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Abstract

Heat shock factor 1 (HSF1) is the master orchestrator of the heat shock response (HSR), a critical process for
maintaining cellular health and protein homeostasis. These effects are achieved through rapid expression of
molecular chaperones, the heat shock proteins (HSPs), which ensure correct protein folding, repair, degradation and
stabilization of multiprotein complexes. In addition to its role in the HSR, HSF1 influences the cell cycle, including
processes such as S phase progression and regulation of the p53 pathway, highlighting its importance in cellular
protein synthesis and division. While HSF1 activity offers neuroprotective benefits in neurodegenerative diseases, its
proteome-stabilizing function may also reinforce tumorigenic transformation. HSF1 overexpression in many types
of cancer reportedly enhances cell growth enables survival, alters metabolism, weakens immune response and
promotes angiogenesis or epithelial-mesenchymal transition (EMT) as these cells enter a form of “HSF1 addiction”.
Furthermore, the client proteins of HSF1-regulated chaperones, particularly Hsp90, include numerous key players in
classical tumorigenic pathways. HSF1 thus presents a promising therapeutic target for cancer treatment, potentially
in combination with HSP inhibitors to alleviate typical initiation of HSR upon their use.
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Background

This review aims to provide an accessible yet compre-
hensive overview of HSF1’s activation, regulation, and
functional roles. By integrating the latest research, it
seeks to unravel the complexities of HSF1 in cell division
and cancer biology, offering a foundational understand-
ing for both curious readers first exploring the topic and
seasoned researchers in the field. Emphasis is placed on
presenting the subject matter in a clear and engaging
manner, ensuring the content serves as a valuable gate-
way to the expanding body of HSF1 research, while also
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updating the reader on the most recent discoveries in the
field.

Introduction

The heat shock response (HSR) is a rapid genetic response
triggered by a plethora of stresses that disrupt protein
homeostasis (proteostasis). The response is primarily
mediated by the HSF1 protein, which detects stress and,
upon activation, initiates the transcription of genes asso-
ciated with protein reparation, folding, transportation,
complex formation and degradation [1]. HSF1 achieves
this by binding to specific DNA sequences known as heat
shock elements (HSEs), which are localized within the
promoters of genes encoding a superfamily of heat shock
proteins (HSPs). These HSPs function as chaperones and
co-chaperones, classified by their molecular weight and
varying in their effector or complementary roles [2—4].
The stresses that induce HSR are diverse and include
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heat, oxidative stress, heavy metal and toxin exposure,
infection, inflammation, or stress caused by various med-
ications. Basal levels of HSPs provide constant protection
to the cell by maintaining protein homeostasis, while the
adaptive HSR enhances their expression to manage both
acute and chronic stress conditions [5].

Among the six HSF isoforms encoded by the human
genome (HSF1, HSF2, HSF4, HSF5, HSFX, and HSFY)
[6], HSF1 is regarded as the master regulator of the HSR
since the deletion of HsfI leads to insufficient HSR [7, 8].
While HSF2 exhibits limited transactivation activity for
HSP expression under stress [9, 10], it seems to hold an
important role in the co-regulation of the HSR by both
positively and negatively modulating HSF1’s transcrip-
tional activity, for instance, by forming heterotrimers
with HSF1 [11]. So far, HSF4 has been reported to have
an important developmental function [12]. The remain-
ing HSFs have not yet been extensively studied, however
a strong role in gametogenesis is implied [13]. Notably,
research indicates that “other mammalian HSFs or dis-
tinct physiological pathways do not compensate for HSF1
in the physiological response to heat shock” [14].

Here, we focus on the master regulator of HSR, the
HSF1, which trimerizes upon the introduction of stress
and translocates to the nucleus, where it initiates tran-
scription of HSE-associated genes. This review aims to
provide a concise overview of HSF1’s structure, its mech-
anism of action, and its many roles in the regulation of
cell division and carcinogenesis.

HSF1 structure, activation and regulation

Structure of HSF1

Under physiological conditions, human HSF1 exists as
a monomer with minimal DNA-binding capacity. The
monomer comprises several functional domains (Fig. 1)
[1]. Upon exposure to stress, HSF1 undergoes trimer-
ization, allowing the N-terminal DNA-binding domain
(DBD) to ensure highly specific DNA binding to specific
DNA sequences known as heat shock elements (HSEs).
The HSEs are characterized by repetitive nGAAn motifs
organized in a palindromic arrangement, wherein each
nGAAn sequence is followed by its reverse comple-
ment nTTCn, resulting in a canonical structure such
as nGAAnnTTCnnGAAn. The DBD, characterized by
a looped helix-turn-helix structure, recognizes these
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sequences in the major groove of DNA and ensures
robust transcriptional activation and an effective HSR
[15, 16].

Trimerization is the pinnacle of HSF1 activation,
increasing its binding capacity by several orders of mag-
nitude [16]. This is facilitated by the leucine zipper oligo-
merization domain, which is connected to the DBD via
a flexible linker. It comprises two hydrophobic heptad
repeats (HR-A and HR-B). Specific mutations in this
region produce a variety of conformational states (e.g.
folded monomer, unfolded monomer, stable trimer)
[17]. The subsequent regulatory domain (RD) is highly
flexible, as it manages the stability and activity of HSF1
through interactions with other domains and undergoes
several post-translational modifications that greatly influ-
ence the transactivation capacity of HSF1 [18, 19]. The
stabilization of the monomeric state and repression of
spontaneous trimerization and activity is mediated by
yet another hydrophobic heptad repeat (HR-C). This sta-
bilization is thought to be possible through interactions
between HR-C and HR-A/B domains, thus suppressing
oligomerization. Mutations in HR-C may also result in
the formation of constitutively active HSF1 trimers with
DNA-binding capability [20]. Notably, the mammalian
HSF4 and HSF1 of Saccharomyces cerevisiae or Kluyvero-
myces lactis lack the HR-C domain and are intrinsically
trimeric [20, 21]. Finally, located at the C-terminal, is the
transactivation domain (TAD). It is rich in hydropho-
bic residues and facilitates appropriate stress response
via transcriptional activation of target genes. It is regu-
lated by the RD and conformational changes that lead to
trimerization, while it appears to be non-responsive to
stress by itself [18, 19, 22].

Activation and regulation of HSF1

The transition from monomeric to trimeric DNA-bind-
ing state is a fundamental aspect of HSF1’s activation
across all eukaryotes [9]. This activation initiates HSR,
which can be observed microscopically as changes in
nuclear morphology. Activated HSF1 localizes to sub-
nuclear structures known as nuclear stress bodies (NSBs)
[24]. These NSBs form on specific chromosomal loci,
particularly on chromosomes 9, 12, and 15, in response
to various stressors, including chaperone or proteasome
inhibition [25, 26]. In the context of NSBs, HSF1 binds
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Fig. 1 Schematic representation of the domain structure of human heat shock factor 1 (HSF1) [23]. The N-terminal DNA-binding domain enables interac-
tion with heat shock elements (HSEs) in target gene promoters, with binding affinity significantly enhanced upon trimerization. Trimerization is driven by
hydrophobic heptad repeats A, B, and C (HR-A/B/C). The transactivation domain (TAD) promotes transcriptional activation of heat shock genes, while its
activity is modulated by the regulatory domain (RD)
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to Sat III sequences, which, while not canonical HSEs,
contain HSE-like motifs due to their AT-rich, repetitive
nature. This binding is critical for initiating NSB forma-
tion, as it triggers the transcription of non-coding Sat
III RNAs, which creates a scaffold for NSB assembly,
and recruits necessary transcriptional machinery [27].
Recent studies have shown that the formation of NSBs
involves not only HSF1’s DNA binding but also its abil-
ity to undergo liquid-liquid phase separation. Zhang et al.
[28] demonstrated that HSF1 forms small nuclear con-
densates via liquid-liquid phase separation at heatshock-
protein gene loci. This phase separation enriches multiple
transcriptional apparatuses through co-phase separation,
promoting the transcription of target genes. Addition-
ally, Gaglia et al. revealed that HSF1 foci initially form as
dynamic, fluid condensates but may transition to a more
stable, gel-like state under prolonged stress. This transi-
tion impacts the transcriptional activity of HSF1 and the
survival of stressed cells, suggesting that phase separation
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plays a critical role in tuning HSF1’s regulatory functions
under proteotoxic conditions [29].

Despite extensive research, a complete understanding,
such as how HSF1 senses stress and how it is regulated,
remains elusive, with multiple hypotheses and models
suggesting a cooperative role in driving the heat shock
response. Although the HSR was originally associated
with high temperature induced proteotoxicity [30], it
is now well known to be triggered by a diverse array of
stressors (Fig. 2a).

It can be hypothesized that HSF1 activation is not
entirely dependent on its sensing of stress but perhaps
by the recruitment of its regulators. Unsurprisingly, the
most widely accepted model of HSF1 activation is the
chaperone titration model. It suggests that monomeric
HSF1 remains in a multichaperone complex with various
HSPs. Upon the introduction of stress and the subsequent
increase in protein misfolding, the HSPs dissociate from
the complexes enabling the trimerization of HSF1, which

A) B)
’ . HSF1 monomers
Various stressors —~ ) .
Temperature | | . U
\ \
pH imbalance \“‘ \‘,n "
Inflammation QU Trlmerlzatlon
ROS V. N @ \}\\\
Heavy metals / \
Toxins ( )
Mechanical \ / ’ 7 g
C) D)

Recruitment of
transcription
apparatus

Expression of HSF1
dependent genes

CTTnnAAGNNCTT

Folding

HSP management of
proteotoxic stress

(v ) (w0 )

Misfolded/damaged
protein

e*f:

Degradation

Fig. 2 Overview of the heat shock response (HSR), from stress induction to the chaperoning action of heat shock proteins (HSPs). (A) HSR is activated by
various stressors, including heat [30], cold [31], acid [32], base [33], inflammation [34, 35], increased reactive oxygen species [36, 37], heavy metals and
toxins [38, 39], as well as mechanical stress [40]. (B) Stress triggers the trimerization of HSF1, which leads to its strong nuclear localization and increased
DNA-binding capacity [16]. (C) Trimerized HSF1 binds the heat shock elements (HSEs) within target gene promoters, driving the transcription of HSP
genes [1]. (D) HSPs, often in collaboration with co-chaperones, mitigate proteotoxic stress through diverse mechanisms, including protein repair, fold-
ing, degradation, transport, and complex formation. While a basal level of HSPs supports cellular housekeeping, the HSR significantly upregulates their

inducible expression [41]
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ensures transcription of more HSPs. The excess HSPs
then help regulate HSF1 activity through a negative feed-
back loop [42]. It is supposed that increased amounts of
Hsp90 and Hsp70 negatively regulate active HSF1 levels,
assisting in the attenuation of HSR by inhibiting trimer
formation. Additionally, HSF1 transactivation capacity
is also modulated by interactions with Hsp70 and Hsp40
[42—44]. Furthermore, trimeric HSF1 has been found to
interact with the Hsp90-FKBP52-p23 complex, and inhi-
bition of this complex’s components delays the attenu-
ation of HSF1 DNA-binding activity, suggesting that
Hsp90 plays a role in inhibiting trimeric HSF1 [45, 46].
While many studies argue that Hsp90 is the main chaper-
one regulator, recently Pincus et al. postulated Hsp70 to
be the main regulator of yeast HSF1 [47, 48]. This seems
to be the case also in Caenorhabditis elegans [49] and
importantly humans [50]. In this relevant study, Mayer
and colleagues describe Hsp70 binding regions at HSF1
in TAD and HR-B, and argue for the main role of Hsp70
in HSF1 regulation. Lastly, Simoncik et al. reported that
HSF1 can adopt an unfolded, inactive monomeric con-
formation in both in vitro and cellular settings with-
out chaperone assistance. This unfolded monomer can
undergo a conformational change and assemble into
active trimers in response to stress conditions that induce
protein denaturation, positioning HSF1 as a direct sensor
of proteotoxic stress. Nevertheless, a negative feedback
mechanism ensures that once chaperones—upregulated
following HSF1 activation—restore cellular proteostasis,
they become available to actively disassemble HSF1 tri-
mers and refold HSF1 into its inactive monomeric con-
formation. This process, primarily mediated by Hsp70,
effectively resets HSF1 to its repressed state [51].

While the chaperone titration model is compelling, it is
far from being the only mechanism of HSF1 regulation.
Direct sensing of, for example, heat, oxidative stress, or
low pH levels has been demonstrated in vitro on puri-
fied HSF1 and could explain the protein’s ability of rapid
activation in cells [36, 52—54]. This intrinsic thermo-sen-
sory ability is further supported by hydrogen-deuterium
exchange mass spectrometry (HDX-MS) data, showing
significant structural changes in HR-A and HR-C after
heat exposure [55]. For some time HSF1 was also con-
sidered to be activated via a ribonucleoprotein complex
consisting of eEF1al and HSR1 (heat shock RNA 1) [56].
The RNA molecule itself was reported to have a thermo-
sensing function [57]. However, based on a recent study
the concept of eukaryotic heat shock RNA seems invalid
[58].

Although HSF1 has been thoroughly investigated in
vitro in its purified form and various cell lines, an organ-
ismal approach is often missing. Morimoto and col-
leagues show that the HSR in Caenorhabditis elegans,
alongside other heat-related processes, is regulated by a
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thermo-sensory neuron, implying that the HSF1 activa-
tion is not necessarily purely cell-dependent, further
highlighting the complexity of its regulation [59]. Of
note, so far the only known inductor of HSF1 transcrip-
tion is NRF2 [37].

Evidently, the regulation of HSF1 is influenced mainly
by its structure, post-translational modifications, how-
ever, are known to tune various steps of its activity such
as trimerization, nuclear translocation, DNA bind-
ing, transactivation capacity or its half-life [23, 60]. As
reported by the PhosphoSitePlus database [61] HSF1
can be modified at 56 residues in humans. Even though
many phosphorylations in the RD are considered to be
markers of HSF1 activity, Budzynski et al. demonstrate,
that these phosphorylations are not necessary for proper
HSF1 cellular localization and DNA-binding capacity
[62]. It could be hypothesized that these modifications
often merely coincide with fluctuations of HSF1 activity,
rather than directly control its state. To fully understand
HSF1 regulation, additional research of the exact effects
of post-translational modifications is required.

HSF1 and cell cycle regulation

HSF1 regulates cell division

Dysregulated cell division is an ever-present phenome-
non spanning multiple hallmarks of cancer [63] and over
the years, HSF1 has emerged as a critical and multifac-
eted regulator of mitosis. The connection between HSF
proteins and cell cycle regulation was first established
in the early 1990s through studies on mutant yeast by
Smith and Yaffe. Their research showed that yeast cells
carrying a recessive mas3 mutation—disrupting the gene
encoding yeast HSF—experienced cell cycle progression
defects [64]. This finding spurred further investigations
into HSF1’s role in mitotic division various models, from
yeast and mouse embryonic fibroblasts to human cell
lines, underscoring its intricate involvement in cell cycle
regulation.

Calderwood and colleagues proposed that HSF1 may
influence the G1 phase independently of HSP transcrip-
tion, noting that HeLa cells overexpressing HSF1 exhib-
ited a prolonged G1 phase under stress-free conditions
[65]. Later, He and Fox provided additional insights,
demonstrating that while HSF1 expression levels remain
stable throughout the cell cycle, its DNA-binding activity
fluctuates. HSF1 binding to HSEs doubled during the S
phase compared to G1 and G2/M phases, a finding later
supported by Gross and colleagues [66, 67].

An unexpected interaction, described by Lee’s team,
reported that HSF1 interacts with CDC20 during cell
division, indirectly inhibiting APC/C activity. In early
mitosis, HSF1 is phosphorylated by polo-like kinase 1
(Plk1) at serine 216. This phosphorylation allows for the
binding of CDC20 (disrupting the coupling of CDC20
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and CDC27, canonical subunits of the APC/C complex)
[68, 69]. This modification is necessary for HSF1 degra-
dation through the SCEFT"? pathway at the spindle pole,
facilitating APC/C activation and mitotic progression
[70, 71]. These findings suggest that HSF1 degradation
via its interaction with CDC20 is crucial for completing
mitosis and maintaining cell cycle control.

HSF1 and stress during mitosis

As cell cycle progresses, the accessibility to DNA for
transcription to occur is variably limited, because the
chromatin’s structure folds and unfolds across different
phases. During mitosis, when chromatin is highly con-
densed, most transcription factors are unable to bind
effectively, leaving dividing cells particularly vulnerable to
stress [72]. HSF1’s chromatin access is markedly reduced
during mitosis, from 1,242 binding sites in heat-stressed
cycling cells to just 35 sites in mitotic heat-stressed cells.
The few retained HSF1 loci primarily encode HSPs, such
as Hsp90. Interestingly, HSF2 maintains hundreds of
binding loci across both cycling and mitotic cells, though
these interactions are likely insufficient to drive tran-
scription due to RNA Polymerase II inactivity during
mitosis [73, 74].

Newly synthesized proteins are particularly sensitive to
proteotoxic stress, which may serve as the primary trig-
ger for HSF1 activation, as suggested by Tye and Church-
man [75]. Various stressors capable of inducing HSR can
inhibit cell cycle progression by affecting its checkpoints.
Given this, proliferating cells predictably exhibit high
HSF1 activity during the S phase. HSPs— the downstream
effectors of HSF1- hold an important role in the regu-
lation of proteins relevant for mitotic progression. For
example, Hsp90 interacts closely with CDK1 in fission
yeast, underscoring its regulatory role [76—78]. Sawarkar
and colleagues further identified Hsp90 as essential for
maintaining HCFC1-associated cell cycle genes, suggest-
ing that HSPs are crucial for modulating cell cycle arrest
and re-entry under stress conditions [79]. Additionally,
evidence supports an interplay between HSF1 and p53.
Logan and colleagues demonstrated that HSF1 enhances
p53-mediated transcription, as silencing either HSF1 or
p53 significantly reduced the expression of key p53 tar-
get genes, including p21 and PUMA, which are pivotal
for cellular stress responses [80]. Li and Martinez fur-
ther highlighted the importance of HSF1 for p53 nuclear
localization and checkpoint activation [81].

HSF1’s effects on cell division in cancer

The established links between HSF1 and cell cycle regula-
tion strongly indicate its role in cancer progression. Wu
and colleagues observed elevated HSF1 mRNA and pro-
tein levels in metastatic prostate cancer cell lines (PC3M)
compared to non-metastatic lines (PC3). This increase
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also extended to key HSF1 downstream targets, including
Hsp27, Hsp70, and Hsp90. Notably, in patient-matched
samples, HSF1 expression was lower in normal cells than
in cancerous tissues, highlighting this differential expres-
sion pattern [82]. In concordance with the importance
and increased expressions of HSF1 in cancer, the silenc-
ing of HSF1 led to a significant decrease in the prolifera-
tive capability in human melanoma cells [83]. Consistent
with these findings, Calderwood’s work introduced a
dominant-negative HSF1 (DN-HSF1) construct to inhibit
HSF1 transcriptional activity in prostate carcinoma cells.
This intervention reduced aneuploid cell populations and
promoted cyclin B1 degradation, a process essential for
completing mitosis [84]. A surprising finding highlight-
ing the complex nature of HSF1 in cell division regulation
came into play, when Momonaka et al. described a sig-
nificantly reduced proliferation in HeLa cells expressing
constitutively active HSF1 [85].

Evidently, both HSF1 knockdown and overexpression
contribute to cell cycle instability. Overexpression of
HSF1 has been associated with an increased proportion
of cells in the G1 phase, which may lead us to a conclu-
sion that HSF1 could potentially play a role in the sup-
pression of cancer growth, however, more probably
points to a more complicated role in cell cycle regulation
[65, 85]. Cancer cells often endure genomic instability
and fluctuating microenvironments, conditions where
elevated HSF1 activity, based on its reparative functions,
likely support survival. The role of Hsp90 and the inef-
ficiency of HSR compensation during division provide a
rationale for targeting Hsp90 in highly proliferative and
metabolically active cancers. Several clinical trials testing
Hsp90 ATPase inhibitors have demonstrated promising
anti-cancer effects, underscoring the need to consider the
specific environmental context of each tumor [86, 87].

Conclusions on HSF1’s role in cell division

In summary, the available data highlights HSF1’s crucial
role in cell division, particularly during key checkpoints
where cells determine whether to proceed through the
cycle. Its diverse functions and complex interactions
across all phases present significant challenges for cell
cycle and HSF1 researchers alike. Moreover, distinguish-
ing between the effects of HSF1 in stressed versus non-
stressed conditions remains essential. Given its rapid
activation in response to stress, meticulous handling of
samples is necessary to obtain reliable data. For instance,
trypsinization—the most common method for subcul-
turing cells—induces significant changes in the proteome
and alters levels of HSF1 downstream targets such as
Hsp60 [88].
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HSF1 promotes cancer development

Properly functioning HSF1 and an intact HSR provide
many benefits to neural cells, notably through their
anti-proteotoxic effects, which are crucial for protect-
ing against aging and age-related pathologies. While
impaired HSF1 activation does not directly cause neu-
rodegenerative diseases, it contributes to plaque forma-
tion, neuronal cell death, and disease progression due
to increased protein misfolding and aggregation [6].
Contrary to its helpful role in the central nervous sys-
tem, HSF1 has been observed to quite effectively enable
tumorigenic growth (Fig. 3). Although HSF1 is not con-
sidered to be a tumor suppressor or a typical oncogene, it
influences signaling pathways associated with oncogenic
hallmarks including growth, proliferation, apoptosis,
metabolism, angiogenesis or cell motility [89]. Numer-
ous in vitro studies have demonstrated that cancer cell
lines are highly dependent on HSF1, with significantly
reduced growth rates observed in HSF1-depleted hepato-
cellular carcinoma (HCC), melanoma, multiple myeloma,
malignant peripheral nerve sheath tumors, and in breast
and pancreato-biliary cancers [90-95]. In contrast, non-
cancerous cell lines show little to no effect from HSF1
deletion [92, 94]. Neurodegenerative diseases are often
characterized by the accumulation of misfolded pro-
teins and an age-related decline in the neuronal capac-
ity to counter proteotoxic stress. HSF1 activation has
been shown to protect neurons from apoptosis and cell
death through its chaperone activity [96]. Pharmacologi-
cal enhancement of HSF1 activity could offer therapeutic
and preventive benefits for individuals at risk of or suf-
fering from neurodegenerative diseases. However, over-
expression of HSF1 may promote tumorigenesis, creating
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a state of “HSF1 addiction” in cancer cells. Thus, con-
trolled, chronic activation of HSF1 presents a potential
therapeutic strategy for neurodegenerative conditions
[97].

In concordance with in vitro studies;in vivo and clini-
cal studies also profoundly support strong pro-oncogenic
function of HSF1. In many human cancers including
HCC, breast cancer, endometrial carcinoma, oral squa-
mous cell carcinoma or prostate cancer; increased HSF1
levels compared to non-cancerous tissues are observed.
The increased HSF1 concentrations are associated with
poor prognosis, larger tumor size and shorter overall
and disease-free survival [98]. HSF1 mRNA levels are
increased in various cancers, including breast, endome-
trial, and ovarian tumors [99-101], often due to HSFI
gene amplification and mutations in splicing factors
[101, 102]. Additionally, in 2007 it was noted that HSF1
contributed to lymphoma development in p53-/- mice,
suggesting a role in lymphomagenesis [103]. Further
research by Dai’s team highlighted HSF1’s protective role
in tumors of p53 and Ras mutated mice [94]. In a differ-
ent study the authors proposed a mechanism by which
HSF1 promotes the growth of pre-malignant cells and
HCC by stimulating lipid synthesis and cellular longev-
ity in the presence of carcinogens, with HSFI-deficient
mice showing reduced cancer progression [104]. HSF1’s
prooncogenic role has also been described in mouse
mammary tumors. The deletion of HSF1 reduced tumori-
genesis and metastasis in ERBB2 overexpressing cells,
decreasing tumor growth rate and suppressing angiogen-
esis [105, 106].

Support for the role of HSF1 in cancer has been fur-
ther reinforced by various independent studies using

Multifaceted role of HSF1 in
neurodegenerative disease and cancer
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Fig. 3 Multifaceted role of human heat shock factor 1 (HSF1) in neurodegenerative disease and cancer
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xenograft models. In these, HSFI gene knockdowns
resulted in impaired growth rates, reduced invasion and
metastatic capabilities of xenografted HCC and mela-
noma cells in immunocompromised mice [107, 108].
Overexpression of HSF1, on the other hand, exacerbated
pro-invasive and migration capabilities of melanoma
xenografts in vivo [109, 110].

Overall, it is apparent that HSF1 activity contributes to
malignant transformation and supports tumor progres-
sion. However, the question remains whether elevated
HSF1 activity in tumors is solely a response to proteo-
toxic stress associated with cancer or if its expression and
activation are directly regulated by oncogenic signaling.

Molecular dynamics of HSF1 in oncogenesis

As previously discussed, HSF1 is typically activated by an
array of stressors. Cancer cells, however, appear to keep
HSF1 constitutively activated [94, 111], indicating a state
of “HSF1 addiction” driven by continuous cellular stress.
Factors such as acidic or hypoxic microenvironments,
elevated protein synthesis, aneuploidy, genetic mutations,
and metabolic stress contribute to this persistent pro-
teome stress. Despite this understanding, the complete
picture of continual HSF1 activation remains elusive. The
HSF1 protein is, for example, extensively phosphorylated.
These modifications act as both stimulatory and inhibi-
tory factors and have been well mapped out, albeit their
complex interactions in HSF1 regulation must be fur-
ther studied [112]. Various signaling pathways including
MAPK/ERK, PI3K/Akt, LKB1/AMPK, GSK-3, JNK, p38/
MAPK, PKC, PKA, PLK1, CK2, DYRK2, IER5, and Sir-
tuin 1 regulate HSF1 activation through phosphorylation,
dephosphorylation, or deacetylation [60, 113—-115] only
adding layers of complexity to the difficult research of
HSF1 regulation.

HSF1 facilitates pathway stabilization

To understand how HSF1 activation influences cellu-
lar behavior, it is essential to study the effectors of HSR,
particularly the inducible chaperones Hsp70 and Hsp90,
which are among the most abundant. The vast range
of HSP targets suggests that the consequences of their
overexpression are very wide and non-specific. Hsp70
and Hsp60 seem to interact with all conformationally
unstable proteins [124]. Hsp90 supports the stability and
function of hundreds of client proteins including mainly
kinases (60%), 3 ubiquitin ligases (31%) ad transcrip-
tion factors (<7%) [125].A list of the entire interactome
is being maintained and updated by Didier Picard [126].
Many of these clients are involved in pathways associated
with oncogenic progression (e.g. ErbB2, Bcr-Abl, VEGER,
Akt, Met, p53). For instance, KSR1 (kinase suppressor of
RAS 1) is a known client of Hsp90, meaning Hsp90 chap-
erones KSR1 to prevent its degradation and maintain its
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function. In this way HSF1 has been shown to support
MAPK signaling by stabilizing KSR1, a scaffolding pro-
tein critical for MAPK/ERK pathway activation (Fig. 4)
[92]. Comparably, EGFR, Akt and MIF pathways, all
important in tumorigenesis, can be disrupted by an HSF1
knockdown [127-129].

HSF1 enables epithelial-mesenchymal transition

HSF1’s role in oncogenesis extends beyond pathway
stabilization. In ovarian cancer cells, HSF1 deficiency
impairs the expression of key epithelial-mesenchymal
transition (EMT) genes, including SLUG, SNAIL, ZEB1,
and TWIST1 [130]. In another study it was observed that
PI3K, through Akt, modulates HSF1 by phosphorylation
of serine 326, linking PI3K signaling to HSF1-mediated
EMT in HER2-positive breast cancer cells (Fig. 4) [113].
Furthermore, the deletion of HSFI significantly reduced
EMT of mammary epithelial cells in transgenic mice
[106].

HSF1 plays a role in regulation of cell death

The ability of cells to undergo apoptosis is a crucial pre-
requisite in the organism’s protection against cancer.
Many types of therapies depend on initiation of pro-
grammed cell death induced by their effects, however
resistance to apoptosis due to alterations in its path-
ways is a common phenomenon [131]. Whether the cell
enters into apoptosis is often in the hands of the balance
between pro-apoptotic and anti-apoptotic proteins. HSPs
often play a role in this delicate balance. Research on
Hsp70 points to solid anti apoptotic activity. It has been
shown to inhibits activation of the pro-apoptotic Bax
[118]; prevent downregulation on anti-apoptotic MCL-1
[118]; interfere with cytochrome C [119]; or inhibit endo-
nuclease G, thus reversing DNA fragmentation [120].
Supporting this, Hsp70 member 6 (HSPA6) physically
interacts with anti-apoptotic Bcl-XL and increases its
levels [132]. Furthermore, HSF1 expression leads to an
upregulation of BAG3 (Bcl-2-associated athanogene-3)—
a Hsp70 cochaperone— which appears to play a role in
the stabilization of Bcl-2 family proteins, promoting
apoptosis evasion [133]. This HSF1/Hsp70/BAG3 axis is
associated with fortified cell resistance to treatment in
glioma and gastric cancer [134, 135]. In similar fashion,
Hsp90 exerts a protective effect on cancer cells via eleva-
tion of Bcl-2 and Bcl-XL expression (Fig. 4), or also by
attenuation of cleaved caspase-3 expression, achieved by
the downregulation of TLR-4 and ErbB2 receptors [121].
Furthermore, a direct association between Hsp60 and
cyclophilin D, a component of the mitochondrial perme-
ability transition pore, has been observed. Silencing of
Hsp60 led to caspase dependent apoptosis and growth
inhibition of intracranial glioblastoma [136]. These
examples show the significant roles HSPs— and therefore
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Fig. 4 The many effects of HSF1 in cancer. HSF1 plays diverse roles in tumorigenesis by modulating various cellular processes. It drives metabolic repro-
gramming in cancer cells, aiding the shift to aerobic glycolysis [116, 117]. HSF1 also promotes tumor survival by preventing cell death by altering the lev-
els of various pro- and anti-apoptotic proteins [118-1211. It is also known for indirectly stabilizing oncogenic signaling pathways- for example, the MAPK/
ERK cascade, which regulates KSR1, a key scaffolding protein required for proper pathway activation [92]. Additionally, phosphorylation of HSF1 at serine
326 is associated with epithelial-to-mesenchymal transition (EMT), and enhanced tumor invasiveness [113]. Beyond cancer cells, HSF1 can influence
the tumor microenvironment (TME) by reprogramming natural killer (NK) cells, leading to reduced cytotoxicity against tumor cells [122]. Furthermore,
HSF1 expression in cancer-associated fibroblasts (CAFs) contributes to tumor progression through the secretion of extracellular vesicles (EVs) containing
pro-tumorigenic factors such as inhibin 3-A and thrombospondin 2 [123]. These diverse functions establish HSF1 as a central and complex regulator of
cancer progression

HSF1- can play in the evasion of cell death via pathway a novel observation of the typically pro-survival HSF1
stabilization. being redirected by TNF to a pro-apoptotic program

On the other hand, some studies also point to the [137]. In concordance with this surprising revelation,
ambivalent nature of HSF1 in its pro-apoptotic and anti- HSF1 has been observed to bind sequences in the introns
apoptotic effects. For example, Benderska et al. describe  of the NOXA gene, upregulating its expression and thus
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promoting apoptosis in heat sensitive cells [138]. Despite
the evident anti-apoptotic effects of HSF1 and its down-
stream effectors— the HSPs—mechanisms underlying the
relationship between HSF1 and apoptosis still need to be
further elucidated.

HSF1 influences metabolism in cancer

Cancer cells are known to undergo a metabolic shift from
the preferential oxidative phosphorylation to aerobic
glycolysis referred to as the ,Warburg effect” [139] and
HSF1 is not exempt from playing a role in this phenome-
non. HCC and breast cancer have been shown to depend
on HSF1 to sufficiently express lactate dehydrogenase
(LDH), where LDH is crucial for glycolytic efficiency and
further malignant growth and promotion. Down-regu-
lating HSF1 leads to decreased LDH levels and therefore
ineffective glycolysis, halting growth of cancer cells [117].
Similarly, HSF1 promotes expression of pyruvate dehy-
drogenase kinase 3 (PDK3), which enhances glycolysis
and analogically supports cancer progression and resis-
tance (Fig. 4). A positive feedback loop is implemented,
as PDK3 prevents HSF1 from degradation via FBXW7-
dependent polyubiquitination [116].

HSF1 is further incorporated in cancer metabolism by
positively regulating biosynthesis of mevalonate and cho-
lesterol. These molecules are crucial for the RAS-MAPK
pathway [140]. Accordingly, mouse T-cell acute leukemia
(T-ALL) displayed a dependency on HSF1 to help main-
tain MAPK/ERK signaling, as well as ATP-producing
capacity. Here, HSF1 depletion leads to an energy sav-
ing state stemming from reduction of mTORCI activity,
effectively slowing down growth and reducing oncogenic
signaling [141]. HSF1 was also found to promote malig-
nancy by suppressing AMPK, therefore reprogramming
lipid metabolism and enhancing protein lipidation [142].

HSF1 indirectly influences angiogenesis

Notably, HSF1 positively regulates human antigen R
(HuR) transcription, which is essential for VEGF path-
ways involved in hypoxia-induced angiogenesis [143].
HSF1 deletion leads to a downregulation of HuR result-
ing in impaired HIF-1-a translation, thereby hindering
tumor angiogenesis (Fig. 4) [105]. An mTORC2/Akt/
HSF1/HuR feed-forward loop, promoting Rictor via
HSF1-induced HuR activity, is furthermore associated
with increased growth rates and aggressiveness in glio-
blastoma [144].

HSF1 alters the tumor microenvironment

Given HSF1’s truly multifaceted role, it comes as no sur-
prise that it also influences tumor microenvironment
(TME)- a space consisting of various cell types, extracel-
lular vesicles (EVs) and signal molecules. Cancer-associ-
ated fibroblasts (CAFs) are considered to be significant
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components of the TME as they assist in angiogenesis,
invasiveness or resistance, among others [145]. HSF1 has
been reported to reprogram CAFs leading to expression
of TGF-B and SDF1, supporting malignancy. Addition-
ally, such high stromal HSF1 activity strongly correlated
with poor prognosis in early-stage breast and lung can-
cer [146]. Significant correlation between CAF HSF1
expression and poor prognosis and overall survival was
observed in oral and esophageal squamous carcinoma
[147, 148]. We come closer to a mechanistic understand-
ing of HSF1’s effect on CAFs with a study by Grunberg
et al., where HSF1 reportedly upregulated the synthesis
and EV secretion of inhibin -A and thrombospondin 2
promoting gastric cancer (Fig. 4) [123].

HSF1’s effects on its vicinity are further reinforced by
HSP export into the extracellular space via exosomes,
likely independent of the classical secretory pathway or
lipid raft-dependent mechanisms [149]. Through this
transmission, HSPs may extend their stabilizing effects
on proteins within neighboring cells, supporting a
broader malignancy-promoting network by stress rescue
of tumor cells [150].

HSF1 linked Immunomodulation in TME

Recently, in numerous studies extracellular HSPs exhib-
ited an immunomodulating function leading to inter-
actions with macrophages, NK cells, T-lymphocytes,
B-lymphocytes, dendritic cells in TME [151]. However,
direct HSF1 effect on immunomodulation is also pres-
ent. Research published in Nature Cell Biology revealed
that in TME, activation of HSF1 in NK cells leads to a
decrease in the expression of effector molecules, such as
NK1.1 and IENy, thereby impairing their cytotoxic func-
tion against tumor cells (Fig. 4) [122]. Additionally, HSF1
seems to prevent CD8 + T-cell recruitment to breast can-
cer microenvironment by downregulating the expression
of CCL5. This significantly hampers immune response to
cancer cells in the tissue. Knockdown of HSF1 in breast
cancer cells led to decreased tumor size and increased
CD8+T cell infiltration, which was mediated by CCL5
[152].

HSF1 plays a surprising role in tumor amyloidogenesis

A particularly intriguing finding by Dai and colleagues
links HSF1 pathway disruption to amyloidogenesis in
tumor cells [153]. While amyloid plaque formation is pri-
marily known to exacerbate neurodegenerative disease,
their research suggests that amyloidogenesis may play a
tumor-suppressive role, hampering melanoma growth
and invasiveness in vivo and potentially offering a novel
therapeutic approach [153].
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HSF1 holds a multifaceted role in cancer

In summary, HSF1 clearly acts as a truly multifaceted
player in cancer promotion. It holds roles in tumor
growth, survival promotion, EMT, metabolism altera-
tion, immunomodulation, and angiogenesis. It also likely
enables cancer cell viability via the chaperoning of innu-
merable client proteins spanning molecules integral for
well-described cancer pathways, and thus aids in onco-
genic progression. While HSF1 disruption can reduce
tumor growth, it evidently may also induce amyloid for-
mation, potentially providing a tumor-suppressive effect.
Additionally, HSF1’s influence extends to cells of the
TME by reprograming the stroma and influencing the
invasion of immune elements, while indirectly facilitating
the exportation of HSPs via exosomes, further emphasiz-
ing its significance in cancer biology.

HSF1 as a viable option in therapy

HSF1 is inherently challenging to target due to its molec-
ular structure and complex regulation. This has directed
research efforts toward inhibiting pathways that enable
HSF1 activation, rather than directly targeting the protein
itself. As previously discussed, HSF1 is overexpressed in
various cancers and plays a key role in tumorigenesis. It
is also linked to increased chemotherapy resistance [154].
Despite its importance in cancer biology, efforts to target
HSF1 therapeutically remain in preclinical stages, with
most approaches facing significant limitations.

One potential strategy for HSF1 suppression involves
RNA interference therapeutics, although this area
remains largely unexplored [60, 155]. The primary
approach to date has focused on small-molecule inhibi-
tors, which often lack specificity and potency and target
HSF1 indirectly. However, some compounds displayed
tumor growth limitation with relatively low toxicity to
non-cancer tissue in animal studies. A notable direct
inhibitor of HSF1, DTHIB (Direct Targeted HSF1 InhiBi-
tor), achieves its effect by accelerating nuclear HSF1
degradation and has shown strong efficacy in multiple
models of resistant prostate cancer [156]. Optimistically,
the indirect inhibitor CCT361814 (NXP800), discovered
through phenotypic screening, has advanced to Phase
I clinical trials, with completion expected by Decem-
ber 2025 [157-159]. Notably, subsequent research on
NXP800 provided a deeper understanding of its mecha-
nism of action, revealing that it functions as an activa-
tor of the General Control Nonderepressible 2 (GCN2)
kinase. Activation of GCN2 leads to phosphorylation
of the eukaryotic translation initiation factor 2 (elF2),
resulting in reduced overall protein synthesis and the
induction of stress-adaptive genes like ATF4, ultimately
causing cancer cell death [160].

Indirect targeting of HSF1 through components of
the protein homeostasis system, such as Hsp90 and the
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proteasome, has seen more clinical progress. Tumor cells
are particularly sensitive to these inhibitors, likely due to
elevated proliferative activity, protein synthesis, and pro-
teotoxic stress [161]. However, compensatory activation
of HSF1 tends to occur, leading to induction of the HSR
and overproduction of other HSPs [161, 162]. These find-
ings suggest that combining such inhibitors with HSF1-
targeted therapies could enhance their effectiveness.

Given the critical role of HSF1 in tumorigenesis and
drug resistance, targeting this pathway offers immense
therapeutic potential. Combining indirect HSF1 inhibi-
tors such as NXP800 with inhibitors of protein homeo-
stasis pathways or standard cancer treatments could
improve outcomes and help overcome resistance mecha-
nisms. Future research and clinical trials will likely focus
on these synergistic strategies to maximize the therapeu-
tic impact of HSF1 inhibition.

Conclusions.

In summary, HSF1 is a key regulator of cellular homeo-
stasis, orchestrating the HSR to maintain protein integ-
rity under stress. Its multifaceted roles extend beyond
stress adaptation to include regulation of cell division and
involvement in both neuroprotection and tumorigen-
esis. The research on HSF1 is proving to be a demand-
ing endeavor given its obvious role in both housekeeping
functions and inducible necessities to facilitate an ade-
quate response to proteotoxic stress. While HSF1 offers
protective effects in neurodegenerative diseases, its
overexpression in cancer promotes tumor growth, high-
lighting its paradoxical nature. Due to its central role in
the stabilization of tumorigenic pathways leading to an
enhanced capability for cells to exhibit the many hall-
marks of cancer, HSF1 presents a promising therapeu-
tic target. However, its complex structure, activation
and regulation make targeting HSF1 with small nuclear
inhibitors an uneasy task. Still, further research into the
precise mechanisms of HSF1 activation and its interac-
tions will be essential for developing targeted strategies
to modulate its activity in disease contexts. Due to these
problems, heightened attention should also be given to
advancements on the frontier of RNA interference ther-
apies, though they too still face their own challenges in
maximizing therapeutic potential.

Abbreviations

AMPK AMP-activated protein kinase

APC/C Anaphase-promoting complex/cyclosome
ATF4 Activating transcription factor 4

B-TrCP B-transducin repeat-containing protein
CDC Cell division cycle protein

Cdc2 Cyclin-dependent protein kinase Cdk1
CDK Cyclin dependent kinase

CcK2 Casein kinase 2

DBD DNA binding domain

eEF1al Elongation factor 1-alpha 1

EGFR Epidermal growth factor

EMT Epithelial-mesenchymal transition
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FKBP52 FK506-binding protein 4
GCN2 General control nonderepressible 2
GSK-3 Glycogen synthase kinase 3

HCC Hepatocellular carcinoma

HCFC1 Host cell factor 1

HDX-MS Hydrogen-deuterium exchange mass spectrometry
HIF-1-a Hypoxia-inducible factor 1-alpha
HR-A/BorC  Hydrophobic heptad repeat A/B or C
HSE Heat shock element

HSF Heat shock factor

HSP Heat shock protein

HSR Heat shock response

HSR1 Heat shock RNA 1

HuR Human antigen R

IERS Immediate early response gene 5 protein
IFNy Interferon gamma

INK cJ-un N-terminal kinase

KSR1 Kinase suppressor of RAS1

LKB1 Liver kinase B1

MAPK Mitogen-activated protein kinase

mas3 Gene for heat shock factor in yeast

MIF Macrophage migration inhibitory factor
NRF2 Nuclear factor erythroid-derived 2-like 2
NSB Nuclear stress body

NK1.1 NK cell marker

p23 Hsp90 co-chaperone

PKA Protein kinase A

Plk1 Polo-like kinase 1

PUMA p53 upregulated modulator of apoptosis
RD Regulatory domain

SCF Skp, Cullin, F-box containing complex
SDF1 Stromal cell-derived factor 1

TAD Transactivation domain

TGFB Transforming growth factor3

VEGF Vascular endothelial growth factor
VEGFR Vascular endothelial growth factor receptor

Acknowledgements
The figures were created in BioRender. Fiser, O. (2024, 2025)

Author contributions
OF, as the first author, was primarily responsible for drafting the manuscript

and gathering the necessary citations to support the review. PM contributed

significantly to the overall concept of the article, providing guidance on
the structure and key themes, as well as co-authoring and editing the text
to ensure its clarity and scientific rigor. Both authors collaborated closely to
integrate their expertise and create a comprehensive and cohesive review.

Funding
The work was supported by the project SALVAGE (P JAC; reg. no.

CZ.02.01.01/00/22_008/0004644)- funded by the European Union and by the

State Budget of the Czech Republic; by Ministry of Health, Czech Republic -

conceptual development of research organization (MMCI, 00209805); and by

the Czech Science Foundation GACR project 22-17102S; 2022-2024

Data availability
No datasets were generated or analysed during the current study.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 22 December 2024 / Accepted: 8 April 2025
Published online: 26 April 2025

Page 11 of 15

References

1.

20.

21.

Akerfelt M, Morimoto R, Sistonen L. Heat shock factors: integrators of cell
stress, development and lifespan. Nat Rev Mol Cell Biol 2010;11(8):545-55. htt
ps://doi.org/10.1038/nrm2938.

Bukau B, Horwich AL. The Hsp70 and Hsp60 chaperone machines. Cell.
1998;92(3):351-66.

Hartl FU. Molecular chaperones in cellular protein folding. Nature.
1996,381(6583):571-80. https://doi.org/10.1038/381571a0.

Kampinga HH, Hageman J, Vos MJ, Kubota H, Tanguay RM, Bruford EA, et

al. Guidelines for the nomenclature of the human heat shock proteins. Cell
Stress Chaperones. 2009;14(1):105-11.

Morimoto RI. The heat shock response: systems biology of proteotoxic stress
in aging and disease. Cold Spring Harb Symp Quant Biol. 2012,76:91-9. https:
//doi.org/10.1101/5gb.2012.76.010637.

Gomez-Pastor R, Burchfiel ET, Thiele DJ. Regulation of heat shock transcrip-
tion factors and their roles in physiology and disease. Nat Rev Mol Cell Biol.
2018;19(1):4-19.

Xiao X, Zuo X, Davis AA, McMillan DR, Curry BB, Richardson JA et al. HSF1 is
required for extra-embryonic development, postnatal growth and protection
during inflammatory responses in mice. EMBO J. 1999;18(21):5943-52. https:/
/doi.org/10.1093/emboj/18.21.5943.

Zhang Y, Huang L, Zhang J, Moskophidis D, Mivechi NF. Targeted disrup-

tion of hsf1 leads to lack of thermotolerance and defines tissue-specific
regulation for stress-inducible Hsp molecular chaperones. J Cell Biochem.
2002;86(2):376-93. https://doi.org/10.1002/jcb.10232.

Kroeger PE, Sarge KD, Morimoto RI. Mouse heat shock transcription factors

1 and 2 prefer a trimeric binding site but interact differently with the HSP70
heat shock element. Mol Cell Biol. 1993;13(6):3370-83. https://doi.org/10.112
8/mcb.13.6.3370-3383.1993.

Sarge KD, Murphy SP, Morimoto RI. Activation of heat shock gene transcrip-
tion by heat shock factor 1 involves oligomerization, acquisition of DNA-
binding activity, and nuclear localization and can occur in the absence of
stress. Mol Cell Biol. 1993;13(3):1392-407. https://doi.org/10.1128/mcb.13.3.1
392-1407.1993.

Ostling P, Bjork JK, Roos-Mattjus P, Mezger V, Sistonen L. Heat shock factor 2
(HSF2) contributes to inducible expression of hsp genes through interplay
with HSF1*. J Biol Chem. 2007;282(10):7077-86. https://doi.org/10.1074/jbc.M
607556200

Fujimoto M, Izu H, Seki K, Fukuda K, Nishida T, Yamada S et al. HSF4 is required
for normal cell growth and differentiation during mouse lens development.
EMBO J. 2004;23(21):4297-306. https://doi.org/10.1038/sj.emb0oj.7600435.
Kovacs D, Kovacs M, Ahmed S, Barna J. Functional diversification of heat
shock factors. Biol Futur. 2022;73(4):427-39.

McMillan DR, Xiao X, Shao L, Graves K, Benjamin 1. Targeted disruption of
heat shock transcription factor 1 abolishes thermotolerance and protection
against heat-inducible apoptosis*. J Biol Chem. 1998;273(13):7523-8. https://
doi.org/10.1074/jbc.273.13.7523

Rabindran SK, Giorgi G, Clos J, Wu C. Molecular cloning and expression of a
human heat shock factor, HSF1. Proc Natl Acad Sci USA. 1991;88(16):6906-10.
https://doi.org/10.1073/pnas.88.16.6906.

Sandqvist A, Bjork JK, Akerfelt M, Chitikova Z, Grichine A, Vourc'h C et al.
Heterotrimerization of heat-shock factors 1 and 2 provides a transcriptional
switch in response to distinct stimuli. Mol Biol Cell. 2009;20(5):1340-7. https./
/doi.org/10.1091/mbc.e08-08-0864.

Sorger PK, Nelson HC. Trimerization of a yeast transcriptional activator via a
coiled-coil motif. Cell. 1989;59(5):807-13. https://doi.org/10.1016/0092-8674(
89)90604-1.

Green M, Schuetz TJ, Sullivan EK, Kingston RE. A heat shock-responsive
domain of human HSF1 that regulates transcription activation domain func-
tion. Mol Cell Biol. 1995;15(6):3354-62. https://doi.org/10.1128/MCB.15.6.335
4.

ShiY, Kroeger PE, Morimoto RI. The carboxyl-terminal transactivation domain
of heat shock factor 1 is negatively regulated and stress responsive. Mol Cell
Biol. 1995;15(8):4309-18. https://doi.org/10.1128/MCB.15.8.4309.

Rabindran SK, Haroun RI, Clos J, Wisniewski J, Wu C. Regulation of heat

shock factor trimer formation: role of a conserved leucine zipper. Science.
1993;259(5092):230-4. https://doi.org/10.1126/science.8421783.

Nakai A, Tanabe M, Kawazoe Y, Inazawa J, Morimoto RI, Nagata K. HSF4, a New
member of the human heat shock factor family which lacks properties of a
transcriptional activator. Mol Cell Biol. 1997;17(1):469-81. https://doi.org/10.1
128/MCB.17.1.469.


https://doi.org/10.1038/nrm2938
https://doi.org/10.1038/nrm2938
https://doi.org/10.1038/381571a0
https://doi.org/10.1101/sqb.2012.76.010637
https://doi.org/10.1101/sqb.2012.76.010637
https://doi.org/10.1093/emboj/18.21.5943
https://doi.org/10.1093/emboj/18.21.5943
https://doi.org/10.1002/jcb.10232
https://doi.org/10.1128/mcb.13.6.3370-3383.1993
https://doi.org/10.1128/mcb.13.6.3370-3383.1993
https://doi.org/10.1128/mcb.13.3.1392-1407.1993
https://doi.org/10.1128/mcb.13.3.1392-1407.1993
https://doi.org/10.1074/jbc.M607556200
https://doi.org/10.1074/jbc.M607556200
https://doi.org/10.1038/sj.emboj.7600435
https://doi.org/10.1074/jbc.273.13.7523
https://doi.org/10.1074/jbc.273.13.7523
https://doi.org/10.1073/pnas.88.16.6906
https://doi.org/10.1073/pnas.88.16.6906
https://doi.org/10.1091/mbc.e08-08-0864
https://doi.org/10.1091/mbc.e08-08-0864
https://doi.org/10.1016/0092-8674(89)90604-1
https://doi.org/10.1016/0092-8674(89)90604-1
https://doi.org/10.1128/MCB.15.6.3354
https://doi.org/10.1128/MCB.15.6.3354
https://doi.org/10.1128/MCB.15.8.4309
https://doi.org/10.1126/science.8421783
https://doi.org/10.1128/MCB.17.1.469
https://doi.org/10.1128/MCB.17.1.469

Fiser and Muller Cell Division

22.

23.

24,

25.

26.

27.

28.

29.

30.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

(2025) 20:11

Newton EM, Knauf U, Green M, Kingston RE. The regulatory domain of
human heat shock factor 1 is sufficient to sense heat stress. Mol Cell Biol.
1996;16(3):839-46. https://doi.org/10.1128/MCB.16.3.839.

Anckar J, Sistonen L. Regulation of HSF1 function in the heat stress response:
implications in aging and disease. Annu Rev Biochem. 2011;80:1089-115. htt
ps://doi.org/10.1146/annurev-biochem-060809-095203

Biamonti G. Nuclear stress bodies: a heterochromatin affair? Nat Rev Mol Cell
Biol. 2004;5(6):493-8. https://doi.org/10.1038/nrm1405.

Denegri M, Moralli D, Rocchi M, Biggiogera M, Raimondi E, Cobianchi F, et al.
Human chromosomes 9, 12, and 15 contain the nucleation sites of stress-
induced nuclear bodies. Mol Biol Cell. 2002;13(6):2069-79.

Cotto J, Fox S, Morimoto R. HSF1 granules: a novel stress-induced nuclear
compartment of human cells. J Cell Sci. 1997;110 (Pt 23):2925-34. https://doi.
0rg/10.1242/jcs.110.23.2925.

Biamonti G, Vourc’h C. Nuclear stress bodies. Cold Spring Harb Perspect Biol.
2010,2(6):a000695-000695.

Zhang H, Shao S, Zeng Y, Wang X, Qin Y, Ren Q, et al. Reversible phase separa-
tion of HSF1 is required for an acute transcriptional response during heat
shock. Nat Cell Biol. 2022;24(3):340-52.

Gaglia G, Rashid R, Yapp C, Joshi GN, Li CG, Lindquist SL, et al. HSF1 phase
transition mediates stress adaptation and cell fate decisions. Nat Cell Biol.
2020,22(2):151-8.

Ritossa F. A new puffing pattern induced by temperature shock and DNP in
drosophila. Experientia. 1962;18(12):571-3.

Colinet H, Lee SF, Hoffmann A. Temporal expression of heat shock genes
during cold stress and recovery from chill coma in adult drosophila  mela-
nogaster. FEBS J. 2010,277(1):174-85.

Triandafillou CG, Katanski CD, Dinner AR, Drummond DA. Transient intracel-
lular acidification regulates the core transcriptional heat shock response. Elife.
2020;9.

Petronini PG, Alfieri R, Campanini C, Borghetti AF. Effect of an alkaline shift
on induction of the heat shock response in human fibroblasts. J Cell Physiol.
1995;162(3):322-9.

Muralidharan S, Mandrekar P. Cellular stress response and innate immune
signaling: integrating pathways in host defense and inflammation. J Leukoc
Biol. 2013;94(6):1167-84.

Dukay B, Csoboz B, Toth ME. Heat-Shock proteins in neuroinflammation. Front
Pharmacol. 2019;10.

Ahn SG, Thiele DJ. Redox regulation of mammalian heat shock factor 1 is
essential for Hsp gene activation and protection from stress. Genes Dev.
2003;17(4):516-28. https://doi.org/10.1101/gad.1044503.

Paul S, Ghosh S, Mandal S, Sau S, Pal M. NRF2 transcriptionally activates the
heat shock factor 1 promoter under oxidative stress and affects survival and
migration potential of MCF7 cells. J Biol Chem. 2018;293(50):19303-16.
Mahmood K, Jadoon S, Mahmood Q, Irshad M, Hussain J. Synergistic effects
of toxic elements on heat shock proteins. Biomed Res Int. 2014,2014:1-17.
Steurer C, Eder N, Kerschbaum S, Wegrostek C, Gabriel S, Pardo N, et al. HSF1
mediated stress response of heavy metals. PLoS ONE. 2018;13(12):e0209077.
Zhou N, YeY, Wang X, Ma B, Wu J, Li L, et al. Heat shock transcription factor 1
protects against pressure overload-induced cardiac fibrosis via Smad3. J Mol
Med. 2017;95(4):445-60.

Finka A, Goloubinoff P. Proteomic data from human cell cultures refine
mechanisms of chaperone-mediated protein homeostasis. Cell Stress Chap-
erones. 2013;18(5):591-605.

Sivéry A, Courtade E, Thommen Q. A minimal titration model of the mam-
malian dynamical heat shock response. Phys Biol. 2016;13(6):066008. https://
doi.org/10.1088/1478-3975/13/6/066008.

Abravaya K, Myers MP, Murphy SP, Morimoto RI. The human heat shock
protein hsp70 interacts with HSF, the transcription factor that regulates heat
shock gene expression. Genes Dev. 1992;6(7):1153-64. https://doi.org/10.110
1/9ad.6.7.1153.

Baler R, Welch WJ, Voellmy R. Heat shock gene regulation by nascent poly-
peptides and denatured proteins: hsp70 as a potential autoregulatory factor.
J Cell Biol. 1992;117(6):1151-9. https://doi.org/10.1083/jcb.117.6.1151.
Bharadwaj S, Ali A, Ovsenek N. Multiple components of the HSP90 chaperone
complex function in regulation of heat shock factor 1 in vivo. Mol Cell Biol.
1999;19(12):8033-41. https://doi.org/10.1128/MCB.19.12.8033.

Ali A, Bharadwaj S, O'Carroll R, Ovsenek N. HSP90 interacts with and regu-
lates the activity of heat shock factor 1 in xenopus oocytes. Mol Cell Biol.
1998;18(9):4949-60. https://doi.org/10.1128/MCB.18.9.4949.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Page 12 of 15

Krakowiak J, Zheng X, Patel N, Feder ZA, Anandhakumar J, Valerius K et al.
Hsf1 and Hsp70 constitute a two-component feedback loop that regulates
the yeast heat shock response. Elife. 2018;7.

Zheng X, Krakowiak J, Patel N, Beyzavi A, Ezike J, Khalil AS et al. Dynamic con-
trol of Hsf1 during heat shock by a chaperone switch and phosphorylation.
Elife. 2016;5.

Guisbert E, Czyz DM, Richter K, McMullen PD, Morimoto RI. Identification

of a tissue-selective heat shock response regulatory network. PLoS Genet.
2013;9(4):21003466.

Kmiecik SW, Le Breton L, Mayer MP. Feedback regulation of heat shock factor
1 (Hsf1) activity by Hsp70-mediated trimer unzipping and dissociation from
DNA. EMBO J. 2020,39(14).

Simoncik O, Tichy V, Durech M, Hernychova L, Trcka F, Uhrik L, et al. Direct
activation of HSF1 by macromolecular crowding and misfolded proteins.
PLoS ONE. 2024;19(11):0312524.

Zhong M, Orosz A, Wu C. Direct Sensing of Heat and Oxidation by Drosophila
Heat Shock Transcription Factor. Mol Cell. 1998;2(1):101-8. Accessed 20 Aug
2024 https://www.sciencedirect.com/science/article/pii/S109727650080118
5

Farkas T, Kutskova YA, Zimarino V. Intramolecular repression of mouse heat
shock factor 1. Mol Cell Biol. 1998;18(2):906-18. https://doi.org/10.1128/MCB.
18.2.906.

Goodson ML, Sarge KD. Heat-inducible DNA binding of purified heat shock
transcription factor 1 («). J Biol Chem. 1995;270(6):2447-50. https://doi.org/10
1074/jbc.270.6.2447

Hentze N, Le Breton L, Wiesner J, Kempf G, Mayer MP. Molecular mechanism
of thermosensory function of human heat shock transcription factor Hsf1.
Ron D, editor. Elife. 2016;5:¢11576. https://doi.org/10.7554/eLife.11576.
Shamovsky |, Ivannikov M, Kandel ES, Gershon D, Nudler E. RNA-mediated
response to heat shock in mammalian cells. Nature. 2006;440(7083):556-60. h
ttps://doi.org/10.1038/nature04518.

Kugel JF, Goodrich JA. Beating the heat: a translation factor and an RNA
Mobilize the heat shock transcription factor HSF1. Mol Cell. 2006;22(2):153-4.
https://doi.org/10.1016/j.molcel.2006.04.003

Choi D, Oh HJ, Goh CJ, Lee K, Hahn Y. Heat shock RNA 1, known as a eukary-
otic temperature-sensing noncoding RNA, is of bacterial origin. J Microbiol
Biotechnol. 2015;25(8):1234-40.

Prahlad V, Cornelius T, Morimoto RI. Regulation of the cellular heat shock
response in caenorhabditis elegans by thermosensory neurons. Science
(1979). 2008,;320(5877):811-4. https://doi.org/10.1126/science.1156093.

Dai C. The heat-shock, or HSF1-mediated proteotoxic stress, response in
cancer: from proteomic stability to oncogenesis. Philos Trans R Soc B Biol Sci.
2017;373(1738):20160525. https://doi.org/10.1098/rstb.2016.0525.
PhosphoSitePlus® v6.7.5. https://www.phosphosite.org. Accessed 28 Oct
2024.

Budzynski MA, Puustinen MC, Joutsen J, Sistonen L. Uncoupling Stress-Induc-
ible phosphorylation of heat shock factor 1 from its activation. Mol Cell Biol.
2015;35(14):2530-40.

Hanahan D. Hallmarks of cancer: new dimensions. Cancer Discov.
2022;12(1):31-46.

Smith BJ, Yaffe MP. A mutation in the yeast heat-shock factor gene causes
temperature-sensitive defects in both mitochondrial protein import and the
cell cycle. Mol Cell Biol. 1991;11(5):2647-55. https://doi.org/10.1128/mcb.11.5
2647-2655.1991

Bruce JL, Chen C, Xie Y, Zhong R, Wang Yqun, Stevenson MA, et al. Activa-
tion of heat shock transcription factor 1 to a DNA binding form during the
G1phase of the cell cycle. Cell Stress Chaperones. 1999;4(1):36-45.

He L, Fox MH. Activation of heat-shock transcription factor 1 in heated
chinese hamster ovary cells is dependent on the cell cycle and is inhibited by
sodium vanadate. Radiat Res. 1999;151(3):283-92. https://doi.org/10.2307/35
79940

Venturi CB, Erkine AM, Gross DS. Cell cycle-dependent binding of yeast heat
shock factor to nucleosomes. Mol Cell Biol. 2000;20(17):6435-48. https://doi.o
rg/10.1128/MCB.20.17.6435-6448.2000.

King RW, Peters JM, Tugendreich S, Rolfe M, Hieter P, Kirschner MW. A 20s
complex containing CDC27 and CDC16 catalyzes the mitosis-specific conju-
gation of ubiquitin to Cyclin B. Cell. 1995,81(2):279-88.

Kazemi-Sefat GE, Keramatipour M, Talebi S, Kavousi K, Sajed R, Kazemi-Sefat
NA et al. The importance of CDC27 in cancer: molecular pathology and clini-
cal aspects. Cancer Cell Int. 2021;21(1):160. https://doi.org/10.1186/512935-02
1-01860-9.


https://doi.org/10.1128/MCB.16.3.839
https://doi.org/10.1146/annurev-biochem-060809-095203
https://doi.org/10.1146/annurev-biochem-060809-095203
https://doi.org/10.1038/nrm1405
https://doi.org/10.1242/jcs.110.23.2925
https://doi.org/10.1242/jcs.110.23.2925
https://doi.org/10.1101/gad.1044503
https://doi.org/10.1088/1478-3975/13/6/066008
https://doi.org/10.1088/1478-3975/13/6/066008
https://doi.org/10.1101/gad.6.7.1153
https://doi.org/10.1101/gad.6.7.1153
https://doi.org/10.1083/jcb.117.6.1151
https://doi.org/10.1128/MCB.19.12.8033
https://doi.org/10.1128/MCB.18.9.4949
https://www.sciencedirect.com/science/article/pii/S1097276500801185
https://www.sciencedirect.com/science/article/pii/S1097276500801185
https://doi.org/10.1128/MCB.18.2.906
https://doi.org/10.1128/MCB.18.2.906
https://doi.org/10.1074/jbc.270.6.2447
https://doi.org/10.1074/jbc.270.6.2447
https://doi.org/10.7554/eLife.11576
https://doi.org/10.1038/nature04518
https://doi.org/10.1038/nature04518
https://doi.org/10.1016/j.molcel.2006.04.003
https://doi.org/10.1016/j.molcel.2006.04.003
https://doi.org/10.1126/science.1156093
https://doi.org/10.1098/rstb.2016.0525
https://www.phosphosite.org
https://doi.org/10.1128/mcb.11.5.2647-2655.1991
https://doi.org/10.1128/mcb.11.5.2647-2655.1991
https://doi.org/10.2307/3579940
https://doi.org/10.2307/3579940
https://doi.org/10.1128/MCB.20.17.6435-6448.2000
https://doi.org/10.1128/MCB.20.17.6435-6448.2000
https://doi.org/10.1186/s12935-021-01860-9
https://doi.org/10.1186/s12935-021-01860-9

Fiser and Muller Cell Division

70.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

92.

(2025) 20:11

Lee Y], Lee HJ, Lee JS, Jeoung D, Kang CM, Bae S et al. A novel function for
HSF1-induced mitotic exit failure and genomic instability through direct
interaction between HSF1 and Cdc20. Oncogene. 2008;27(21):2999-3009. htt
ps://doi.org/10.1038/sj.onc.1210966.

Lee YJ, Kim EH, Lee JS, Jeoung D, Bae S, Kwon SH, et al. HSF1 as a mitotic
regulator: phosphorylation of HSF1 by Plk1 is essential for mitotic progres-
sion. Cancer Res. 2008,68(18):7550-60.

Taylor JH. Nucleic acid synthesis in relation to the cell division cycle. Ann NY
Acad Sci. 1960;90(2):409-21. https://doi.org/10.1111/}.1749-6632.1960.tb2325
9x.

Vihervaara A, Sergelius C, Vasara J, Blom MAH, Elsing AN, Roos-Mattjus P et al.
Transcriptional response to stress in the dynamic chromatin environment of
cycling and mitotic cells. Proc Natl Acad Sci. 2013;110(36).

Delcuve GP, He S, Davie JR. Mitotic partitioning of transcription factors. J Cell
Biochem. 2008;105(1):1-8.

Santagata S, Mendillo ML, Tang Y, chi, Subramanian A, Perley CC, Roche SP et
al. Tight coordination of protein translation and HSF1 activation supports the
anabolic malignant state. Science (1979). 2013;341(6143).

Stepanova L, Leng X, Parker SB, Harper JW. Mammalian p50Cdc37 is a protein
kinase-targeting subunit of Hsp90 that binds and stabilizes Cdk4. Genes Dev.
1996;10(12):1491-502.

Cutforth T. Mutations in Hsp83 and cdc37 impair signaling by the sevenless
receptor tyrosine kinase in drosophila. Cell. 1994;77(7):1027-36.

Mufoz MJ, Jimenez J. Genetic interactions between Hsp90 and the Cdc2
mitotic machineryin the fission yeast Schizosaccharomyces pombe. Mol Gen
Genet. 1999,261(2):242-50.

Antonova A, Hummel B, Khavaran A, Redhaber DM, Aprile-Garcia F,

Rawat P, et al. Heat-Shock protein 90 controls the expression of cell-cycle
genes by stabilizing metazoan-specific host-cell factor HCFC1. Cell Rep.
2019,29(6):1645-e16599.

Logan IR, McNeill HV, Cook S, Lu X, Meek DW, Fuller-Pace FV, et al. Heat shock
factor-1 modulates p53 activity in the transcriptional response to DNA dam-
age. Nucleic Acids Res. 2009;37(9):2962-73.

Li Q Martinez JD. Loss of HSF1 results in defective Radiation-Induced G(2)
arrest and DNA repair. Radiat Res. 2011;176(1):17-24.

Hoang AT, Huang J, Rudra-Ganguly N, Zheng J, Powell WC, Rabindran SK, et
al. A novel association between the human heat shock transcription factor 1
(HSF1) and prostate adenocarcinoma. Am J Pathol. 2000;156(3):857-64.
Nakamura Y, Fujimoto M, Hayashida N, Takii R, Nakai A, Muto M. Silenc-

ing HSF1 by short hairpin RNA decreases cell proliferation and enhances
sensitivity to hyperthermia in human melanoma cell lines. J Dermatol Sci.
2010,60(3):187-92.

Wang Y, Theriault JR, He H, Gong J, Calderwood SK. Expression of a dominant
negative heat shock Factor-1 construct inhibits aneuploidy in prostate carci-
noma cells**. J Biol Chem. 2004,279(31):32651-9.

Momonaka M, Hayashida K, Hayashida N. Unexpected Inhibition of cervical
carcinoma cell proliferation by expression of heat shock transcription factor
1. Biomed Res Clin Pract. 2016;1(4).

Canonici A, Qadir Z, Conlon NT, Collins DM, O'Brien NA, Walsh N et al. The
HSP90 inhibitor NVP-AUY922 inhibits growth of HER2 positive and trastu-
zumab-resistant breast cancer cells. Invest New Drugs. 2018;36(4):581-9. http
s://doi.org/10.1007/510637-017-0556-7.

Trepel J, Mollapour M, Giaccone G, Neckers L. Targeting the dynamic HSP90
complex in cancer. Nat Rev Cancer. 2010;10(8):537-49. https://doi.org/10.103
8/nrc2887.

Huang HL, Hsing HW, Lai TC, Chen YW, Lee TR, Chan HT et al. Trypsin-induced
proteome alteration during cell subculture in mammalian cells. J Biomed Sci.
2010;17(1):36. https://doi.org/10.1186/1423-0127-17-36.

Vydra N, Toma A, Widlak W. Pleiotropic role of HSF1 in neoplastic transforma-
tion. Curr Cancer Drug Targets. 2014;14(2):144-55.

Heimberger T, Andrulis M, Riedel S, Stihmer T, Schraud H, Beilhack A et al.
The heat shock transcription factor 1 as a potential new therapeutic target in
multiple myeloma. Br J Haematol. 2013;160(4):465-76. https://doi.org/10.111
1/bjh.12164.

Chuma M, Sakamoto N, Nakai A, Hige S, Nakanishi M, Natsuizaka M et al. Heat
shock factor 1 accelerates hepatocellular carcinoma development by activat-
ing nuclear factor-kB/mitogen-activated protein kinase. Carcinogenesis.
2014;35(2):272-81. Available from: https://doi.org/10.1093/carcin/bgt343.
Dai C, Santagata S, Tang Z, Shi J, Cao J, Kwon H et al. Loss of tumor sup-
pressor NF1 activates HSF1 to promote carcinogenesis. J Clin Invest.
2012;122(10):3742-54. https://doi.org/10.1172/JC162727.

93.

94.

95.

96.

97.

98.

99.

101.

102.

105.

106.

109.

110.

112.

Page 13 of 15

Dudeja V, Chugh RK, Sangwan V, Skube SJ, Mujumdar NR, Antonoff MB, et al.
Prosurvival role of heat shock factor 1in the pathogenesis of pancreatobiliary
tumors. Am J Physiology-Gastrointest Liver Physiol. 2011;300(6):G948-55.

Dai C, Whitesell L, Rogers AB, Lindquist S. Heat shock factor 1 is a powerful
multifaceted modifier of carcinogenesis. Cell. 2007;130(6):1005-18.

Fujimoto M, Takaki E, Takii R, Tan K, Prakasam R, Hayashida N, et al. RPA assists
HSF1 access to nucleosomal DNA by recruiting histone chaperone FACT. Mol
Cell. 2012;48(2):182-94.

Qu Z, Titus ASCLS, Xuan Z, D'Mello SR. Neuroprotection by heat shock Fac-
tor-1 (HSF1) and trimerization-deficient mutant identifies novel alterations in
gene expression. Sci Rep. 2018;8(1):17255.

Neef DW, Jaeger AM, Thiele DJ. Heat shock transcription factor 1 as a
therapeutic target in neurodegenerative diseases. Nat Rev Drug Discov.
2011;10(12):930-44.

Jiang S, Tu K, Fu Q, Schmitt DC, Zhou L, Lu N, et al. Multifaceted roles of HSF1
in cancer. Tumor Biol. 2015;36(7):4923-31.

Engerud H, Tangen IL, Berg A, Kusonmano K, Halle MK, @yan AM et al. High
level of HSF1 associates with aggressive endometrial carcinoma and sug-
gests potential for HSP90 inhibitors. Br J Cancer. 2014;111(1):78-84. https://do
0rg/10.1038/bjc.2014.262.

. Santagata S, Hu R, Lin NU, Mendillo ML, Collins LC, Hankinson SE et al. High

levels of nuclear heat-shock factor 1 (HSF1) are associated with poor progno-
sis in breast cancer. Proc Natl Acad Sci. 2011;108(45):18378-83.

Powell CD, Paullin TR, Aoisa C, Menzie CJ, Ubaldini A, Westerheide SD. The
heat shock transcription factor HSF1 induces ovarian cancer epithelial-
mesenchymal transition in a 3D spheroid growth model. PLoS ONE.
2016;11(12):e0168389.

Wang L, Brooks AN, Fan J, WanY, Gambe R, Li S, et al. Transcriptomic
characterization of SF3B1 mutation reveals its pleiotropic effects in chronic
lymphocytic leukemia. Cancer Cell. 2016;30(5):750-63.

. Min JN, Huang L, Zimonjic DB, Moskophidis D, Mivechi NF. Selective sup-

pression of lymphomas by functional loss of Hsf1 in a p53-deficient mouse
model for spontaneous tumors. Oncogene. 2007;26(35):5086-97. https://doi.
0rg/10.1038/sj.onc.1210317.

. Jin X, Moskophidis D, Mivechi NF. Heat shock transcription factor 1 is a key

determinant of HCC development by regulating hepatic steatosis and meta-
bolic syndrome. Cell Metab. 2011;14(1):91-103.

Gabai VL, Meng L, Kim G, Mills TA, Benjamin 1J, Sherman MY. Heat shock
transcription factor Hsf1 is involved in tumor progression via regulation

of hypoxia-inducible factor 1 and RNA-binding protein HuR. Mol Cell Biol.
2012;32(5):929-40. https://doi.org/10.1128/MCB.05921-11.

Xi C, Hu Y, Buckhaults P Moskophidis D, Mivechi NF. Heat shock factor Hsf1
cooperates with ErbB2 (Her2/Neu) protein to promote mammary tumorigen-
esis and metastasis. J Biol Chem. 2012:287(42):35646-57.

. Nakamura Y, Fujimoto M, Fukushima S, Nakamura A, Hayashida N, Takii R

et al. Heat shock factor 1 is required for migration and invasion of human
melanoma in vitro and in vivo. Cancer Lett. 2014;354(2):329-35. https://doi.or
9/10.1016/j.canlet.2014.08.029

. Fang F, Chang R, Yang L. Heat shock factor 1 promotes invasion and metasta-

sis of hepatocellular carcinoma in vitro and in vivo. Cancer. 2012;118(7):1782—
94. https://doi.org/10.1002/cncr.26482.

Toma-Jonik A, Widlak W, Korfanty J, Cichon T, Smolarczyk R, Gogler-Piglowska
A et al. Active heat shock transcription factor 1 supports migration of the
melanoma cells via vinculin down-regulation. Cell Signal. 2015;27(2):394-401.
https://doi.org/10.1016/j.cellsig.2014.11.029

Scott KL, Nogueira C, Heffernan TP, van Doorn R, Dhakal S, Hanna JA, et al.
Proinvasion metastasis drivers in early-stage melanoma are oncogenes.
Cancer Cell. 2011;20(1):92-103.

. Mendillo ML, Santagata S, Koeva M, Bell GW, Hu R, Tamimi RM, et al. HSF1

drives a transcriptional program distinct from heat shock to support highly
malignant human cancers. Cell. 2012;150(3):549-62.

Guettouche T, Boellmann F, Lane WS, Voellmy R. Analysis of phosphorylation
of human heat shock factor 1 in cells experiencing a stress. BMC Biochem.
2005;6(1):4. https://doi.org/10.1186/1471-2091-6-4.

. Carpenter RL, Paw |, Dewhirst MW, Lo HW. Akt phosphorylates and activates

HSF-1 independent of heat shock, leading to slug overexpression and epithe-
lial-mesenchymal transition (EMT) of HER2-overexpressing breast cancer
cells. Oncogene. 2015;34(5):546-57.

. Moreno R, Banerjee S, Jackson AW, Quinn J, Baillie G, Dixon JE, et al. The

stress-responsive kinase DYRK2 activates heat shock factor 1 promoting
resistance to proteotoxic stress. Cell Death Differ. 2021,28(5):1563-78.


https://doi.org/10.1038/sj.onc.1210966
https://doi.org/10.1038/sj.onc.1210966
https://doi.org/10.1111/j.1749-6632.1960.tb23259.x
https://doi.org/10.1111/j.1749-6632.1960.tb23259.x
https://doi.org/10.1007/s10637-017-0556-7
https://doi.org/10.1007/s10637-017-0556-7
https://doi.org/10.1038/nrc2887
https://doi.org/10.1038/nrc2887
https://doi.org/10.1186/1423-0127-17-36
https://doi.org/10.1111/bjh.12164
https://doi.org/10.1111/bjh.12164
https://doi.org/10.1093/carcin/bgt343
https://doi.org/10.1172/JCI62727
https://doi.org/10.1038/bjc.2014.262
https://doi.org/10.1038/bjc.2014.262
https://doi.org/10.1038/sj.onc.1210317
https://doi.org/10.1038/sj.onc.1210317
https://doi.org/10.1128/MCB.05921-11
https://doi.org/10.1016/j.canlet.2014.08.029
https://doi.org/10.1016/j.canlet.2014.08.029
https://doi.org/10.1002/cncr.26482
https://doi.org/10.1016/j.cellsig.2014.11.029
https://doi.org/10.1016/j.cellsig.2014.11.029
https://doi.org/10.1186/1471-2091-6-4

Fiser and Muller Cell Division

116.

118.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

(2025) 20:11

. Calderwood SK, Wang Y, Xie X, Khaleque MA, Chou SD, Murshid A et al. Signal

transduction pathways leading to heat shock transcription. Sign Transduct
Insights. 2010;2.

Xu J, Shi Q, Xu W, Zhou Q, Shi R, Ma Y, et al. Metabolic enzyme PDK3 forms a
positive feedback loop with transcription factor HSF1 to drive chemoresis-
tance. Theranostics. 2019;9(10):2999-3013.

. Zhao YH, Zhou M, Liu H, Ding Y, Khong HT, Yu D, et al. Upregulation of lactate

dehydrogenase A by ErbB2 through heat shock factor 1 promotes breast
cancer cell glycolysis and growth. Oncogene. 2009,28(42):3689-701.
Stankiewicz AR, Livingstone AM, Mohseni N, Mosser DD. Regulation of heat-
induced apoptosis by Mcl-1 degradation and its Inhibition by Hsp70. Cell
Death Differ. 2009;16(4):638-47.

. KLEIN SD. Heat-shock protein 70 attenuates nitric oxide-induced apoptosis

in RAW macrophages by preventing cytochrome C release. Biochem J.
2002;362(3):635.

Kalinowska M, Garncarz W, Pietrowska M, Garrard WT, Widlak P. Regulation of
the human apoptotic DNase/RNase endonuclease G: involvement of Hsp70
and ATP. Apoptosis. 2005;10(4):821-30.

Gao F, Hu X, yang, Xie X, jie, Xu Q, yuan, Wang Y ping, Liu X, bao et al. Heat
shock protein 90 protects rat mesenchymal stem cells against hypoxia and
serum deprivation-induced apoptosis via the PI3K/Akt and ERK1/2 pathways.
J Zhejiang Univ Sci B. 2010;11(8):608-17.

Hockemeyer K, Sakellaropoulos T, Chen X, Ivashkiv O, Sirenko M, Zhou H, et al.
The stress response regulator HSF1 modulates natural killer cell anti-tumour
immunity. Nat Cell Biol. 2024;26(10):1734-44.

Grunberg N, Pevsner-Fischer M, Goshen-Lago T, Diment J, Stein Y, Lavon H,

et al. Cancer-associated fibroblasts promote aggressive gastric cancer phe-
notypes via heat shock factor 1-mediated secretion of extracellular vesicles.
Cancer Res. 2021;81(7):1639-53.

Schopf FH, Biebl MM, Buchner J. The HSP90 chaperone machinery. Nat Rev
Mol Cell Biol. 2017;18(6):345-60. https://doi.org/10.1038/nrm.2017.20.
Taipale M, Krykbaeva |, Koeva M, Kayatekin C, Westover KD, Karras Gl, et

al. Quantitative analysis of Hsp90-Client interactions reveals principles of
substrate recognition. Cell. 2012;150(5):987-1001.

Picard D. October. picardlLab - the Hsp90 machine interactome. https://www.
picard.ch/downloads/. Accessed 16 Oct 2024.

Sato S, Fujita N, Tsuruo T. Modulation of Akt kinase activity by binding to
Hsp90. Proc Natl Acad Sci. 2000,97(20):10832-7.

Ahsan A, Ramanand SG, Whitehead C, Hiniker SM, Rehemtulla A, Pratt WB

et al. Wild-type EGFR is stabilized by direct interaction with HSP90 in cancer
cells and tumors. Neoplasia. 2012;14(8):670-IN1. https://doi.org/10.1593/neo.
12986

Schulz R, Streller F, Scheel AH, Ruschoff J, Reinert MC, Dobbelstein M et al.
HER2/ErbB2 activates HSF1 and thereby controls HSP90 clients including MIF
in HER2-overexpressing breast cancer. Cell Death Dis. 2014;5(1):e980-e980. ht
tps://doi.org/10.1038/cddis.2013.508.

Kourtis N, Moubarak RS, Aranda-Orgilles B, Lui K, Aydin IT, Trimarchi T et al.
FBXW?7 modulates cellular stress response and metastatic potential through
HSF1 post-translational modification. Nat Cell Biol. 2015;17(3):322-32. https://
doi.org/10.1038/ncb3121.

Wong RS. Apoptosis in cancer: from pathogenesis to treatment. J Experimen-
tal Clin Cancer Res. 2011;30(1):87.

Regeling A, Imhann F, Volders HH, Blokzijl T, Bloks VW, Weersma RK, et al.
HSPAG is an ulcerative colitis susceptibility factor that is induced by cigarette
smoke and protects intestinal epithelial cells by stabilizing anti-apoptotic
Bcl-XL. Biochim Biophys Acta (BBA) Mol Basis Dis. 2016;1862(4):788-96.
Jacobs AT, Marnett LJ. HSF1-mediated BAG3 expression attenuates apoptosis
in 4-Hydroxynonenal-treated colon cancer cells via stabilization of Anti-
apoptotic Bcl-2 proteins. J Biol Chem. 2009;284(14):9176-83.

Antonietti P, Linder B, Hehlgans S, Mildenberger IC, Burger MC, Fulda S, et

al. Interference with the HSF1/HSP70/BAG3 pathway primes glioma cells to
matrix detachment and BH3 mimetic-induced apoptosis. Mol Cancer Ther.
2017;16(1):156-68.

Li K, Deng X, Feng G, Chen Y. Knockdown of Bcl-2-associated athanogene-3
can enhance the efficacy of BGJ398 via suppressing migration and inducing
apoptosis in gastric cancer. Dig Dis Sci. 2021;66(9):3036-44.

Ghosh JC, Siegelin MD, Dohi T, Altieri DC. Heat shock protein 60 regulation

of the mitochondrial permeability transition pore in tumor cells. Cancer Res.
2010;70(22):8988-93.

Benderska N, lvanovska J, Rau TT, Schulze-Luehrmann J, Mohan S, Chakilam S
et al. DAPK-HSF1 interaction as a new positive feedback loop for TNF-induced
apoptosis in colorectal cancer cells. J Cell Sci. 2014.

141.

144.

145.

147.

149.

150.

153.

155.

157.

158.

159.

160.

Page 14 of 15

. Janus P, Toma-Jonik A, Vydra N, Mrowiec K, Korfanty J, Chadalski M, et al.

Pro-death signaling of cytoprotective heat shock factor 1: upregulation
of NOXA leading to apoptosis in heat-sensitive cells. Cell Death Differ.
2020;27(7):2280-92.

. Bhattacharya B, Mohd Omar MF, Soong R. The Warburg effect and drug

resistance. Br J Pharmacol. 2016;173(6):970-9.

. Kang H, Oh T, Bahk YY, Kim GH, Kan SY, Shin DH, et al. HSF1 regulates

mevalonate and cholesterol biosynthesis pathways. Cancers (Basel).
2019;11(9):1363.

Eroglu B, Pang J, Jin X, Xi C, Moskophidis D, Mivechi NF. HSF1-Mediated con-
trol of cellular energy metabolism and mTORC1 activation drive acute T-cell
lymphoblastic leukemia progression. Mol Cancer Res. 2020;18(3):463-76.

. SuKH, Dai S, Tang Z, Xu M, Dai C. Heat shock factor 1 is a direct antagonist of

AMP-activated protein kinase. Mol Cell. 2019;76(4):546-e5618.

. Levy NS, Chung S, Furneaux H, Levy AP. Hypoxic stabilization of vascular

endothelial growth factor mRNA by the RNA-binding protein HuR. J Biol
Chem. 1998;273(11):6417-23.

Holmes B, Benavides-Serrato A, Freeman RS, Landon KA, Bashir T, Nishimura
RN, et al. mTORC2/AKT/HSF1/HUR constitute a feed-forward loop regulat-

ing rictor expression and tumor growth in glioblastoma. Oncogene.
2018;37(6):732-43.

Sahai E, Astsaturov |, Cukierman E, DeNardo DG, Egeblad M, Evans RM, et al. A
framework for advancing our Understanding of cancer-associated fibroblasts.
Nat Rev Cancer. 2020;20(3):174-86.

. Scherz-Shouval R, Santagata S, Mendillo ML, Sholl LM, Ben-Aharon |, Beck AH,

et al. The reprogramming of tumor stroma by HSF1 is a potent enabler of
malignancy. Cell. 2014;158(3):564-78.

LiaoY, Xue Y, Zhang L, Feng X, Liu W, Zhang G. Higher heat shock factor 1
expression in tumor stroma predicts poor prognosis in esophageal squa-
mous cell carcinoma patients. J Transl Med. 2015;13(1):338.

. Wang Q, Zhang Y, Zhu L, Pan L, Yu M, Shen W, et al. Heat shock factor 1 in

cancer-associated fibroblasts is a potential prognostic factor and drives pro-
gression of oral squamous cell carcinoma. Cancer Sci. 2019;110(5):1790-803.
Lancaster Gl, Febbraio MA. Exosome-dependent trafficking of HSP70. J Biol
Chem. 2005;280(24):23349-55.

Saito RF, Machado CML, Lomba ALO, Otake AH, Rangel MC. Heat shock
proteins mediate intercellular communications within the tumor microenvi-
ronment through extracellular vesicles. Appl Biosci. 2024;3(1):45-58.

. Zhou Q, Guan XY, Li Y. Roles of heat shock proteins in tumor immune micro-

environment. Visualized Cancer Med. 2024;5:3.

. Jacobs C, Shah S, Lu WC, Ray H, Wang J, Hockaden N, et al. HSF1 inhibits

antitumor immune activity in breast cancer by suppressing CCL5 to block
CD8+T-cell recruitment. Cancer Res. 2024;84(2):276-90.

Tang Z, Dai S, He Y, Doty RA, Shultz LD, Sampson SB, et al. MEK guards pro-
teome stability and inhibits Tumor-Suppressive amyloidogenesis via HSF1.
Cell. 2015;160(4):729-44.

. Gumilar KE, Chin'Y, Ibrahim IH, Tjokroprawiro BA, Yang JY, Zhou M, et al. Heat

shock factor 1 inhibition: a novel anti-cancer strategy with promise for preci-
sion oncology. Cancers (Basel). 2023;15(21):5167.

Wittrup A, Lieberman J. Knocking down disease: a progress report on siRNA
therapeutics. Nat Rev Genet. 2015;16(9):543-52. https://doi.org/10.1038/nrg3
978.

. Dong B, Jaeger AM, Hughes PF, Loiselle DR, Hauck JS, Fu Y et al. Targeting

therapy-resistant prostate cancer via a direct inhibitor of the human heat
shock transcription factor 1. Sci Transl Med. 2020;12(574).

Nuvectis Pharma Inc. A phase 1 clinical study of NXP80O0 in subjects with
advanced cancers and expansion in subjects with ovarian cancer. Identifier
NCT05226507. 2021.https://clinicaltrials.gov/study/NCT05226507#contacts.
Accessed 15 Feb 2025.

Workman P, Clarke PA, Te Poele R, Powers M, Box G, De Billy E, et al. Discovery
and validation of biomarkers to support clinical development of NXP800:

a first-in-class orally active, small-molecule HSF1 pathway inhibitor. Eur J
Cancer. 2022;174:535.

Cheeseman MD, Chessum NEA, Rye CS, Pasqua AE, Tucker MJ, Wilding B, et al.
Discovery of a chemical probe bisamide (CCT251236): an orally bioavailable
efficacious Pirin ligand from a heat shock transcription factor 1 (HSF1) pheno-
typic screen. J Med Chem. 2017;60(1):180-201.

Powers MV, Sharp SY, Lampraki EM, Roe T, Pellegrino L, Taskinen M, et al.
Abstract LB234: activation of the integrated stress response by the develop-
mental HSF1 pathway inhibitor NXP800. Cancer Res. 2023;83(8Supplement)
:LB234-234.


https://doi.org/10.1038/nrm.2017.20
https://www.picard.ch/downloads/
https://www.picard.ch/downloads/
https://doi.org/10.1593/neo.12986
https://doi.org/10.1593/neo.12986
https://doi.org/10.1038/cddis.2013.508
https://doi.org/10.1038/cddis.2013.508
https://doi.org/10.1038/ncb3121
https://doi.org/10.1038/ncb3121
https://doi.org/10.1038/nrg3978
https://doi.org/10.1038/nrg3978
https://clinicaltrials.gov/study/NCT05226507#contacts

Fiser and Muller Cell Division (2025) 20:11 Page 15 of 15

161. Li ZN, Luo Y. HSP90 inhibitors and cancer: prospects for use in targeted
therapies (Review). Oncol Rep. 2022;49(1):6.

162. Manasanch EE, Orlowski RZ. Proteasome inhibitors in cancer therapy. Nat Rev
Clin Oncol. 2017;14(7):417-33.

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.



	﻿Role of HSF1 in cell division, tumorigenesis and therapy: a literature review
	﻿Abstract
	﻿Background
	﻿Introduction
	﻿HSF1 structure, activation and regulation
	﻿Structure of HSF1
	﻿Activation and regulation of HSF1

	﻿HSF1 and cell cycle regulation
	﻿HSF1 regulates cell division
	﻿HSF1 and stress during mitosis
	﻿HSF1’s effects on cell division in cancer
	﻿Conclusions on HSF1’s role in cell division

	﻿HSF1 promotes cancer development
	﻿Molecular dynamics of HSF1 in oncogenesis
	﻿HSF1 facilitates pathway stabilization
	﻿HSF1 enables epithelial-mesenchymal transition
	﻿HSF1 plays a role in regulation of cell death
	﻿HSF1 influences metabolism in cancer
	﻿HSF1 indirectly influences angiogenesis
	﻿HSF1 alters the tumor microenvironment
	﻿HSF1 linked Immunomodulation in TME
	﻿HSF1 plays a surprising role in tumor amyloidogenesis
	﻿HSF1 holds a multifaceted role in cancer

	﻿HSF1 as a viable option in therapy
	﻿References


