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ABSTRACT

The Heat Shock Response (HSR) is a cellular stress reaction crucial for cell survival against
stressors, including heat, in both healthy and cancer cells. Modulated electro-hyperthermia
(mEHT) is an emerging non-invasive cancer therapy utilizing electromagnetic fields to selectively
target cancer cells via temperature-dependent and independent mechanisms. However, mEHT
triggers HSR in treated cells. Despite demonstrated efficacy in cancer treatment, understanding
the underlying molecular mechanisms for improved therapeutic outcomes remains a focus. This
review examines the HSR induced by mEHT in cancer cells, discussing potential strategies to
modulate it for enhanced tumor-killing effects. Approaches such as HSF1 gene-knockdown and
small molecule inhibitors like KRIBBII are explored to downregulate the HSR and augment tumor
destruction. We emphasize the impact of HSR inhibition on cancer cell viability, mEHT sensitivity,
and potential synergistic effects, addressing challenges and future directions. This understanding
offers opportunities for optimizing treatment strategies and advancing precision medicine in
cancer therapy.
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1. INTRODUCTION

Characterized by the uncontrolled proliferation of abnormal cells, cancer is a global health
challenge that continues to impact millions of lives [1]. Indeed, cancer is the leading cause of death
worldwide, accounting for nearly 10 million deaths in 2020 [2]. The complexity and adaptability of
cancer cells often requires multiple approaches of treatment. In this context, adjuvant therapies
like modulated electrohyperthermia (mEHT) have emerged as promising strategies to enhance the
effectiveness of various cancer treatments [3,4]. mEHT utilizes controlled heat to selectively target
tumor cells, and consequently activates complexes cellular responses, including the heat shock
response (HSR) [3]. This intricate cellular network, which involves heat shock proteins (HSPs), can
induce both protective and detrimental effects on cancer cells [5]. Initiated by the heat shock
factor 1 (HSF1), the HSR protects cells from a wide range of stresses, including heat, and is crucial
for cellular homeostasis [6]. Indeed, while the HSR promotes cell survival and protein homeostasis,
it can also confer resistance to conventional anti-cancer therapies [7]. Thus, the modulation of the
HSR holds extraordinary potential for increasing mEHT efficacy as a selective and powerful anti-
tumor modality. In this review we summarize the interplay between mEHT and the HSR, exploring
opportunities and challenges in cancer therapy. We focus on how the inhibition of the HSR could
improve mEHT treatment effects.

2. HSFI1 AND THE HEAT SHOCK RESPONSE (HSR)

The heat shock factor 1 (HSF1) is a ubiquitously expressed transcription factor that regulates
the expression of chaperone genes in response to cellular stress [8]. To avoid cellular damage and
protein degradation caused by a wide range of environmental stressors, organisms respond by
inducing heat shock proteins (HSPs), which refold damaged proteins, consequently preserving
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proteostasis [9]. This powerful adaptive mechanism is known as the heat shock response (HSR)
[10]. Shortly, upon heat shock, HSF1is phosphorylated, trimerizes, and translocates to the nucleus,
where it induces chaperone gene expression by binding to the heat shock elements (HSEs) [11],
promoter regions of HSPs. Consequently, transcription of HSP genes such as HSP27, HSP70, and
HSP9O is activated [12]. HSPs in turn inhibit HSF1 transcriptional activity by physical interaction,
creating a negative feedback mechanism for controlling the HSR [13]. Cell survival is achieved
through the activation of anti-apoptotic proteins and the inhibition of pro-apoptotic proteins, a
phenomenon known as thermotolerance, which enables cancer cells to withstand the effects of
heat [1]. Fig. 1A illustrates the HSF1 activation. Hence, the role of HSPs is to regulate protein
(re)folding, transport, translocation, and assembly under stress conditions in many normal cellular
processes [5]. HSPs also help in the degradation of abnormal proteins via ubiquitinproteasome
system (UPS), a process involving the post-translational conjugation of ubiquitins to proteins
followed by degradation by the 26S proteasome [14]. Therefore, upregulation of HSPs increases cell
survival and stress tolerance [15], not only in healthy cells under any kind of stress but also in cancer
cells in which elevated expression of different members of the HSP family has been reported [16,17].

This mechanism is only possible due to the HSF1 structure that includes a multi-domain protein
with distinct functional regions (Fig. 1B). Predominantly existing in a monomeric and inactive status,
HSF1 comprises an N-terminal DNA-binding domain (DBD), a trimerization domain of two heptad
repeat regions (HR-A and HR-B), a regulatory domain (RD), a third heptad repeat region (HR-C),
and a C-terminal transactivation domain (TAD) [18].The DBD is highly conserved throughout
evolution and belongs to the family of winged helix-turnhelix DBDs [19]. Once the HSR is triggered
and the HSF1 homotrimer is formed, the DBD binds to the HSE [20]. The HSFI trimerization is
regulated by an oligomerization domain located next to the DBD, which contains an amphiphilic
helix with hydrophobic heptad repeats HR-A and HR-B, forming a coiled coil [21]. Suppression of
spontaneous HSF1 trimerization is mediated by another hydrophobic repeat, HR-C, adjacent to the
carboxyl terminus of the protein [22]. Positioned at the extreme carboxyl terminus, the
transactivation domain plays a crucial role in activating target genes at the transcriptional level
and also regulates the extent of HSF1 activation [6]. Deletion of TAD has been shown to result in
cell death during heat shock, highlighting its vital role in the survival of cells under stressful
conditions [23]. Finally, the regulatory domain (RD), which undergoes post-translational
modifications, is suggested to have a crucial function in detecting heat stress in humans by
regulating HSF1 activity and stability [24], as its absence causes HSF1 to become transcriptionally
active even in unstressed conditions [25]. This is the region for post-translational modifications
(PTM), such as phosphorylation, acetylation, and SUMOylation [26].

3. THE ROLE OF THE HSR AND HSFI IN CANCER

HSF1 seems to have many roles in promoting tumorigenesis and tumor progression, as HSF1
controls many genes that may help the misleading phenotype and contribute to tumor growth [27],
including genes involved in cell-cycle regulation, signaling, metabolism, adhesion and translation
[28]. While HSF1 mutations are uncommon in different cancer types, frequent copy number
alterations, particularly amplifications, are prevalent [29]. Indeed, many human tumor types and
cancer cell lines express HSF1 constitutively at elevated levels [9,30,31], including hepatocellular
carcinoma (HCC) [32,33], breast cancer [34], endometrial carcinoma [35], and oral squamous cell
carcinoma (OSCC) [36], and this overexpression is related to increased malignancy and mortality.
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In the malignant state, a wide variety of stressful conditions, such as hypoxia, acidity, and low
glucose levels, arises from the tumor microenvironment [37]. In all these stress conditions, the cell's
proteostasis network, which is responsible for the balance of protein synthesis, folding, and
degradation, can become overwhelmed [38]. Therefore, cancer cells have stimulated HSR and
proteasome activities due to elevated levels of constitutively misfolded proteins. At the same time,
HSF1 permits cancer cells to cope with these diverse malignancyassociated stressors. In doing so,
tumors reprogram their metabolism, physiology, and protein homeostasis, enabling oncogenesis
[34]. The ultimate result is the facilitated cellular adaption to the malignant lifestyle [39].
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Fig. 1. Heat-induced thermotolerance and domain structure of the heat shock factor 1 (HSF1)
monomer. A) Heat stress leads to aggregation of HSF1 monomer into a DNA binding homotrimer.
This HSF1 trimer translocates into the nucleus where it binds to heat shock elements (HSE) in the
promoter regions of HSP genes, activating the transcription of heat shock proteins (HSPs). HSPs
protect (chaperone) proteins from aggregation and activate anti-apoptotic proteins and inhibit
proapoptotic proteins, leading to thermotolerance. Therefore, heat-induced thermotolerance
protects cells from hyperthermia-induced apoptosis. HSF1: heat shock factor 1; HSE: heat shock
elements; HSP: heat shock protein; DNA: deoxyribonucleic acid; P: phosphate. Based on Ahmed et
al. [11]. B) The HSF1 gene comprises a DNA-binding domain (DBD) and an oligomerization domain,
denoted as HR-A/B. Under normal conditions, the HR-C domain acts to inhibit HSF1 oligomerization,
maintaining it in an inactive state. HSF1 regulates transcription through the transactivation domain
(TAD), and the stress responsiveness is governed by the regulatory domain (RD). Based on Anckar
[6]. Created with biorender.com.

In cancer cells, HSF1 is often constitutively activated, leading to abnormal upregulation of HSPs,
which confers a selective advantage to malignant cells by promoting cell survival, inhibiting
apoptosis, and aiding in the development of aggressive phenotypes [40]. The oncogenic potential
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of HSF1 was initially revealed by HSF1-knockout mouse models [39]. Indeed, HSF1 knockdown
investigations have shed light on the crucial role of this protein in cancer growth, and the use of
siRNA or genetic mutation to silence HSF1 has demonstrated a substantial reduction in
tumorigenicity across multiple cancer types [41]. On the other hand, the overexpression and
hyperactivation of HSF1 have been linked to poor prognosis and drug resistance in several cancer
types, making it an attractive target for cancer therapy [42].

Although much less is known about the molecular mechanisms by which HSF1 regulates cell
proliferation and survival in cancer cells, elevated expression of different members of the stress-
inducible HSP family have been reported in a wide range of tumor types, indicating a crucial role of
HSPs in tumor development [16,43]. Indeed, overexpression of HSPs have received considerable
attention as prognostic biomarkers in terms of survival and response to therapy in cancer [44].
This abnormal expression of HSPs, implicated in various cancer hallmarks such as apoptosis
resistance and immune tolerance, is considered a multifaceted phenomenon driven by intricate
interplay between the cellular stress response, tumor microenvironment, and the unique demands
of cancer cells [45]. The elevated levels of HSPs provide cancer cells with a survival advantage by
promoting protein folding, stabilizing oncogenic proteins, and assisting in the proper functioning of
cellular processes under stress conditions [46]. The hypoxic and nutrientdeprived tumor
microenvironment induces proteotoxic stress and leads to HSPs upregulation as a cellular defense
mechanism against misfolded proteins and aggregation [47,48]. Additionally, oncogenic signaling
pathways, such as those driven by Myc and Ras, can transcriptionally activate HSP genes through
HSF1[27,49]. On the other hand, these chaperones play a pivotal role in the immune response owing
to their unique ability to securely bind polypeptide chains. This interaction facilitates the formation
of complexes between HSPs and tumor antigens [50]. These complexes serve as crucial markers,
subsequently recognized by key immune cells such as monocytes, macrophages, B cells, and
dendritic cells. This recognition event orchestrates a signal cascade, ultimately triggering the
activation of cytotoxic T cells, a pivotal component of the anti-tumor immune response. [51].
Therefore, while HSPs are part of the cellular machinery that helps cancer cells survive stress, they
can also act as allies in controlling the immune system's power to fight against cancer. This dual
role highlights the complexity of HSPs' function and their potential for therapeutic interventions in
cancer treatment strategies.

Although cancer cells have been reported to release several extracellular chaperones, the most
extensively studied ones with active roles in cancer include HSP27, HSP70, and HSP9O [47]. These
HSPs exhibit slight functional variations and are commonly classified based on their molecular
weight. HSP27, also known as heat shock protein beta-1(HSPB1), is among the smaller members of
the heat shock protein family. Its compact size enables specific interactions with client proteins,
contributing to diverse cellular functions such as cytoskeleton regulation, cell migration, and anti-
apoptotic activity [52], and its overexpression has been implicated in various aspects of cancer
biology [53,54]. For instance, upregulation of HSP27 by HSF1 can promote invasion and metastasis
of HCC [33], and is associated with aggressive growth and resistance to chemotherapy or
radiotherapy [55], consequently with poor prognosis in breast [56], ovarian [57], colorectal [58],
and prostate cancers [59], while downregulation or inhibition leads to reversion of resistance [53].
HSP27 is also recognized for its significance in regulating cancer development, progression, and
cell apoptosis [60]. HSP70, in turn, has critical role in protein folding, protein homeostasis, and
promoting cell survival [61]. This chaperone is strongly expressed on the surface of cancer cells
[62], where it might exert a dual role: intracellular HSP70, which is overexpressed in cancer cells,
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promotes survival, proliferation, invasiveness, and resistance of malignant cells, while extracellularly
shed or deliberated HSP70 contributes to antitumor immunity as a damage associated molecular
pattern (DAMP), leading to increased cell damage [63,64]. Within cancer cells, HSP70 triggers
mitotic signals, inhibits apoptosis, and suppress oncogeneinduced senescence [49]. Similarly to
HSP27, HSP70 is also associated with resistance to chemotherapy and poor prognosis for a wide
range of cancer patients [64], such as lung, breast, colon, liver, prostate, esophagus, and cervix
[65,66]. Moreover, the upregulated HSP70 levels could potentially work as a predictive factor for
both cancer diagnosis and treatment response [49]. Likewise, downregulation of HSP70 expression
inhibits tumor growth and significantly promotes apoptosis, consequently increasing tumor's
susceptibility to chemotherapy and radiotherapy [67].

Last, HSPOO proteins possess a significant position in fundamental process and regulatory
pathways, such as apoptosis, cell cycle regulation, signaling cascades, cellular viability, as well as
protein folding and degradation [68]. These essential functions are intricately managed by HSP9O
proteins through their interactions with client and co-chaperones [69]. Notably, their key role
extends to proteostasis maintenance, cell differentiation, and developmental processes [70]. In
this context, a correlation between HSP9O overexpression and diverse cancer types has been
observed and highlights the potential role of HSP9O in driving cancer progression [71]. Indeed,
upregulation of HSP9O has been reported in cancer tissues compared with normal tissues in breast
cancer patients [72]. This high HSP9O expression can be associated with the risk of malignant
cancers that are less responsive to treatment [73], suggesting that HSP9O may contribute to
cancer progression in bladder, spleen, and brain [68]. Consequently, the suppression of HSP9O
through selective inhibitors like geldanamycin impedes the advancement of tumors [74]. HSP9O
inhibitors, therefore, hold promise as potent and distinctive candidates for cancer chemotherapy
[75]. A few HSP9O inhibitors have already been identified and have entered clinical trials [76].

4. HSR/HSFI INHIBITION AND ITS RELATIONSHIP WITH HYPERTHERMIA

Hyperthermia is the therapy that consists of treating malignant tumors by heating the tumor area,
and is based on the differential response of tumor tissue and normal-healthy tissue to heat [77].
Szasz et al. define oncological hyperthermia as “a method for killing malignant cells by controlled
thermal effects, and has the potential to sensitize to complementary therapies while avoiding the
destruction of healthy cells” [78]. Hyperthermia has been reported to be a clinically relevant
coadjuvant for cancer treatment [79]. Many studies have demonstrated the increased drug
exposure to tumor via the circulation by adding heat treatment, and hence increasing cytotoxicity
of chemotherapeutic agents [80-83]. However, hyperthermia as a cancer treatment modality has
been reported to be controversial [84]. The controversy arises from the challenges associated with
achievement of deep heat penetration and precise heat effect, which consequently leads to the
lack of selective elimination of malignant cells [85]. The ultimate result is an extensive
macromolecular change that affects functions not only in tumor tissues but also in all adjacent
cellular compartments, particularly when temperatures exceed 43 -C [86]. Additionally, an increase
in temperature can boost blood flow and nutrient delivery, which potentially facilitates cancer
progression leading to metastasis [87]. Nonetheless, the most relevant complication associated
with the use of hyperthermia in cancer treatment is the induction of a heat stress response in cells
[88,89]. This phenomenon, known as thermotolerance, is an defense mechanism of cells'
susceptibility against heat-induced proteotoxicity after heat stress [16]. The mechanism of
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thermotolerance is attributed to HSP production, and hampers the effects of hyperthermia [37].
This acquisition of thermoresistance against heat stress enhances cancer cell growth by
preventing apoptotic cell death [11] via elevation of HSF1 [34] and HSPs [44], and reduces the
hyperthermia effects in clinical treatment. Therefore, the inhibition of HSR by targeting HSF1 may
sensitize cancer cells to therapies that rely on hyperthermia as a method for cancer treatment.

HSF1 is therefore considered as one of the main determinants of oncogenesis, and ablation
experiments have shed lights to the role of HSF1in cancer development. In vitro HSF1 knockdown
resulted in impairment of growth, survival, invasion, migration and epithelialmesenchymal transition
(EMT) of cancer cell lines, including pancreatic cancer [90,91], multiple myeloma [92],
hepatocellular carcinoma (HCC) [32], colorectal carcinogenesis [93], and melanoma [94]. In turn,
HSF1 knockout mouse models are proved to be remarkably resistant to a number of oncogenes
[10,39,95,96]. Recently, it has been postulated that breast cancer tumors in HSF1 knockout mice,
although viable, grow much slower than control tumors, suggesting that HSF1 plays a central role in
cancer growth [97]. Indeed, a chemically-induced carcinogenesis model revealed that HSF1- /-
mice developed fewer tumors, presented lower tumor load (total amount of cancer in the body),
and longer survival, while mice-bearing functional HSF1 developed larger tumors and had shorter
survival [39]. Moreover, HSF1 knockdown induce apoptosis [98], inhibit cell proliferation, and arrest
cell cycle at G1 phase [93,99] in cancer cells.

HSF1 knockdown has been shown to enhance hyperthermicchemotherapy in cervical cancer [100]
and to reduce proliferation and tumor size in skin [39,101], liver [98], ovarian [28], pancreatic [91],
and breast [102,103] cancers. Indeed, Rossi et al. reported that HSF1 knockdown led to increased
sensitivity of Hela cells to thermochemotherapy, resulting in upregulation of apoptosis [100]. Also,
the knockdown of HSF1 was associated with autophagy inhibition which increases drug sensitivity
to chemotherapeutic treatment in breast cancer cells [104]. Interestingly, the knockdown of HSF1
seems to enhance cancer cell sensitivity to hyperthermia but does not have a direct influence on
chemotherapy. Cancer cells sensitivity to thermochemotherapy with or without HSF1 silencing was
similar regarding cell destruction [101]. In addition, the gene therapy designed to target HSF1 helped
to escape thermoresistance [105-107]. McMillan et al. have demonstrated that HSF1 inactivation
abolished thermotolerance in mouse embryonic fibroblasts (MEF) treated with hyperthermia, and
inhibited the upregulation of HSPs, such as HSP70 [108]. Likewise, Wang and colleagues have
demonstrated that functional silencing of HSF1 strongly reduced the HSP70 levels and inhibited
thermotolerance in breast cancer cells, suggesting that cancer cells lacking HSP70 expression are
sensitive to hyperthermia, and those expressing HSP70 may be thermotolerant [106]. Moreover,
HSF1 depletion by small interfering RNA (siRNA) resulted in reduction of the constitutively high
expression of HSP9O and HSP70, in breast cancer model [103]. These findings suggest that
hyperthermia in combination with the inhibition of the heat shock response might be exploited for
treating cancer patients.

5. MODULATED ELECTRO-HYPERTHERMIA (MEHT)

Modulated electro-hyperthermia (mEHT) is a promising new adjuvant therapy form [3,4]. mEHT is
a non-invasive cancer therapy applying a modulated electromagnetic field to the tumor, inducing
tumor cell damage by temperature dependent- and independent mechanisms. A 13.56 MHz
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radiofrequency (RF) is applied by capacitive coupling between two electrodes arranged around
the tumor [109,110] (Fig. 2A).
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Fig. 2. Schematic illustration of modulated electro-hyperthermia (mEHT) treatment in human
patients and mice. The unidirectional electric field (depicted by the red arrow) traverses the
patient's body, flowing in a controlled manner from the electrode to the counter-electrode (A).
This directional flow enables precise energy delivery to malignancies, particularly along cell
membranes, exploiting the tendency of the electric field to follow paths of higher conductivity,
such as malignant tissues. Consequently, this process induces localized heating (B). Subsequent
biochemical reactions are initiated by the heat stress in the cell membrane of malignant cells. The
resulting temperature gradient between extracellular and intracellular matrices induces changes
in membrane potential, triggering a series of events that includes heat transfer across the
membrane, elevated intracellular sodium concentration, potassium efflux, and water osmosis (C).
The combined effects act synergistically and drive the induction of apoptosis. Based on Szasz et
al. [85]. Created with biorender.com D) lllustration of the mEHT treatment setup LabEHY200
designed for in vivo experiments involving mice, reproduced from Schvarcz et al. [4]. E) mEHT in
vivo treatment setup, reproduced from Danics et al. [3]. RF: radiofrequency, ICM: intracellular
matrix, ECM: extracellular matrix, Na: sodium, K: potassium. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

The energy of the RF current is selectively absorbed by tumor tissues due to several mechanisms
reviewed before [111], including alterations of the cancer tissue metabolism, ion composition and
the electromagnetic properties of lipid rafts [112]. The electromagnetic field induces a + 2.5 -C
heating of the tumor compared to its surrounding [3]. The +2.5 -C temperature difference,
significantly widens the narrow therapeutic window (AT: ca 1-C only) achievable with conventional
hyperthermia. This technique, which has been successfully applied in the clinics for over 20 years
[113], differs from conventional hyperthermia methods in that mEHT creates nonhomogenous heat
by increasing the temperature gradient between the intracellular/extracellular environment and
the cell membrane in malignant tissues [114] (Fig. 2B). This alteration in temperature gradient affects
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membrane processes, which favors signaling pathways that induce extrinsic apoptosis [113,115]
rather than thermal necrosis [116] (Fig. 2C). Consequently, it induces DAMP signals that trigger
immunogenic cell death (ICD) in malignant cells [117]. The temperature dependent cytotoxicity
targeting cancers is thus enhanced by a synergy between the heat and the electromagnetic field
[n8-122].

The fundamental concept behind mEHT was the rejection of the central reliance on temperature
as the primary factor. Instead, the technology focused on the core elements of power absorption,
extracellular heating, and modulation, which were not dependent on temperature [123]. In fact, the
modulation is able to induce non-thermal effects which enhance the cell-killing thermal effects,
compared to conventional hyperthermia [118,124]. This is achieved through the promotion of
immunogenic cell death and the stimulation of tumorspecific antitumoral immune responses [115].
Therefore, the resulting electromagnetic field generates irreversible cell stress [125]. Moreover,
mEHT has overcome the most problematic point of hyperthermia devices. According to
Roussakow, the concept of “skin sensor” in mEHT has abandoned the need of thermometry in
conventional hyperthermia [123]. The mEHT electrodes induce heating only surrounding the “zone
of interest”, which increases selectivity of energy deposition in tumor tissues [123]. In this regard,
according to Lee et al, mEHT is a promising technique that can achieve selective and effective
targeting of the cancer tissue [84].

Previous in vitro and in vivo studies have demonstrated that mEHT is more effective than traditional
hyperthermia (water-bath, infrared, or RF-hyperthermia) at the same temperature [124] due to the
potentiating effects of the electromagnetic field (non-temperature dependent effects) and the
greater temperature difference. Fig. 2D, E illustrates the mouse setup for in vivo studies. Moreover,
mMEHT has been shown to enhance cell-killing effects by increasing drug uptake in cancer cells
[126]. In the clinical setting, mEHT has been demonstrated to induce significant improvements in
patients with breast- [127], cervical- [128], ovarian- [129], rectal- [130], and pancreatic cancer [131—-
133].

6. THE MECHANISMS OF CANCER CELL-KILLING BY MEHT

The pathophysiological mechanisms underlying mEHT involve a combination of thermal and non-
thermal effects (Fig. 3). The synergism between thermal and non-thermal effects triggers the
excitation of specialized cell membrane regions, such as lipid rafts, ultimately resulting in activation
of apoptotic pathways [115]. The thermal effects are achieved by selectively heating tumor tissues
through the absorption of electromagnetic waves by cancer cells, which leads to increased cellular
temperature [122]. These effects are, therefore, direct consequences of temperature elevation
(temperature-dependent). When exposed to elevated temperatures, cells undergo several
changes that influence the progression of cell cycle [134]. Application of mEHT induces irreversible
cellular stress, resulting in the arrest of the tumor cell cycle and subsequent caspase-dependent
programmed cell death [135,136]. The temperature elevation increases blood flow and perfusion
through the target tissues, which potentially improves the efficacy of chemotherapy [137].
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Fig. 3. Thermal and non-thermal effects of mEHT in cancer cells. Thermal effects encompass cell
cycle arrest, hypoxia, acidosis, protein denaturation, and altered blood perfusion. Non-thermal
effects include electroporation, immune modulation, direct DNA damage, angiogenesis inhibition,
and modulation of bioelectric signals. For more details, see the text. Based on [115,130,134-141,143—
150]. Created with biorender.com.

Hyperthermia can also lead to protein denaturation due to the disruption of weak bonds and
interactions with the protein's structure, causing it to unfold or lose its native conformation [138].
This is the key event in the disruption of cellular homeostasis [11], and can be avoided by chaperone
proteins, such as HSPs, that are able to prevent protein aggregation [139]. Furthermore, in
combination with chemotherapy and radiotherapy, mEHT has shown potential in overcoming
hypoxia-related resistance [130,140] and downregulating hypoxia-related target genes [139].
Finally, the rise in temperature can induce localized acidosis through elevated metabolic activity
and reduced oxygen availability [141]. This harsh environment can ultimately lead to the destruction
of the ‘starving’ tumor [136].
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On the another hand, mEHT also triggers non-thermal effects that occur when the system
undergoes changes in its properties under the influence of an alternating electromagnetic field,
which cannot be achieved solely through heating [142], contributing to its anti-cancer properties.
The non-thermal effects are primarily frequency-dependent and arise from the interaction
between the biological substance and the RF-current rather than the heating process itself [143].
Indeed, the high-frequency electric fields employed in mEHT induce alterations in the electric
potential across the cancer cell membranes [144]. This leads to the excitation of channels such as
transient receptor potential channels (TRPs), HSPs, voltage-gated channels, and voltage-sensitive
phosphatases (VSPs) [115]. These interactions subsequently engage the apoptotic signaling
pathways [113]. This phenomenon also known as electroporation can enhance the uptake of certain
molecules and drugs, potentially increasing the treatment effectiveness [145]. Furthermore, the
conductivity and the dielectric constant in malignant tissues are higher compared to normal
tissues [146]. This leads to increased energy absorption by tumors compared to the surrounding
healthy tissue, raising the extracellular temperature of cancer cells and ultimately causing damage
[144]. Through the electromagnetic field, mEHT is also able to induce direct DNA damage in cancer
cells by several mechanisms, including the generation of reactive oxygen species (ROS) and the
disruption of DNA repair pathways, which leads to genomic instability and cell death [139,147].
Moreover, previous study has confirmed that the electromagnetic field might inhibit or prevent
new blood vessel formation through the inhibition of vascular endothelial growth factor (VEGF)
production in breast cancer cells [148], probably via disruption of bioelectric signals that impede
the formation of new blood vessels. Finally, mEHT has been proposed to induce abscopal
phenomena, leading to simultaneous growth inhibition of tumors located at a distance from the
site of treatment [149]. By triggering an immune response reaction, mEHT enables the body to
systematically recognize and attack cancer cells, shifting the balance towards tumor suppression
[150]. This is achieved through the induction of immunogenic cell death and modification of tumor
microenvironment [115], leading to the activation and recruitment of immune cells, such as dendritic
[151], cytotoxic T [149], and natural killer cells [152]. Additionally, mEHT may synergistically work with
immune checkpoints inhibitors, which reinforce the immune response against cancer cells [153].
The immune action of checkpoint inhibitors results in abscopal effect in clinical practice [154,155].

7. MEHT AND THE INDUCTION OF THE HSR

As mentioned before, when exposed to heat shock, cells induce chaperone proteins (heat shock
proteins, HSPs) that protect them from the negative effects of heat. Same phenomena is observed
in cancer cells, resulting in the development of treatment resistance and the promotion of
malignant processes including uncontrolled growth, reduced tumor suppression, enhanced cell
survival, and the acquisition of powerful capacities for angiogenesis and metastasis [46]. As a
variation method of hyperthermia, mEHT can induce heat shock response and subsequent HSPs
upregulation in treated tumors. Indeed, the heat map on gene expression revealed significant
induction of members of the heat shock protein family, such as HSP70 and HSP9O, after mEHT
treatment in a human colorectal adenocarcinoma xenograft [117]. Multiplex data using next
generation sequencing (NGS), mass spectrophotometry (MS), and Nanostring confirmed the
upregulation of HSP70 isoforms after mEHT treatments [4]. Corroborating the upregulation in
mMRNA levels, HSPs were also upregulated at the protein level [156].

Oncothermia Journal Volume 36 | July 2025

Page 104 | 249



The upregulation of HSP70 was also observed in a triple-negative breast cancer (TNBC) isografts
treated with mEHT [3,4]. This finding was reported 24 h after the mEHT treatment and was
associated with inhibition of tumor growth and proliferation. Moreover, mEHT increased more than
10-fold the extracellular HSP70 release 48 h after treatment compared to conventional capacitive
coupling hyperthermia and water bath [124]. In another study, mEHT induced massive HSP70
expression not only intracellularly but also membrane-bound and extracellular HSP70 was
stimulated, which can be linked to enhancement of anti-tumor immunity [157]. In fact, Kuo et al.
suggested that combined mEHT therapy with curcumin and resveratrol synergistically increased
the immune response and HSP70 release, hence augmenting the anti-tumor efficacy in CT26
tumors [158]. mEHT is also able to provoke HSP70 upregulation in murine colon carcinoma models
[125,135,151], pancreatic adenocarcinoma [159], and melanoma xenograft [152].

Although many papers have proposed upregulation of HSPs by mEHT treatments, Andocs et al.
proposed a controversial effect of mEHT in human lymphoma cells [113]. In this study, gene
expression was analyzed using microarray in U937 cell line. The gene chip analysis then revealed a
distinct difference in gene regulation between samples treated with water bath and those treated
with mEHT at the same temperature. Notably, a highly cytoprotective gene network was activated
in samples submitted to water bath treatments, resulting in upregulation of HSPs. The upregulation
of HSPs ultimately prevented apoptotic cell death in this model. The same cytoprotective gene
network remained silent in mEHT-treated cells [113]. This difference in pathway activation is likely
attributed to the electric field effects observed in mEHT treatments [150].

A recent study has demonstrated for the first time that downregulation of HSF1 gene by
CRISPR/Cas9 gene-editing tool increased sensitivity of TNBC tumors to mEHT treatments. Tumor
follow-up measurements exhibited decrease in tumor volume when mEHT was applied to tumors
generated from HSF1 knockdown cancer cells. This proof of concept experiment also revealed that
the lentiviral construct reduced HSP70 upregulation after repeated mEHT treatments, hence
decreasing heat-induced thermotolerance (data not published). Moreover, the inhibitory effect of
HSPs on apoptosis is associated with its direct interaction with apoptotic molecules [160,161].
Inhibiting HSFlleads to a significant pro-apoptotic impact, accompanied by a concurrent decrease
in various heat shock proteins. Thus, the already established apoptotic effect induced by mEHT
[135,139,158,162] could be further enhanced when applied to HSF1knockdown cancer cells. However,
additional experiments are necessary to confirm this hypothesis.

8. NATURAL AND SYNTHETIC HSFI INHIBITORS

Besides the studies that have demonstrated successful repression of cancer growth by depletion
of the HSF1 gene, a number of attempts at developing small molecule inhibitors to reduce HSF1
expression have been reported [163], but most of them are still in preclinical phase [42] (Table 1
and Fig. 4). In spite of the successful inhibition of HSF1 observed in both in vitro experiments and
animal models, each inhibitor currently available for clinical use has its own set of limitations [164].
Unfortunately, for many of these compounds, the exact mechanism of action and drug specificity
remains unknown [42]. Another bias comes from the fact that HSF1 carries restrictions as a target
for drug development due to the absence of a clearly identifiable binding site for small molecule
inhibitors, the intricate nature of its activation process, and its susceptibility to numerous
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posttranslational modifications in response to different types and levels of proteotoxic stress [29].
Nevertheless, targeting HSF1for cancer therapy might be a promising modality in cancer treatment.

As HSF1 plays a remarkable role in tumorigenesis, its knockdown may reduce the proliferation,
migration and invasion of cancer cells [42,192], hence the development of HSF1 and consequently
HSP inhibitors became a target of cancer research [193]. Though mEHT is able to activate a
protective machinery, mainly by heat shock protein family induction, in which high expression of
HSPs, such as HSP70, can protect cancer cells from cell death, the anti-tumor effect of mEHT may
be enhanced by blocking the HSP-mediated defense mechanisms of cancer cells [3]. Therefore,
targeting HSF1 domains with small molecules may have a favorable toxicity profile.

Several potential inhibitors of HSF1 have been formulated, commonly derived from either natural
products or synthetic chemical structures. Recent reviews provide detailed overview of the
currently available compounds, their structure and mode of action [29,42,164,194,195] (Table 1 and
Fig. 4). Some of these compounds were used in combination with mEHT. Kuo et al. verified that
combining curcumin and resveratrol with mEHT increased immune cell infiltration into tumors
receiving this treatment [158]. In turn, HSP70 overexpression was also reported in tumors treated
with combined therapy. However, the authors proposed a mechanism by which HSP70 mediates
antigen-presenting cells (APCs) recruitment, leading to enhanced antitumor efficacy in CT26
tumors [158]. Resveratrol, a phenolic compound discovered in grape seeds, exerts its effectiveness
by inhibiting Akt phosphorylation, leading to suppression of HSF1 activation in cancer cells [196].
Mustafi et al. proposed that resveratrol plays a role in inhibition of HSF1 translocation to the nucleus,
consequently suppressing HSP70 expression [190].

Similar outcomes were presented earlier by Chakraborty et al., in which HSP70 downregulation was
achieved through inhibition of HSF1transcriptional activity mediated by obstruction of HSF1 nuclear
translocation [197]. Contrarily, curcumin has been proposed to stimulate HSP expression, such as
HSP70, in various cell types, including colorectal carcinoma [198] and leukemia cells [199]. This
effect is most likely attributed to the activation of HSF1 [200]. Curcumin, a well-known
phytochemical agent with anti inflammatory properties [201], induces HSP70 expression without
compromising cellular viability in cancer cells [202]. Furthermore, curcumin has been reported to
upregulate a tumor suppressor heat shock protein HLJ1 which leads to inhibition of cell invasion
and metastasis in lung cancer cells [203].

A recent paper revealed, however, that curcumin significantly decreased HSF1 expression as well
as proliferation of oral squamous cancer cells [191]. This paradox sustains our perception that
specific HSF1 inhibitors are needed and further pre-clinical research is essential for better
understanding of the mechanisms behind these inhibitors before entering clinical trials.
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Compound Structure Molecular Mechanism of Action References
Weight
Direct targeted HSF1 NH N 310 Strongly interacts with HSF1 DBD to downregulate nuclear HSF1 [165,166]
inhibitor (DTHIB) \l-r
o]
E cl
N
o o
Iys115 [+] 328 Induces Transcriptional activity inhibition through conformational [167]
N\ W change in the HSF1 DBD
bl o
= CHy
N
KRIBB11 HiC 284 Inhibits HSF1 activity by blocking HSF1-dependent p-TEFb [168]
NH recruitment to heat shock genes
Z N b
N
e V4
NH
NOz
Quercetin 302 Inhibits HSF1-HSE complex; [169,170]
Reduces HSP70 through the AP-1 pathway

Fisetin 286 Blocks the binding of HSF1 to HSP70 promoter [171]
Triptolide 360 Blocks the transcriptional activation of HSF1 complex on the HSP70 [172-174]

2,4-Bis(4-hydroxybenzyl)
phenol

Cantharidin

promoter; results in HSPOO acetylation

“n . 306 Degrades HSF1 protein through dephosphorylation of HSF1 [175]

196 Inhibits the HSF1 binding to HSP70 promoter; blocks HSF1-dependent  [176]
p-TEFb recruitment

(continued on next page)
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Compound Structure Molecular Mechanism of Action References
Weight
Stresgenin B 239 Inhibits HSP70 promoter activity [177]1
CL-43 475 Not defined [178]
Rohinitib 521 Reduces HSF1 DBD binding affinity to HSE [179,180]
BEZ235 469 Downregulates the inducible HSP70-encoding HSPA1A gene [181]
SNS-032 N Q 380 Not defined [182]
I g~ L

P am | NH

4,6-disubstituted N=-, 416 Inhibits HSF1 pathway indirectly through CDK9 inhibition [182]
pyrimidines N4, N, LI
; : ;
= ij N ~_-N
o
KNK437 0- A . A 247 Inhibits the HSF1 activation and the HSF1-HSE interaction; Inhibits [183,184]
y ""| J' T S the AKT/HSF1 pro-survival pathway
o * o N\
——OH

KNK423

(I/\@O) n7 Same as KNK437 [184]
N
H Yo ©

(continued on next page)
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Compound Structure Molecular Mechanism of Action References

Weight
Dorsomorphin o E 399 Inhibits HSF1 nuclear translocation; Inhibits HSF1 phosphorylation [185]
N n-N
L]
N
N
CCT251236 5 N, 0 i 552 Inhibits HSF1-mediated transcriptional activity [186]
Q. a
H
N N4
]
PW3405 H 444 Inhibits HSF1 phosphorylation and activity [187]
OH O HN~ "~ "oH
(]
L)
OH O HN.__~ N~ OH
H
NZ28/Emunin e N o 418 Red HSF1 phosphorylation and inhibits HSF1 transcriptional [188,189]
] [ activity; Downregulates HSP70 via HSF1 inhibition
| g
AR NH "o
| o |
Resveratrol HO. 228 Inhibits HSF1 nuclear translocation [190]
oV o
OH
Curcumin 368 Prevents HSF1 from binding HSE [191]
o

,0! o # lo\
HO OH

HSF1: heat shock factor 1, DBD: DNA-binding domain; p-TEFb: positive transcription elongation
factor b; HSP: heat shock protein; HSE: heat shock elements; AP-1: activator protein 1, CDK: cyclin-
dependent kinase.

In vitro experiments demonstrated that quercetin and KRIBBI1], two potent heat shock inhibitors,
when applied in combination with mEHT treatments not only reduced breast cancer cell viability
but also inhibited HSP70 mRNA upregulation normally seen in mEHT monotherapy [3]. Moreover,
the mEHT + KRIBB11 synergism was also proposed to decrease the heat shock-related complement
production through C4b, an acute phase protein [4]. Quercetin, a flavonoid plant pigment, is
recognized for its ability to suppress the heat shock response by preventing HSF1 binding to heat
shock elements (HSE) [169]. Additionally, quercetin not only suppresses the accumulation of HSP70
in tumors during combination therapy but also facilitates cell apoptosis through the HSF1 pathway
64].
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Fig. 4. Mechanism of action of HSF1 inhibitors. Various HSF1 inhibitors target distinct steps in the
HSF1 pathway: 1) Emunin and PW3405 inhibit HSF1 phosphorylation, reducing its activation. 2)
Dorsomorphin and Resveratrol prevent HSF1 from translocating into the nucleus. 3) Quercetin,
fisetin and curcumin, suppress HSF1's ability to bind the HSE. 4) KRIBB11 and cantharidin block HSF1-
dependent recruitment of the positive transcription elongation factor (p-TEFb), which impede
downstream effects. 5) CDK9 inhibitors, such as 4,6-disubstituted pyrimidines, indirectly hinder
HSF1 function. 6) CCT251236 and BEZ235 directly inhibit HSF1- mediated transcriptional activity.
The HSF1inhibition mechanism is still not clear for two compounds: CL-43 and SNS-032. Graphical
design based on Ahmed et al. [11]. References regarding the mechanisms of each inhibitor can be
found in Table 1. Created with biorender.com.

However, quercetin seems to inhibit multiple targets not limited to HSF1, such as a range of protein
kinases, suggesting a non-specific mechanism of action [204]. Differently, KRIBB11 (N2 -(1H-
indazole-5- yl)-N6 -methyl-3-nitropyridine-2,6-diamine), a novel synthetic chemical compound
described by Yoon et al. [168], is the only commercially available HSF1 specific inhibitor. KRIBB1
exerts its inhibitory effect on HSF1 activity by disrupting the binding of positive transcription
elongation factor b (p-TEFb) to the promoter region of the HSP gene [168]. KRIBB11 has been
reported to inhibit HSF1 expression in pancreatic cancer [90], breast cancer [205-207] and also
triple-negative breast cancer [208], bladder cancer [209], lung cancer [210], hepatocellular
carcinoma [211], myeloma cells [212], glioblastoma cells [213], and leukemia model [214]. These in
vivo experiments have demonstrated that KRIBBI11 can reduce tumor growth without significant
toxicity [168,207,209,211,212,214]. Besides HSF1 inhibition, HSPs downregulation upon KRIBB11 drug
administration has also been reported [209,210,212-214]. Contrarily, Yoo et al. results were
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inconsistent with those previous studies that demonstrated KRIBB11 anticancer effect through HSF1
depletion. In fact, this group failed to prove the downregulation of HSF1 and HSPs by KRIBBT],
indicating that the activation of different molecular pathways by KRIBB11 depends on the
application of the compound whether in a steady state or under stress conditions, such as heat
shock, which could potentially result in the HSF1 activation [215]. Despite the fact that KRIBB11 seems
to be highly specific to HSF1, Kang et al. suggested a possible off target effect on an anti-apoptotic
protein, MCL-1, in which KRIBB1l was found to accelerate MCL-1 degradation, hence inducing
apoptosis in cancer cells [216]. Finally, our recent in vivo experiment revealed synergism between
mEHT and KRIBB11 in a TNBC mouse model. Simultaneously KRIBB11 administration for 8 days and
four mEHT treatments demonstrated significant reduction of tumor weight with no body weight
loss, and inhibition of HSP70 upregulation usually reported when tumors are treated by mEHT due
to heat shock response, in both mRNA and protein levels (data not published). These results
suggest that KRIBBI11 might have high translational potential.

9. CONCLUSION AND PERSPECTIVES

Over the years, hyperthermia has shown promise as a cancer treatment, but it also possesses
inherent weaknesses and limitations. These include challenges related to tumor depth,
temperature distribution, thermal resistance and the narrow therapeutic window. Modulated
electro-hyperthermia (mEHT), however, has emerged as a promising therapeutic alternative
approach to conventional hyperthermia in cancer treatment, utilizing a controlled electromagnetic
field to selectively target tumor cells. The localized electromagnetic exposure triggers severe and
extensive cell death. However, the mEHT induced complex cellular response includes the heat
shock response (HSR), which encompasses the activation of heat shock proteins (HSPs) and other
molecular pathways to protect cells from damage. The stimulated HSR can promote cell survival
and facilitate protein homeostasis. However, HSPs' upregulation can also confer resistance to
chemo- and radiotherapy, allowing cancer cells to evade hyperthermia-induced apoptosis.
Therefore, downregulation of the HSR through either HSF1 gene-knockdown or by small molecule
inhibitors, such as KRIBB1], represents a significant approach for enhancing the cell/tumor-killing
effect of mEHT. By targeting the key regulator HSF1, which coordinates the protective HSR, it
becomes possible to impair the cellular stress response and weaken the ability of cancer cells to
withstand thermal stress induced by mEHT. Inhibition of the HSR hence can disrupt protein
homeostasis, compromise cellular viability, and render cancer cells more susceptible to the
cytotoxic effects of mEHT. This dual therapeutic approach of combining mEHT with strategies that
downregulate the heat shock response holds promise in augmenting the efficacy of mEHT as a
selective and powerful anti-tumor modality. Further investigations and clinical studies, however
are still necessary to optimize the application of these combined treatments and explore their full
potential in clinical cancer therapy.
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