & Sistonen L (2022) HSFs drive transcription of

distinct genes and enhancers during oxidative stress

and heat shock. Nucleic Acids Res 50, 6102–6115.
45 Li P, Sheng C, Huang L, Zhang H, Huang L, Cheng Z

& Zhu Q (2014) MiR-183/-96/-182 cluster is up-

regulated in most breast cancers and increases cell

proliferation and migration. Breast Cancer Res 16, 473.

46 Li Y, Xu D, Bao C, Zhang Y, Chen D, Zhao F, Ding

J, Liang L, Wang Q, Liu L et al. (2015) MicroRNA-

135b, a HSF1 target, promotes tumor invasion and

metastasis by regulating RECK and EVI5 in

hepatocellular carcinoma. Oncotarget 6, 2421–2433.
47 Vihervaara A, Mahat DB, Guertin MJ, Chu T, Danko

CG, Lis JT & Sistonen L (2017) Transcriptional

response to stress is pre-wired by promoter and

enhancer architecture. Nat Commun 8, 255.

48 Peteranderl R, Rabenstein M, Shin YK, Liu CW,

Wemmer DE, King DS & Nelson HC (1999)

Biochemical and biophysical characterization of the

trimerization domain from the heat shock transcription

factor. Biochemistry 38, 3559–3569.
49 Sandqvist A, Bj€ork 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.
50 Chen R, Liliental JE, Kowalski PE, Lu Q & Cohen

SN (2011) Regulation of transcription of hypoxia-

inducible factor-1a (HIF-1a) by heat shock factors

HSF2 and HSF4. Oncogene 30, 2570–2580.
51 Liu X-D, Liu PCC, Santoro N & Thiele DJ (1997)

Conservation of a stress response: human heat shock

transcription factors functionally substitute for yeast

HSF. EMBO J 16, 6466–6477.
52 Rabindran SK, Haroun RI, Clos J, Wisniewski J &

Wu C (1993) Regulation of heat shock factor trimer

16 The FEBS Journal (2025) ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

A guide to the family of heat shock factors H. S. E. H€astbacka et al.

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70139 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



formation: role of a conserved leucine zipper. Science

259, 230–234.
53 Nakai A, Tanabe M, Kawazoe Y, Inazawa J,

Morimoto RI & Nagata K (1997) HSF4, a new

member of the human heat shock factor family which

lacks properties of a transcriptional activator. Mol Cell

Biol 17, 469–481.
54 Green M, Schuetz TJ, Sullivan EK & Kingston RE

(1995) A heat shock-responsive domain of human

HSF1 that regulates transcription activation domain

function. Mol Cell Biol 15, 3354–3362.
55 Yoshima T, Yura T & Yanagi H (1998) Function of

the C-terminal transactivation domain of human heat

shock factor 2 is modulated by the adjacent negative

regulatory segment. Nucleic Acids Res 26, 2580–2585.
56 Merath K, Ronchetti A & Sidjanin DJ (2013)

Functional analysis of HSF4 mutations found in

patients with autosomal recessive congenital cataracts.

Invest Ophthalmol Vis Sci 54, 6646.

57 He H, Soncin F, Grammatikakis N, Li Y, Siganou A,

Gong J, Brown SA, Kingston RE & Calderwood SK

(2003) Elevated expression of heat shock factor (HSF)

2A stimulates HSF1-induced transcription during

stress. J Biol Chem 278, 35465–35475.
58 Tanabe M, Sasai N, Nagata K, Liu X-D, Liu PCC,

Thiele DJ & Nakai A (1999) The mammalian HSF4

gene generates both an activator and a repressor of

heat shock genes by alternative splicing. J Biol Chem

274, 27845–27856.
59 Nyk€anen P, Alastalo T-P, Ahlskog J, Horelli-Kuitunen

N, Pirkkala L & Sistonen L (2001) Genomic

organization and promoter analysis of the human heat

shock factor 2 gene. Cell Stress Chaperones 6, 377–385.
60 Hietakangas V, Elo I, Rosenstr€om H, Coffey ET,

Kyriakis JM, Eriksson JE & Sistonen L (2001)

Activation of the MKK4-JNK pathway during

erythroid differentiation of K562 cells is inhibited by

the heat shock factor 2-b isoform. FEBS Lett 505,

168–172.
61 Syafruddin SE, Ling S, Low TY &Mohtar MA (2021)

More than meets the eye: revisiting the roles of heat shock

factor 4 in health and diseases. Biomolecules 11, 523.

62 Yan L, Li J, Hu J, Qu J, Li K, Wang M, An S-S, Ke

C, Li H, Yuan F et al. (2022) Biotin attenuates heat

shock factor 4b transcriptional activity by lysine 444

biotinylation. Biochem Biophys Rep 30, 101227.

63 Dea A & Pincus D (2024) The heat shock response as

a condensate cascade. J Mol Biol 436, 168642.

64 Gomez-Pastor R, Burchfiel ET & Thiele DJ (2018)

Regulation of heat shock transcription factors and

their roles in physiology and disease. Nat Rev Mol Cell

Biol 19, 4–19.
65 Kmiecik SW & Mayer MP (2022) Molecular

mechanisms of heat shock factor 1 regulation. Trends

Biochem Sci 47, 218–234.

66 Hornbeck PV, Zhang B, Murray B, Kornhauser JM,

Latham V & Skrzypek E (2015) PhosphoSitePlus,

2014: mutations, PTMs and recalibrations. Nucleic

Acids Res 43, D512–D520.

67 Huang H, Arighi CN, Ross KE, Ren J, Li G, Chen S-

C, Wang Q, Cowart J, Vijay-Shanker K & Wu CH

(2018) iPTMnet: an integrated resource for protein

post-translational modification network discovery.

Nucleic Acids Res 46, D542–D550.

68 York WS, Mazumder R, Ranzinger R, Edwards N,

Kahsay R, Aoki-Kinoshita KF, Campbell MP,

Cummings RD, Feizi T, Martin M et al. (2020)

GlyGen: computational and informatics resources for

glycoscience. Glycobiology 30, 72–73.
69 Hentze N, Le Breton L, Wiesner J, Kempf G & Mayer

MP (2016) Molecular mechanism of thermosensory

function of human heat shock transcription factor

Hsf1. Elife 5, e11576.

70 Budzy�nski 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.
71 Zheng X, Krakowiak J, Patel N, Beyzavi A, Ezike J,

Khalil AS & Pincus D (2016) Dynamic control of Hsf1

during heat shock by a chaperone switch and

phosphorylation. Elife 5, e18638.

72 Hietakangas V, Anckar J, Blomster HA, Fujimoto M,

Palvimo JJ, Nakai A & Sistonen L (2006) PDSM, a

motif for phosphorylation-dependent SUMO

modification. Proc Natl Acad Sci U S A 103, 45–50.
73 Kmiecik SW, Drzewicka K, Melchior F & Mayer MP

(2021) Heat shock transcription factor 1 is

SUMOylated in the activated trimeric state. J Biol

Chem 296, 100324.

74 Anckar J & Sistonen L (2011) Regulation of HSF1

function in the heat stress response: implications in

aging and disease. Annu Rev Biochem 80, 1089–1115.
75 Kmiecik SW, Le Breton L & Mayer MP (2020)

Feedback regulation of heat shock factor 1 (Hsf1)

activity by Hsp70-mediated trimer unzipping and

dissociation from DNA. EMBO J 39, e104096.

76 Ghosh SKB, Missra A & Gilmour DS (2011)

Negative elongation factor accelerates the rate at

which heat shock genes are shut off by facilitating

dissociation of heat shock factor. Mol Cell Biol 31,

4232–4243.
77 Raychaudhuri S, Loew C, K€orner 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.
78 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.

17The FEBS Journal (2025) ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

H. S. E. H€astbacka et al. A guide to the family of heat shock factors

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70139 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



79 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.
80 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.

81 Karlsson M, Zhang C, M�ear L, Zhong W, Digre A,

Katona B, Sj€ostedt E, Butler L, Odeberg J, Dusart P

et al. (2021) A single–cell type transcriptomics map of

human tissues. Sci Adv 7, eabh2169.

82 Lepp€a S, Pirkkala L, Saarento H, Sarge KD &

Sistonen L (1997) Overexpression of HSF2-b inhibits

hemin-induced heat shock gene expression and

erythroid differentiation in K562 cells. J Biol Chem

272, 15293–15298.
83 Mezger V, Rallu M, Morimoto RI, Morange M &

Renard JP (1994) Heat shock factor 2-like activity in

mouse blastocysts. Dev Biol 166, 819–822.
84 Sistonen L, Sarge KD, Phillips B, Abravaya K &

Morimoto RI (1992) Activation of heat shock factor 2

during hemin-induced differentiation of human

erythroleukemia cells. Mol Cell Biol 12, 4104–4111.
85 Kallio M, Chang Y, Manuel M, Alastalo T, Rallu M,

Gitton Y, Pirkkala L, Loones M, 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.
86 Wang G, Zhang J, Moskophidis D & Mivechi NF

(2003) Targeted disruption of the heat shock

transcription factor (hsf)-2 gene results in increased

embryonic lethality, neuronal defects, and reduced

spermatogenesis. Genesis 36, 48–61.
87 Ahlskog JK, Bj€ork 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.
88 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.
89 Lecomte S, Desmots F, Le Masson F, Le Goff P,

Michel D, Christians ES & Le Dr�ean Y (2010) Roles

of heat shock factor 1 and 2 in response to proteasome

inhibition: consequence on p53 stability. Oncogene 29,

4216–4224.
90 Rossi A, Riccio A, Coccia M, Trotta E, La Frazia S &

Santoro MG (2014) The proteasome inhibitor

bortezomib is a potent inducer of zinc finger AN1-type

domain 2a gene expression. J Biol Chem 289, 12705–
12715.

91 Santopolo S, Riccio A, Rossi A & Santoro MG (2021)

The proteostasis guardian HSF1 directs the

transcription of its paralog and interactor HSF2

during proteasome dysfunction. Cell Mol Life Sci 78,

1113–1129.
92 de Thonel A, Ahlskog JK, Daupin K, Dubreuil V,

Berthelet J, Chaput C, Pires G, Leonetti C, Abane R,

Barris LC et al. (2022) CBP-HSF2 structural and

functional interplay in Rubinstein-Taybi

neurodevelopmental disorder. Nat Commun 13, 7002.

93 Hendriks IA, Lyon D, Young C, Jensen LJ, Vertegaal

ACO & Nielsen ML (2017) Site-specific mapping of

the human SUMO proteome reveals co-modification

with phosphorylation. Nat Struct Mol Biol 24, 325–
336.

94 Fujimoto M, Izu H, Seki K, Fukuda K, Nishida T,

Yamada S, Kato K, Yonemura S, Inouye S & Nakai

A (2004) HSF4 is required for normal cell growth and

differentiation during mouse lens development. EMBO

J 23, 4297–4306.
95 Zhang J, Ma Z, Wang J, Li S, Zhang Y, Wang Y,

Wang M, Feng X, Liu X, Liu G et al. (2014)

Regulation of Hsf4b nuclear translocation and

transcription activity by phosphorylation at threonine

472. Biochim Biophys Acta BBA Mol Cell Res 1843,

580–589.
96 Cui X, Han J, Li J, Cui W-W, Wu D-D, Liu S, Xue

W, Wang X-X, Ma Y, Zhang J et al. (2018)

Downregulation of heat shock factor 4 transcription

activity via MAPKinase phosphorylation at serine 299.

Int J Biochem Cell Biol 105, 61–69.
97 Zhang J, Hu Y-Z, Xueli L, Li S, Wang M, Kong X,

Li T, Shen P & Ma Y (2010) The inhibition of CMV

promoter by heat shock factor 4b is regulated by

Daxx. Int J Biochem Cell Biol 42, 1698–1707.
98 Widlak W & Vydra N (2017) The role of heat shock

factors in mammalian spermatogenesis. In The Role of

Heat Shock Proteins in Reproductive System

Development and Function (MacPhee DJ, ed.), pp.

45–65. Springer International Publishing, Cham.

99 Le Masson F & Christians E (2011) HSFs and

regulation of Hsp70.1 (Hspa1b) in oocytes

and preimplantation embryos: new insights brought by

transgenic and knockout mouse models. Cell Stress

Chaperones 16, 275–285.
100 Chen Y, Chen J, Loo A, Jaeger S, Bagdasarian L, Yu

J, Chung F, Korn J, Ruddy D, Guo R et al. (2013)

Targeting HSF1 sensitizes cancer cells to HSP90

inhibition. Oncotarget 4, 816–829.
101 Korfanty J, Stokowy T, Widlak P, Gogler-Piglowska

A, Handschuh L, Podkowi�nski J, Vydra N,

Naumowicz A, Toma-Jonik A & Widlak W (2014)

18 The FEBS Journal (2025) ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

A guide to the family of heat shock factors H. S. E. H€astbacka et al.

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70139 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Crosstalk between HSF1 and HSF2 during the heat

shock response in mouse testes. Int J Biochem Cell

Biol 57, 76–83.
102 Smith RS, Takagishi SR, Amici DR, Metz K, Gayatri

S, Alasady MJ, Wu Y, Brockway S, Taiberg SL,

Khalatyan N et al. (2022) HSF2 cooperates with

HSF1 to drive a transcriptional program critical for

the malignant state. Sci Adv 8, eabj6526.

103 McMillan DR, Xiao X, Shao L, Graves K &

Benjamin IJ (1998) Targeted disruption of heat shock

transcription factor 1 abolishes thermotolerance and

protection against heat-inducible apoptosis. J Biol

Chem 273, 7523–7528.
104 €Ostling P, Bj€ork 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.

105 Paslaru L, Morange M & Mezger V (2003) Phenotypic

characterization of mouse embryonic fibroblasts

lacking heat shock factor 2. J Cell Mol Med 7, 425–
435.

106 Le Goff P & Michel D (1999) HSF1 activation occurs

at different temperatures in somatic and male germ

cells in the poikilotherm rainbow trout. Biochem

Biophys Res Commun 259, 15–20.
107 Sarge KD, Bray AE & Goodson ML (1995) Altered

stress response in testis. Nature 374, 126.

108 Liao S, Qu Z, Li L, Zhou B, Gao M, Huang M & Li

D (2018) HSF4 transcriptional regulates HMOX-1

expression in HLECs. Gene 655, 30–34.
109 Okinaga S, Takahashi K, Takeda K, Yoshizawa M,

Fujita H, Sasaki H & Shibahara S (1996) Regulation

of human heme oxygenase-1 gene expression under

thermal stress. Blood 87, 5074–5084.
110 Fujimoto M, Oshima K, Shinkawa T, Wang BB,

Inouye S, Hayashida N, Takii R & Nakai A (2008)

Analysis of HSF4 binding regions reveals its necessity

for gene regulation during development and heat

shock response in mouse lenses. J Biol Chem 283,

29961–29970.
111 Zhang W, Shao Y, Qin Y & Wu Y (2016) Expression

pattern of HSFY in the mouse testis and epididymis

with and without heat stress. Cell Tissue Res 366, 763–
770.

112 Dai C & Sampson SB (2016) HSF1: Guardian of

proteostasis in cancer. Trends Cell Biol 26, 17–28.
113 Mendillo ML, Santagata S, Koeva M, Bell GW, Hu

R, Tamimi RM, Fraenkel E, Ince TA, Whitesell L &

Lindquist S (2012) HSF1 drives a transcriptional

program distinct from heat shock to support highly

malignant human cancers. Cell 150, 549–562.
114 Cai J, Kirlin WG, Chen Y, Yan X, Jones DP &

Sartorelli AC (2006) Overexpression of heat shock

factor 1 inhibits butyrate-induced differentiation in

colon cancer cells. Cell Stress Chaperones 11, 199–207.
115 Dai C, Whitesell L, Rogers AB & Lindquist S (2007)

Heat shock factor 1 is a powerful multifaceted

modifier of carcinogenesis. Cell 130, 1005–1018.
116 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.
117 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.

118 Scherz-Shouval R, Santagata S, Mendillo ML, Sholl

LM, Ben-Aharon I, Beck AH, Dias-Santagata D,

Koeva M, Stemmer SM, Whitesell L et al. (2014) The

reprogramming of tumor stroma by HSF1 is a potent

enabler of malignancy. Cell 158, 564–578.
119 Aizemaiti R, Wu Z, Tang J, Yan H & Lv X (2021)

Heat shock factor 5 correlated with immune

infiltration serves as a prognostic biomarker in lung

adenocarcinoma. Int J Med Sci 18, 448–458.
120 Bj€ork 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.
121 Wang K, Ning S, Zhang S, Jiang M, Huang Y, Pei H,

Li M & Tan F (2025) Extracellular matrix stiffness

regulates colorectal cancer progression via HSF4. J

Exp Clin Cancer Res 44, 30.

122 Chen F, Fan Y, Liu X, Zhang J, Shang Y, Zhang B,

Liu B, Hou J, Cao P & Tan K (2022) Pan-cancer

integrated analysis of HSF2 expression, prognostic

value and potential implications for cancer immunity.

Front Mol Biosci 8, 789703.

123 Pessa JC, Paavolainen O, Puustinen MC, H€astbacka

HSE, Da Silva AJ, Pihlstr€om S, Gramolelli S,

Bostr€om P, Hartiala P, Peuhu E et al. (2024) Dynamic

HSF2 regulation drives breast cancer progression by

steering the balance between proliferation and

invasion. bioRxiv. doi: 10.1101/2024.06.24.600354

124 Yang L-N, Ning Z-Y, Wang L, Yan X & Meng Z-Q

(2019) HSF2 regulates aerobic glycolysis by

suppression of FBP1 in hepatocellular carcinoma. Am

J Cancer Res 9, 1607–1621.
125 Puustinen MC & Sistonen L (2020) Molecular

mechanisms of heat shock factors in cancer. Cells 9,

1202.

19The FEBS Journal (2025) ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

H. S. E. H€astbacka et al. A guide to the family of heat shock factors

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70139 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://doi.org/10.1101/2024.06.24.600354


126 Wang G, Cao P, Fan Y & Tan K (2020) Emerging

roles of HSF1 in cancer: cellular and molecular

episodes. Biochim Biophys Acta BBA Rev Cancer 1874,

188390.

127 Jin X, Eroglu B, Cho W, Yamaguchi Y, Moskophidis

D & Mivechi NF (2012) Inactivation of heat

shock factor Hsf4 induces cellular senescence and

suppresses tumorigenesis in vivo. Mol Cancer Res 10,

523–534.
128 Ma P, Tang W, Hu J, Hao Y, Xiong L, Wang M, Liu

H, Bo W & Yu K (2020) HSP4 triggers epithelial-

mesenchymal transition and promotes motility

capacities of hepatocellular carcinoma cells via

activating AKT. Liver Int 40, 1211–1223.
129 Cui X, Zhang J, Du R, Wang L, Archacki S, Zhang

Y, Yuan M, Ke T, Li H, Li D et al. (2012) HSF4 is

involved in DNA damage repair through regulation of

Rad51. Biochim Biophys Acta BBA Mol Basis Dis

1822, 1308–1315.
130 Galkin VE, Esashi F, Yu X, Yang S, West SC &

Egelman EH (2005) BRCA2 BRC motifs bind

RAD51–DNA filaments. Proc Natl Acad Sci U S A

102, 8537–8542.
131 Liu Y-C & Shen J (2025) Meta-analysis of the

association between overexpression of RAD51 family

genes and prognosis and clinical features in breast

cancer. Sci Rep 15, 4229.

132 Wang Z, Jia R, Wang L, Yang Q, Hu X, Fu Q,

Zhang X, Li W & Ren Y (2022) The emerging roles of

Rad51 in cancer and its potential as a therapeutic

target. Front Oncol 12, 935593.

133 Jacobs C, Shah S, Lu W-C, Ray H, Wang J,

Hockaden N, Sandusky G, Nephew KP, Lu X, Cao S

et al. (2024) HSF1 inhibits antitumor immune activity

in breast cancer by suppressing CCL5 to block CD8+
T-cell recruitment. Cancer Res 84, 276–290.

134 Janus P, Ku�s P, Vydra N, Toma-Jonik A, Stokowy T,

Mrowiec K, Wojta�s B, Gielniewski B & Widłak W

(2022) HSF1 can prevent inflammation following heat

shock by inhibiting the excessive activation of the

ATF3 and JUN&FOS genes. Cells 11, 2510.

135 Takii R, Inouye S, Fujimoto M, Nakamura T,

Shinkawa T, Prakasam R, Tan K, Hayashida N,

Ichikawa H, Hai T et al. (2010) Heat shock

transcription factor 1 inhibits expression of IL-6

through activating transcription factor 3. J Immunol

184, 1041–1048.
136 Xiao X, Zuo X, Davis AA, McMillan DR, Curry BB,

Richardson JA & Benjamin IJ (1999) HSF1 is required

for extra-embryonic development, postnatal growth

and protection during inflammatory responses in mice.

EMBO J 18, 5943–5952.
137 Zhang F, Zhao W, Zhou J, Wang W, Luo J, Feng Y,

Wu J, Li M, Wang K, Niu J et al. (2021) Heat shock

transcription factor 2 reduces the secretion of IL-1b by

inhibiting NLRP3 inflammasome activation in

ulcerative colitis. Gene 768, 145299.

138 Zhang W-J, Yue K-L, Wang J-Z & Zhang Y (2023)

Association between heat shock factor protein 4

methylation and colorectal cancer risk and potential

molecular mechanisms: a bioinformatics study. World

J Gastrointest Oncol 15, 2150–2168.
139 Filone CM, Caballero IS, Dower K, Mendillo ML,

Cowley GS, Santagata S, Rozelle DK, Yen J, Rubins

KH, Hacohen N et al. (2014) The master regulator of

the cellular stress response (HSF1) is critical for

orthopoxvirus infection. PLoS Pathog 10, e1003904.

140 Pauciullo S, Riccio A, Santopolo S, Albecka A, Papa

G, James LC, Piacentini S, Lanzilli G, Rossi A &

Santoro MG (2024) Human coronaviruses activate

and hijack the host transcription factor HSF1 to

enhance viral replication. Cell Mol Life Sci 81, 386.

141 Mitra A, Dasgupta A & Mitra D (2024) Cellular

HSF1 expression is induced during HIV-1 infection by

activation of its promoter mediated through the

cooperative interaction of HSF1 and viral Nef protein.

Arch Biochem Biophys 754, 109947.

142 Chand K, Iyer K & Mitra D (2021) Comparative

analysis of differential gene expression of HSP40 and

HSP70 family isoforms during heat stress and HIV-1

infection in T-cells. Cell Stress Chaperones 26, 403–
416.

143 Nekongo EE, Ponomarenko AI, Dewal MB, Butty

VL, Browne EP & Shoulders MD (2020) HSF1

activation can restrict HIV replication. ACS Infect Dis

6, 1659–1666.
144 Pan X-Y, Zhao W, Zeng X-Y, Lin J, Li M-M, Shen

X-T & Liu S-W (2016) Heat shock factor 1 mediates

latent HIV reactivation. Sci Rep 6, 26294.

145 Xu X, Lin Y, Zeng X, Yang C, Duan S, Ding L, Lu

W, Lin J, Pan X, Ma X et al. (2022) PARP1 might

substitute HSF1 to reactivate latent HIV-1 by binding

to heat shock element. Cells 11, 2331.

146 Reyes A, Navarro AJ, Diethelm-Varela B, Kalergis

AM & Gonz�alez PA (2022) Is there a role for HSF1

in viral infections? FEBS Open Bio 12, 1112–1124.
147 Akter D, Biswas J, Moradpour S, Carter MF, Miller

MJ, Thiele DJ, Murphy EA, O’Connor CM, Moffat

JF & Chan GC (2025) Targeting the host transcription

factor HSF1 prevents human cytomegalovirus

replication in vitro and in vivo. Antiviral Res 237,

106150.

148 Cutrone L, Djupenstr€om H, Peltonen J, Klimova EM,

Corso S, Giordano S, Sistonen L & Gramolelli S

(2025) Heat shock factor 2 regulates oncogenic

gamma-herpesvirus gene expression by remodeling the

chromatin at the ORF50 and BZLF1 promoter. PLoS

Pathog 21, e1013108.

149 Peppenelli MA, Miller MJ, Altman AM, Cojohari O

& Chan GC (2018) Aberrant regulation of the Akt

20 The FEBS Journal (2025) ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

A guide to the family of heat shock factors H. S. E. H€astbacka et al.

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70139 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



signaling network by human cytomegalovirus allows

for targeting of infected monocytes. Antiviral Res 158,

13–24.
150 Manners O, Murphy JC, Coleman A, Hughes DJ &

Whitehouse A (2018) Contribution of the KSHV and

EBV lytic cycles to tumourigenesis. Curr Opin Virol

32, 60–70.
151 Wang F-W, Wu X-R, Liu W-J, Liao Y-J, Lin S, Zong

Y-S, Zeng M-S, Zeng Y-X, Mai S-J & Xie D (2011)

Heat shock factor 1 upregulates transcription of

Epstein–Barr virus nuclear antigen 1 by binding to a

heat shock element within the BamHI-Q promoter.

Virology 421, 184–191.
152 Baquero-P�erez B & Whitehouse A (2015) Hsp70

isoforms are essential for the formation of Kaposi’s

sarcoma-associated herpesvirus replication and

transcription compartments. PLoS Pathog 11,

e1005274.

153 Wang H, Bu L, Wang C, Zhang Y, Zhou H, Zhang

X, Guo W, Long C, Guo D & Sun X (2018) The

Hsp70 inhibitor 2-phenylethynesulfonamide inhibits

replication and carcinogenicity of Epstein-Barr virus

by inhibiting the molecular chaperone function of

Hsp70. Cell Death Dis 9, 734.

154 Dabizzi S, Maggi M & Torcia MG (2024) Update on

known and emergent viruses affecting human male

genital tract and fertility. Basic Clin Androl 34, 6.

155 Agarwal P & Zaidel-Bar R (2021) Mechanosensing in

embryogenesis. Curr Opin Cell Biol 68, 1–9.
156 Camp�as O, Noordstra I & Yap AS (2024) Adherens

junctions as molecular regulators of emergent tissue

mechanics. Nat Rev Mol Cell Biol 25, 252–269.
157 Lenne P-F & Trivedi V (2022) Sculpting tissues by

phase transitions. Nat Commun 13, 664.

158 Wu D, Yamada KM & Wang S (2023) Tissue

morphogenesis through dynamic cell and matrix

interactions. Annu Rev Cell Dev Biol 39, 123–144.
159 de Agust�ın-Dur�an D, Mateos-White I, Fabra-Beser J

& Gil-Sanz C (2021) Stick around: cell-cell adhesion

molecules during neocortical development. Cells 10,

118.

160 Aman J & Margadant C (2023) Integrin-dependent

cell–matrix adhesion in endothelial health and disease.

Circ Res 132, 355–378.
161 Harjunp€a€a H, Llort Asens M, Guenther C &

Fagerholm SC (2019) Cell adhesion molecules and

their roles and regulation in the immune and tumor

microenvironment. Front Immunol 10, 1078.

162 Vydra N, Janus P, Kus P, Stokowy T, Mrowiec K,

Toma-Jonik A, Krzywon A, Cortez AJ, Wojtas B,

Gielniewski B et al. (2021) Heat shock factor 1

(HSF1) cooperates with estrogen receptor a (ERa) in
the regulation of estrogen action in breast cancer cells.

Elife 10, e69843.

163 Shaashua L, Ben-Shmuel A, Pevsner-Fischer M,

Friedman G, Levi-Galibov O, Nandakumar S, Barki

D, Nevo R, Brown LE, Zhang W et al. (2022) BRCA

mutational status shapes the stromal

microenvironment of pancreatic cancer linking

clusterin expression in cancer associated fibroblasts

with HSF1 signaling. Nat Commun 13, 6513.

164 Dhanani KCH, Samson WJ & Edkins AL (2017)

Fibronectin is a stress responsive gene regulated by

HSF1 in response to geldanamycin. Sci Rep 7, 17617.

165 Ray J, Munn PR, Vihervaara A, Lewis JJ, Ozer A,

Danko CG & Lis JT (2019) Chromatin conformation

remains stable upon extensive transcriptional changes

driven by heat shock. Proc Natl Acad Sci U S A 116,

19431–19439.
166 Casal JI & Bartolom�e RA (2019) Beyond N-cadherin,

relevance of cadherins 5, 6 and 17 in cancer

progression and metastasis. Int J Mol Sci 20, 3373.

167 Da Silva AJ, H€astbacka HSE, Luoto JC, Gough RE,

Coelho-Rato LS, Laitala LM, Goult BT, Imanishi SY,

Sistonen L & Henriksson E (2024) Proteomic profiling

identifies a direct interaction between heat shock

transcription factor 2 and the focal adhesion adapter

talin-1. FEBS J 291, 4830–4848.
168 Joutsen J, Pessa JC, Jokelainen O, Sironen R,

Hartikainen JM & Sistonen L (2024) Comprehensive

analysis of human tissues reveals unique expression

and localization patterns of HSF1 and HSF2. Cell

Stress Chaperones 29, 235–271.
169 Belkin AM, Zhidkova NI & Koteliansky VE (1986)

Localization of talin in skeletal and cardiac muscles.

FEBS Lett 200, 32–36.
170 Zhao G, Qiu Y, Zhang HM & Yang D (2019)

Intercalated discs: cellular adhesion and signaling in

heart health and diseases. Heart Fail Rev 24, 115–
132.

171 Mayer MP (2024) Hsf1 and Hsf2 in normal, healthy

human tissues: immunohistochemistry provokes new

questions. Cell Stress Chaperones 29, 437–439.
172 Da Silva AJ, H€astbacka HSE, Puustinen MC, Pessa

JC, Luoto JC, Sundstr€om E, Goult BT, Jacquemet G,

Henriksson E & Sistonen L (2025) Nuclear talin-1

provides a bridge between cell adhesion and gene

expression. iScience 28, 111745.

173 Haage A & Dhasarathy A (2023) Working a second

job: cell adhesion proteins that moonlight in the

nucleus. Front Cell Dev Biol 11, 1163553.

174 Choi MR, Jung KH, Park JH, Das ND, Chung MK,

Choi IG, Lee BC, Park KS & Chai YG (2011)

Ethanol-induced small heat shock protein genes in the

differentiation of mouse embryonic neural stem cells.

Arch Toxicol 85, 293–304.
175 Jan SZ, Hamer G, Repping S, de Rooij DG, van Pelt

AMM & Vormer TL (2012) Molecular control of

21The FEBS Journal (2025) ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

H. S. E. H€astbacka et al. A guide to the family of heat shock factors

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70139 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



rodent spermatogenesis. Biochim Biophys Acta BBA

Mol Basis Dis 1822, 1838–1850.
176 Kotaja N (2014) MicroRNAs and spermatogenesis.

Fertil Steril 101, 1552–1562.
177 �Akerfelt M, Vihervaara A, Laiho A, Conter A,

Christians ES, Sistonen L & Henriksson E (2010) Heat

shock transcription factor 1 localizes to sex chromatin

during meiotic repression. J Biol Chem 285, 34469–
34476.

178 Bj€ork 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.
179 Salmand PA, Jungas T, Fernandez M, Conter A &

Christians ES (2008) Mouse heat-shock factor 1

(HSF1) is involved in testicular response to genotoxic

stress induced by Doxorubicin1. Biol Reprod 79, 1092–
1101.

180 Wang G, Ying Z, Jin X, Tu N, Zhang Y, Phillips M,

Moskophidis D & Mivechi NF (2004) Essential

requirement for both hsf1 and hsf2 transcriptional

activity in spermatogenesis and male fertility. Genesis

38, 66–80.
181 Cocquet J, Ellis PJI, Yamauchi Y, Mahadevaiah SK,

Affara NA, Ward MA & Burgoyne PS (2009) The

multicopy gene sly represses the sex chromosomes in

the male mouse germline after meiosis. PLoS Biol 7,

e1000244.

182 Chalmel F, Lardenois A, Evrard B, Mathieu R, Feig

C, Demougin P, Gattiker A, Schulze W, J�egou B,

Kirchhoff C et al. (2012) Global human tissue

profiling and protein network analysis reveals distinct

levels of transcriptional germline-specificity and

identifies target genes for male infertility. Hum Reprod

27, 3233–3248.
183 Balagannavar G, Basavaraju K, Bajpai AK, Davuluri

S, Kannan S, Srini VS, Chandrashekar DS, Chitturi N

& Acharya KK (2023) Transcriptomic analysis of the

non-obstructive azoospermia (NOA) to address gene

expression regulation in human testis. Syst Biol Reprod

Med 69, 196–214.
184 Hirano K, Nonami Y, Nakamura Y, Sato T, Sato T,

Ishiguro K, Ogawa T & Yoshida S (2022)

Temperature sensitivity of DNA double-strand break

repair underpins heat-induced meiotic failure in mouse

spermatogenesis. Commun Biol 5, 504.

185 Izu H, Inouye S, Fujimoto M, Shiraishi K, Naito K &

Nakai A (2004) Heat shock transcription factor 1 is

involved in quality-control mechanisms in male germ

cells. Biol Reprod 70, 18–24.
186 Nakai A, Suzuki M & Tanabe M (2000) Arrest of

spermatogenesis in mice expressing an active heat

shock transcription factor 1. EMBO J 19, 1545–1554.

187 Parker CS & Topol J (1984) A drosophila RNA

polymerase II transcription factor binds to the

regulatory site of an hsp 70 gene. Cell 37, 273–283.
188 El Fatimy R, Miozzo F, Le Mou€el A, Abane R,

Schwendimann L, Sab�eran-Djoneidi D, de Thonel A,

Massaoudi I, Paslaru L, Hashimoto-Torii K et al.

(2014) Heat shock factor 2 is a stress-responsive

mediator of neuronal migration defects in models of

fetal alcohol syndrome. EMBO Mol Med 6, 1043–
1061.

189 Price RM, Budzy�nski MA, Shen J, Mitchell JE, Kwan

JZJ & Teves SS (2023) Heat shock transcription factors

demonstrate a distinct mode of interaction with mitotic

chromosomes. Nucleic Acids Res 51, 5040–5055.
190 Vihervaara A, Sergelius C, Vasara J, Blom MAH,

Elsing AN, Roos-Mattjus P & Sistonen L (2013)

Transcriptional response to stress in the dynamic

chromatin environment of cycling and mitotic cells.

Proc Natl Acad Sci U S A 110, E3388–E3397.
191 Vihervaara A, Mahat DB, Himanen SV, Blom MAH,

Lis JT & Sistonen L (2021) Stress-induced

transcriptional memory accelerates promoter-proximal

pause release and decelerates termination over mitotic

divisions. Mol Cell 81, 1715–1731.e6.
192 Burchfiel ET, Vihervaara A, Guertin MJ, Gomez-

Pastor R & Thiele DJ (2020) Comparative

interactomes of HSF1 in stress and disease reveal a

role for CTCF in HSF1-mediated gene regulation. J

Biol Chem 296, 100097.

193 Zhang L, Hu Z, Zhang Y, Huang J, Yang X & Wang

J (2019) Proteomics analysis of proteins interacting

with heat shock factor 1 in squamous cell carcinoma

of the cervix. Oncol Lett 18, 2568–2575.
194 Letunic I & Bork P (2024) Interactive tree of life

(iTOL) v6: recent updates to the phylogenetic tree

display and annotation tool. Nucleic Acids Res 52,

W78–W82.

195 Madeira F, Madhusoodanan N, Lee J, Eusebi A,

Niewielska A, Tivey ARN, Lopez R & Butcher S

(2024) The EMBL-EBI job dispatcher sequence

analysis tools framework in 2024. Nucleic Acids Res

52, W521–W525.

196 Erd}os G & Doszt�anyi Z (2024) AIUPred: combining

energy estimation with deep learning for the enhanced

prediction of protein disorder. Nucleic Acids Res 52,

W176–W181.

197 Luft JC, Benjamin IJ, Mestril R & Dix DJ (2001)

Heat shock factor 1–mediated thermotolerance

prevents cell death and results in G2/M cell cycle

arrest. Cell Stress Chaperones 6, 326–336.
198 Tu N, Hu Y & Mivechi NF (2006) Heat shock

transcription factor (Hsf)-4b recruits Brg1 during the

G1 phase of the cell cycle and regulates

22 The FEBS Journal (2025) ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

A guide to the family of heat shock factors H. S. E. H€astbacka et al.

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70139 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



the expression of heat shock proteins. J Cell Biochem

98, 1528–1542.
199 Kanugovi Vijayavittal A, Kumar P, Sugunan S,

Joseph C, Devaki B, Paithankar K & Amere Subbarao

S (2022) Heat shock transcription factor HSF2

modulates the autophagy response through the BTG2-

SOD2 axis. Biochem Biophys Res Commun 600, 44–50.
200 Reinke H, Saini C, Fleury-Olela F, Dibner C,

Benjamin IJ & Schibler U (2008) Differential display

of DNA-binding proteins reveals heat-shock factor 1

as a circadian transcription factor. Genes Dev 22, 331–
345.

201 Corey LL, Weirich CS, Benjamin IJ & Kingston RE

(2003) Localized recruitment of a chromatin-

remodeling activity by an activator in vivo

drives transcriptional elongation. Genes Dev 17, 1392–
1401.

202 Hayashida N (2015) Set1/MLL complex is

indispensable for the transcriptional ability of heat

shock transcription factor 2. Biochem Biophys Res

Commun 467, 805–812.
203 Fujimoto M, Takii R, Takaki E, Katiyar A, Nakato

R, Shirahige K & Nakai A (2017) The HSF1-

PARP13-PARP1 complex facilitates DNA repair and

promotes mammary tumorigenesis. Nat Commun 8,

1638.

204 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.
205 Shi Y, Shi X, Jin Y, Miao A, Bu L, He J, Jiang H, Lu

Y, Kong X & Hu L (2008) Mutation screening of

HSF4 in 150 age-related cataract patients. Mol Vis 14,

1850–1855.
206 Nishizawa J, Nakai A, Matsuda K, Komeda M, Ban

T & Nagata K (1999) Reactive oxygen species play an

important role in the activation of heat shock factor 1

in ischemic-reperfused heart. Circulation 99, 934–941.
207 Tucker NR, Middleton RC, Le QP & Shelden EA

(2011) HSF1 is essential for the resistance of zebrafish

eye and brain tissues to hypoxia/reperfusion injury.

PLoS One 6, e22268.

208 Sistonen L (2025) Figure 5. HSFs in spermatogenesis.

Created in BioRender. https://BioRender.com/xfoh7gn

23The FEBS Journal (2025) ª 2025 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

H. S. E. H€astbacka et al. A guide to the family of heat shock factors

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.70139 by D

uodecim
 M

edical Publications L
td, W

iley O
nline L

ibrary on [21/07/2025]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://biorender.com/xfoh7gn

	Outline placeholder
	 Introduction
	 The HSF family members and their domain structure
	 Multilevel regulation of HSF activity
	 Mechanisms of HSF1 activation and attenuation
	 Turnover is an important determinant of HSF2 activity
	 HSF4, HSF5, HSFX, and HSFY are expressed in a tissue-specific manner

	 HSFs as multi-functional transcription factors
	 Dysregulation of HSFs is associated with malignancies
	 Viruses co-opt HSF-mediated transcriptional regulation
	 Emerging roles of HSFs in cell adhesion and ECM remodeling
	 Spermatogenesis highlights interplay of HSFs in developmental and cell differentiation programmes

	 Future perspectives and concluding remarks
	 Acknowledgements
	 Conflict of interest
	 Author contributions


