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1. Introduction
1.1. Triple-Negative Breast Cancer

Cancer is a major public health problem and the leading cause of death
worldwide, accounting for nearly 10 million deaths in 2020 (1). Female breast
cancer is the most diagnosed cancer type and has surpassed lung cancer as the
leading cause of global cancer incidence in 2020, with an estimated 2.3 million
new cases, representing 11.7% of all cancer cases and 684,996 of cancer deaths
D).

Among all breast cancer types, triple-negative breast cancer (TNBC) is the
most aggressive clinical subtype, characterized by its metastatic patterns and
resulting in a poor prognosis (2). TNBC refers to the subset of breast cancers
lacking estrogen-, progesterone-, and human epidermal growth factor 2
receptors (HER2) (3, 4). TNBC represents 15-20% of all breast cancer patients
and tends to have higher incidence among premenopausal young women under
40 years of age (5). It is characterized by distinct biological features,
unfavorable course, and high histological grade (6, 7). In comparison to other
subtypes of breast cancer, TNBC patients have shorter survival time, with a
mortality rate of 40% within the first 5 years after diagnosis (8), mostly because
TNBC is highly invasive and likely 46% of TNBC patients will experience
distant metastasis (9). Due to the absence of receptor expression, TNBC is not
sensitive to endocrine treatment and targeted therapies (10, 11). Although many
efforts have been made to develop treatment options for patients with TNBC
(4, 12), still the few available treatments are surgery, chemotherapy, and/or
radiotherapy (5), all with poor outcome. Therefore, the development of new

treatment strategies is urgently needed.

1.2. Heat Shock Response

The heat shock response (HSR) is a fundamental cellular mechanism that
plays a critical role in maintaining proteostasis and cellular homeostasis under
stress conditions (13). The heat shock factor 1 (HSF1) is the master regulator

of the HSR in eukaryotes (14, 15). HSF1 is an ubiquitously expressed



transcription factor that regulates the expression of heat shock protein (HSP)
genes in response to cellular stress (16). To avoid cellular damage and protein
degradation caused by a wide range of environmental stressors, organisms
respond by inducing HSPs, which refold damaged proteins, consequently
preserving proteostasis (17). The process unfolds as follows: upon heat shock
(or other forms of cellular stress), HSF1 is phosphorylated, trimerizes, and
translocates into the nucleus, where it induces chaperone gene expression by
binding to DNA sequence motifs known as heat shock elements (HSEs) (18),
the promoter regions of HSPs. Consequently, transcription of HSP genes is
induced (19). HSPs in turn interact and regulate HSF1 transcriptional activity
by direct binding, creating a negative feedback mechanism for controlling the
HSR (20). 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
(18). Figure 1 illustrates the HFS1 activation. Hence, the role of HSPs is to
regulate protein (re)folding, transport, translocation, and assembly under stress
conditions in many normal cellular processes (21). Therefore, upregulation of
HSPs increases cell survival and stress tolerance (22), 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 (23, 24).
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Figure 1. Heat-induced thermotolerance. Heat stress leads to aggregation of HSF1
monomer into DNA binding homotrimer. This HSF1 trimer translocates to the nucleus
where it binds to heat shock elements (HSE) in the promoters of HSP genes, inducing
the transcription of heat shock proteins (HSPs). HSPs (chaperones) protect proteins
from aggregation and activate anti-apoptotic proteins and inhibit pro-apoptotic
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. (18). Published by Viana et al. (25). Created with
biorender.com.

1.2.1. The Role of Heat Shock Response and HSF1 in Cancer

The heat shock response (HSR) plays a crucial role in cancer. Once
dysregulated, the HSR contributes to the survival and growth of cancer cells
(26). In the malignant state, a wide variety of stressful conditions, such as
hypoxia, acidity, and low glucose levels, arises from the tumor
microenvironment (27). In all these stress conditions, the cell’s proteostasis
network, which is responsible for the balance of protein synthesis, folding, and

degradation, can be overwhelmed (28). Therefore, cancer cells have constantly



activated HSR and elevated proteasome activities due to the high levels of
constitutively misfolded proteins. HSF1, as the master regulator of the HSR,
permits cancer cells to cope with these diverse malignancy-associated stressors.
In doing so, malignant tumors reprogram their metabolism, physiology, and
protein homeostasis, enabling oncogenesis (29). This enhanced cytoprotective
response enables cancer cells to withstand cellular stress, proliferate, and
develop resistance to conventional cancer therapies (30). The ultimate result is
the facilitated cellular adaptation to the malignant lifestyle (31). Additionally,
the HSR has been implicated in cancer cell invasion, angiogenesis, and immune
evasion (32). In cancer, HSF1 controls many genes, such as cell cycle and
apoptosis regulators, that contribute to the malignant phenotype and support
cancer growth (33), including genes involved in cell-cycle regulation,
signaling, metabolism, adhesion and translation (34). While HSF1 mutations
are uncommon in different cancer types, frequent copy number alterations,
particularly amplifications, are prevalent (35). Indeed, many human cancer
types and cancer cell lines express HSF1 constitutively at elevated levels (17,
36, 37), including hepatocellular carcinoma (HCC) (38, 39), breast cancer (29),
endometrial carcinoma (40), and oral squamous cell carcinoma (OSCC) (41).

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 (32). The oncogenic potential of HSF1 was initially
revealed by HSF1-knockdown mouse models (31). 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 (42). 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 (43).

Although much less is known about the molecular mechanisms by which
HSF1 regulates cell proliferation and survival in cancer cells, elevated

expression levels of different members of the stress-inducible HSP family have



been reported in a wide range of cancer types, indicating a crucial role of HSPs
in tumor development (23, 44). Indeed, overexpression of HSPs have received
considerable attention as prognostic biomarkers in terms of survival and
response to therapy in cancer (45). The elevated levels of HSPs provide cancer
cells a survival advantage by promoting protein folding, stabilizing oncogenic
proteins, and assisting the proper functioning of cellular processes under stress
conditions (26). The hypoxic and nutrient-deprived tumor microenvironment
induces proteotoxic stress and leads to HSPs upregulation as a cellular defense
mechanism against misfolded proteins and aggregation (46, 47). Among the
HSP-family members, the most extensively studied ones with active roles in
cancer include HSP27, HSP70, and HSP90 (46). These HSPs exhibit slight
functional variations and are commonly classified based on their molecular

weight.

1.2.2. HSP70

HSP70 has a critical role in protein folding, protein homeostasis, and
promoting cell survival (48). HSP70 is primarily expressed intracellularly in
cancer cells (49), where it promotes survival, proliferation, invasiveness, and
resistance of malignant cells. However, when shed or released extracellularly,
HSP70 acts as a damage-associated molecular pattern (DAMP) that can
contribute to antitumor immunity and increased cell damage (50, 51). Within
cancer cells, HSP70 triggers mitotic signals, inhibits apoptosis, and suppresses
oncogene-induced senescence (52). Overexpression of HSP70 is associated
with resistance to chemotherapy and poor prognosis for a wide range of cancer
types (51), such as lung, breast, colon, liver, prostate, esophagus, and cervix
(53, 54). Moreover, the upregulated HSP70 levels could potentially work as a
predictive factor for both cancer diagnosis and treatment response (52).
Likewise, downregulation of HSP70 expression in preclinical setting inhibits
cancer growth and significantly promotes apoptosis, consequently increasing

malignant tumor's susceptibility to chemotherapy and radiotherapy (55).



1.3.Hyperthermia

Hyperthermia is a therapeutic approach that involves raising the
temperature of a part of or the entire body to treat various medical conditions.
In the context of cancer therapy, hyperthermia involves heating the cancerous
area and can exploit the differential heat sensitivity between tumor tissue and
normal, healthy tissue to enhance the effectiveness of treatments like
chemotherapy and radiotherapy (56). 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” (57). In fact, hyperthermia has been
reported to be clinically relevant adjuvant therapy for cancer treatment (58).
Many studies have demonstrated the increased drug exposure to cancer via the
circulation by adding heat treatment, and hence increasing cytotoxicity of
chemotherapeutic agents (59-62). However, hyperthermia as a cancer treatment

modality has been reported to be controversial (63).

1.3.1. Hyperthermia in Oncology

The controversy surrounding hyperthermia therapy is due to challenges in
achieving deep heat penetration and precise targeting. These challenges can
lead to insufficient selective elimination of malignant cells and increased
toxicity to healthy tissues (64). 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 (65). Additionally, an increase in temperature can boost blood flow and
nutrient delivery, which potentially facilitates cancer progression and may aid
metastasis development (66). Nonetheless, the most relevant complication
associated with the use of hyperthermia in cancer treatment is the induction of
heat stress response in cells (67, 68). This phenomenon, known as
thermotolerance, is a cellular defense mechanism that reduces susceptibility to
heat-induced damage (23). The mechanism of thermotolerance is attributed to
HSP production, and hampers the effects of hyperthermia (27). This acquisition

of thermotolerance enhances cancer cell growth by preventing apoptotic cell
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death (18) via elevation of HSF1 (29) and HSPs (45), and reduces the
hyperthermia effects in clinical treatment. Therefore, targeting HSF1 to inhibit
the HSR might enhance the effectiveness of hyperthermia-based cancer
treatments by increasing the sensitivity of cancer cells to heat-induced
therapies.

1.3.2. Inhibition of Heat Shock Response Through HSF1

HSF1 is considered as one of the main determinants of oncogenesis, and
ablation experiments have shed lights to the role of HSF1 in cancer
development. In vitro HSF1 knockdown resulted in impairment of growth,
survival, invasion, migration and epithelial-mesenchymal transition (EMT) of
cancer cell lines, including pancreatic cancer (69, 70), multiple myeloma (71),
hepatocellular carcinoma (HCC) (38), colorectal carcinoma (72), and
melanoma (73). In turn, HSF1 knockout mouse models are proved to be
remarkably resistant to a number of oncogenes (31, 74-76). 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 (77). 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 (31). Moreover, HSF1 knockdown induces apoptosis (78), inhibits cell

proliferation, and arrests cell cycle at G1 phase (72, 79) in cancer cells.

1.3.3. HSF1 Inhibition and Hyperthermia

HSF1 knockdown had been shown to enhance hyperthermic-
chemotherapy in cervical cancer (80), and to reduce proliferation and tumor
size in skin (31, 81), liver (78), ovarian (34), pancreatic (70), and breast (82,
83) cancers. Indeed, Rossi et al. reported that HSF1 knockdown led to increased
sensitivity of HeLa cells to thermochemotherapy, resulting in upregulation of
apoptosis (80). Also, the knockdown of HSF1 was associated with autophagy

inhibition which increases drug sensitivity to chemotherapeutic treatment in
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breast cancer cells (84). 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 (81). In
addition, the gene therapy designed to target HSF1 helped to escape
thermotolerance in cancer cells (85-87). 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 (88). 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 overexpressing
HSP70 may be thermotolerant (85). Moreover, HSF1 depletion by small
interfering RNA (siRNA) resulted in reduction of the constitutively high
expression of HSP90 and HSP70, in a breast cancer model (82). These findings
suggest that hyperthermia in combination with the inhibition of the heat shock

response might be exploited for treating cancer patients.

1.3.4. Modulated Electro-Hyperthermia

Modulated electro-hyperthermia (mEHT) is a promising adjuvant therapy
form (89, 90). mEHT is a non-invasive cancer therapy applying a modulated
electromagnetic field to the malignant tumor, inducing tumor cell damage by
temperature dependent- and independent-mechanisms. A 13.56 MHz
radiofrequency (RF) current is applied using capacitive coupling between two
electrodes strategically arranged around the tumor (91, 92) (Figure 2A). The
energy of the RF current is selectively absorbed by tumor tissues due to several
mechanisms reviewed before (93), including cancer tissue metabolism, ion
composition and the electromagnetic properties of lipid rafts (94). The
electromagnetic field induces a +2.5 °C heating of the malignant tumor
compared to its surrounding in preclinical setting (90). The +2.5 °C temperature

difference, significantly widens the narrow therapeutic window (AT: ca 1 °C
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only) achievable with conventional hyperthermia. The ultimate result is the

minimal damage in surrounding normal tissues during mEHT treatments (95).
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Figure 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). Among subsequent
biochemical reactions are alterations in membrane permeability, which 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 (64). Created with biorender.com D) Illustration of
the mEHT treatment setup LabEHY200 designed for in vivo experiments involving
mice, reproduced from Schvarcz et. al (89). E) mEHT in vivo treatment setup,
reproduced from Danics et. al (90). RF: radiofrequency, ICM: intracellular matrix,
ECM: extracellular matrix, Na: sodium, K: potassium. Published by Viana et al. (25).

1.3.5. Conventional Hyperthermia vs mEHT

The mEHT technique, which has been successfully applied in the clinics

for over 30 years (95), differs from conventional hyperthermia methods, such
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as non-modulated capacitive hyperthermia, in that mEHT creates a non-
homogenous heating by increasing the temperature gradient between the
intracellular/extracellular environment through the cell membranes in
malignant tissues (96) (Figure 2B). This alteration in temperature gradient
affects membrane processes, which favors signaling pathways that induce
extrinsic apoptosis (95, 97) rather than thermal necrosis (98) (Figure 2C). The
temperature dependent cytotoxicity targeting cancers is thus enhanced by a
synergy between the heat and the electromagnetic field (99-103).

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 (104). In fact, the
modulation is able to induce non-thermal effects which enhance the cell-killing
thermal effects, compared to conventional capacitive coupled hyperthermia
(101, 105). Therefore, the resulting electromagnetic field generates irreversible
cell stress (106). Moreover, mEHT has overcome the most problematic point
of hyperthermia devices. According to Roussakow, the utilization of a 'skin
sensor' in mEHT eliminates the requirement for thermometry traditionally
employed in conventional hyperthermia techniques (104). The mEHT
electrodes induce heating only surrounding the “zone of interest”, which
increases selectivity of energy deposition in tumor tissues (104). In this regard,
according to Lee et al., mEHT is a promising technique that can achieve
selective and effective targeting of the cancer tissue (63).

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 (105) due to the potentiating effects of
the electromagnetic field (non-temperature dependent effects) and the greater
temperature difference. Figure 2D, E illustrate the mouse setup for in vivo
studies. Moreover, mEHT has been shown to enhance cell-killing effects by
increasing drug uptake in cancer cells (107). In the clinical setting, mEHT has

been demonstrated to induce significant enhancements, including increased
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disease-free survival and improved quality of life, in patients with breast- (108),
cervical- (109), ovarian- (110), rectal- (111), and pancreatic cancers (112-114).

1.3.6. The Mechanisms of Cancer Cell-Killing by mEHT

The mechanisms underlying mEHT involve a combination of thermal and
non-thermal effects (Figure 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 (97).
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 (103). These effects are, therefore, direct
consequences of temperature elevation (temperature-dependent) through
energy absorption. When exposed to elevated temperatures, cells undergo
several changes that influence the progression of cell cycle (115). Application
of mEHT induces irreversible cellular stress, resulting in the arrest of the cancer
cell cycle and caspase-dependent programmed cell death (116, 117). The
temperature elevation increases blood flow and perfusion through the target
tissues, which potentially improve the efficacy of chemotherapy (118).
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 (119). This is the key event in the disruption of
cellular homeostasis (18), and can be avoided by chaperone proteins, such as
HSPs, that are able to prevent protein aggregation (120). Furthermore, in
combination with chemotherapy and radiotherapy, mEHT has shown potential
in overcoming hypoxia-related resistance (111, 121) and downregulating
hypoxia-related target genes (120). Finally, the rise in temperature can induce
localized acidosis through elevated metabolic activity and reduced oxygen
availability (122). This harsh environment can ultimately lead to the destruction
of the 'starving" malignant tumor (116).

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
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heating (123), 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 (124). Indeed, the high-frequency electric fields used in mEHT
induce alterations in the electric potential across the cancer cell membranes,
resulting in the formation of transient nanopores (125). These interactions
subsequently engage the apoptotic signaling pathways (95). This phenomenon
also known as electroporation can enhance the uptake of certain molecules and
drugs, potentially increasing the treatment effectiveness (126). Furthermore,
the conductivity and the dielectric constant in malignant tissues are higher
compared to normal tissues (127). This leads to increased energy absorption by
cancers compared to the surrounding healthy tissue, raising the extracellular
temperature of cancer cells and ultimately causing damage (125). 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 (120, 128). Moreover, previous study has
confirmed that the electromagnetic field might inhibit or prevent new blood
vessel formation through the vascular endothelial growth factor (VEGF)
production in breast cancer cells (129), 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 malignant tumors located at a distance from the site of treatment
(130). By triggering an immune response reaction, mEHT enables the body to
systematically recognize and attack cancer cells, shifting the balance towards
cancer suppression (131). This is achieved through the induction of
immunogenic cell death and modification of tumor microenvironment (97),
leading to activation and recruitment of immune cells, such as dendritic (132),
cytotoxic T (130), and natural killer cells (133). Additionally, mEHT may
synergistically work with immune checkpoints inhibitors, which reinforce the
immune response against cancer cells (134). The immune action of checkpoint

inhibitors results in abscopal effect in clinical practice (135, 136).
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THERMAL EFFECTS NON-THERMAL EFFECTS

APOPTOSIS

2.

Figure 3. The figure highlights the intricate interplay between thermal and non-
thermal influences induced by 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. These
combined impacts emphasize the potential of mMEHT as a comprehensive approach in
cancer therapy. Based on (66, 111, 116, 118-120, 125, 127, 129, 131). Published by
Viana et al. (25). Created with biorender.com.
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1.3.7. mEHT and HSR induction

As mentioned before, when exposed to heat shock, cells produce
chaperone proteins (heat shock proteins, HSPs) that protect them from the
negative effects of heat. Same phenomena is observed in cancer cells, resulting
in 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 (26). As a variation method of hyperthermia, mEHT can induce heat
shock response and subsequent HSP upregulation in treated cancers. Indeed,
the heat map on gene expression revealed significant induction of members of
the heat shock protein family, such as HSP70 and HSP90, after mEHT
treatment in a human colorectal adenocarcinoma xenografts (137). Multiplex
data (Next Generation Sequencing — NGS, and NanoString), and qPCR
confirmed the upregulation of HSP70 isoforms after mEHT treatments (89).
Corroborating the upregulation in mRNA levels, HSPs were also upregulated
at the protein level by immunohistochemistry (138) or Mass Spectrometry
(MS).

The upregulation of HSP70 was also observed in a triple-negative breast
cancer (TNBC) isografts treated with mEHT (89, 90). Moreover, mEHT
increased more than 10-fold the extracellular HSP70 release 48 hours after
treatment compared to conventional capacitive coupling hyperthermia and
water bath (105). 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-cancer immunity (139).
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-cancer efficacy in CT26 cells (140). mEHT is also
able to provoke HSP70 upregulation in murine colon carcinoma models (106,

117, 132), pancreatic adenocarcinoma (141), and melanoma xenograft (133).
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1.4. Inhibitors of the HSR

The activation of the Heat Shock Response (HSR) protects cancer cells
from damage induced by heat, radiation, or chemotherapy, thereby reducing the
efficacy of anticancer treatments (51). Indeed, overexpression of heat shock
proteins has been identified as a survival mechanism in cancer, enabling them
to resist therapeutic interventions (45). Suppressing this defense mechanism
has the potential to enhance the sensitivity of cancer cells to hyperthermia and

other anticancer therapies.

1.4.1. Natural and Synthetic HSF1 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 (142)
(Figure 4), but most of them are still in preclinical phase (43). 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 (143). Unfortunately, for many of these compounds, the exact
mechanism of action and drug specificity remains unknown (43). 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 posttranslational modifications in response to
different types and levels of proteotoxic stress (35). Nevertheless, targeting

HSF1 for cancer therapy might be a promising modality in cancer treatment.
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Figure 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 HSF1 inhibition mechanism is still not clear for
two compounds: CL-43 and SNS-032. Graphical design based on Ahmed et al. (18).
Published by Viana et al. (25). Created with biorender.com.

1.4.2. mEHT and the HSF1 inhibitors

As HSF1 plays a remarkable role in tumorigenesis, its knockdown may
reduce the proliferation, migration and invasion of cancer cells (43, 144), hence
the development of HSF1 and HSP inhibitors became a target of cancer
research (145). While mEHT activates protective mechanisms, particularly
through inducing heat shock proteins like HSP70, its anti-cancer efficacy may

be improved by inhibiting the HSP-mediated defense mechanisms of cancer
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cells (90). Therefore, targeting HSF1 domains with small molecules may have
favorable outcomes 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 (35, 43, 143, 146, 147) (Figure 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 malignant tumors (140). In turn, HSP70 overexpression was
also reported in cancers treated with this combined therapy. However, the
authors proposed a mechanism by which HSP70 mediates antigen-presenting
cells recruitment, leading to enhanced anti-cancer efficacy in CT26 malignant
tumors (140).

1.4.3. KRIBB11

KRIBB11 (N?-(1H-indazole-5-yl)-N6é-methyl-3-nitropyridine-2,6-
diamine) is a small molecule inhibitor that has gained significant attention in
cancer research due to its ability to target the HSR pathway. Unlike other HSR
inhibitors, KRIBB11 specifically targets HSF1, the master regulator of the
HSR. It exerts its inhibitory effects by disrupting the binding of the Positive
Transcription Elongation Factor b (p-TEFb) to the promoter region of the HSP
gene (148). KRIBB11 has been reported to inhibit HSF1 expression in
pancreatic cancer (69), breast cancer (149-151), and also triple-negative breast
cancer (152), bladder cancer (153), lung cancer (154), hepatocellular carcinoma
(155), myeloma cells (156), glioblastoma cells (157), and leukemia model
(158). These in vivo experiments have demonstrated that KRIBB11 can reduce
cancer growth without significant body weight loss or toxicity (148, 150, 153,
155, 156, 158). Additionally, KRIBB11 has been shown to disrupt the HSF1-
HSP interaction, preventing the transcriptional activation of HSP genes (153,
154, 156-158). Notably, KRIBB11 was reported to inhibit the expression of
HSP70 under heat shock (148). Contrarily, Yoo et al. results were inconsistent

with those previous studies that demonstrated KRIBB11 anticancer effect
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through HSF1 depletion. In fact, this group failed to prove the downregulation
of HSF1 and HSPs by KRIBBL11, 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 (159). The inhibition of the HSR,
however, is of particular interest in cancer therapy, as the HSR plays a crucial
role in promoting cancer cell survival and resistance to various stressors,
including hyperthermia (27). All together, these results suggest that KRIBB11
might have high translational potential.

In vitro experiments demonstrated that KRIBB11l 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 (90). Moreover, the mEHT + KRIBB11 synergism was also
proposed to decrease the heat shock-related complement production through
C4b, an acute phase protein (89).

1.5. Progesterone Receptor

Progesterone receptors (PGR) are members of the nuclear/steroid receptor
family, functioning as ligand-dependent transcription factors, that are
expressed primarily in female reproductive tissues and in the central nervous
system (160, 161). When bound to the ovarian steroid ligand progesterone,
PGR becomes activated and translocates to the nucleus. There, it binds to
specific sites in the DNA known as Progesterone Response Elements (PRES),
thereby regulating the expression of target genes (162).

In normal human tissues where the receptor is normally expressed,
including the breast, PGR behaves as a key regulator of epithelial cell
proliferation, differentiation, and tissue homeostasis, contributing to the
cyclical changes observed during the menstrual cycle and supporting overall
breast health (163).
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1.5.1. Progesterone Receptor and Breast Cancer

Progesterone, a vital female hormone, is increasingly recognized for its
role in cancer development and progression (164). Consequently, the scientific
community is placing significant attention on understanding the involvement
of progesterone in breast and gynecological cancers (165). Indeed, elevated
levels of PGR have been associated with increased transcription of specific
genes involved in cell proliferation and metastasis (166), leading to a poorer
prognosis and resistance to chemotherapy (161). Consequently, PGR is
routinely utilized as a biomarker for characterizing breast cancer at diagnosis
(163). On the other hand, malignant tumors expressing PGR respond more
effectively to antiprogestins, which are drugs that counteract the effects of
progesterone (160). Mifepristone (MIF), for instance, is known to inhibit cell
proliferation in cancers that overexpress progesterone receptor isoform A
(PRA), a PGR isoform observed in breast cancer that promotes tumor growth
and progression (167). MIF, together with Ulipristal Acetate (UPA), is included
in a new class of synthetic steroid ligands known as Selective Progesterone
Receptor Modulators (SPRMs) that have been used to compete at the PGR-
target site in a tissue-specific manner, thereby inhibiting the proliferation of
breast cancer cells (161, 168, 169).

While the presence of PGR in primary breast carcinomas is typically
regarded as a marker of a favorable prognosis, correlating with better overall
survival rates, PGR-negative cancers tend to exhibit lower differentiation and
are associated with more aggressive cancer types (170). This association is
supported by numerous clinical studies and meta-analyses, which consistently
demonstrate that patients with PGR-positive breast cancers have superior
clinical outcomes compared to those with PGR-negative cancers (171-174).
The positive prognostic impact of PGR expression lies in its role in regulating
essential biological processes linked to cancer development and progression,

and responding to endocrine therapy.
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2. Objectives

The studies summarized in this thesis investigated molecular mechanisms

of modulated electro-hyperthermia (mEHT) and their anti-cancer potential in

Triple-Negative Breast Cancer (TNBC) in vitro and in vivo mouse model,

including:

To establish a 4T1 cell model in vitro using a CRISPR/Cas9
lentiviral construct to knockdown Heat Shock Factor 1 (HSF1)
gene;

To investigate the impact of HSF1 downregulation on the Heat
Shock Response (HSR) subsequent to mEHT treatments in vivo;
To evaluate the combined therapeutic impact of mMEHT and HSF1
inhibition with KRIBB11 inhibitor in vivo;

To explore the modulation of HSP70 in response to mEHT in
combination with either HSF1 knockdown or KRIBB11 treatment;
To elucidate the alterations in Progesterone Receptor (PGR)
expression in response to in vivo mEHT treatments using a
comprehensive multiplex analysis at the mRNA level;

To verify the changes in PGR expression at the protein level;

To evaluate the potential synergistic effect of combining mEHT
treatments with antiprogestins, Mifepristone (MIF) or Ulipristal
Acetate (UPA), on the viability of 4T1 TNBC cells;

To evaluate how effective is to combine MIF or UPA with mEHT
treatments, as opposed to combining these antiprogestins with

conventional hyperthermia in vitro.
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3. Materials and Methods
3.1. Cell Culture and Reagents

For both in vitro and in vivo studies, the 4T1 murine mammary carcinoma
cell line was used. The 4T1 cell line is a widely used murine breast cancer cell
line known for its aggressive metastatic behavior in immunocompetent
syngeneic mouse models. It is isogenic, meaning it shares identical genetic
background with the host, facilitating the study of immune-cancer interactions
without rejection. The 4T1 cells were grown as adherent culture in Dulbecco’s
Modified Eagle Medium (DMEM high glucose, 4.5 g/L without L-glutamine
and Phenol Red, Capricorn Scientific, Ebsdorfergrund, Germany, Cat-No.
DMEM-HXRXA) supplemented with 10% Fetal Bovine Serum (FBS — South
America Origen, EU approved, EuroClone S.p.A., Pero, Italy, Cat-No.
ECS0180L), L-glutamine 200 mM (Capricorn Scientific, Ebsdorfergrund,
Germany, Cat-No. GLN-B), and penicillin/streptomycin 100x (Capricorn
Scientific, Ebsdorfergrund, Germany, Cat-No. PS-B). Cells were submitted to
passages every 2 or 3 days. Trypsin 10x (Lonza A. G., Basel, Switzerland, Cat-
No. 17-160E) was used to release cells from sub-confluent monolayers. The
detached cells were seeded back into cell culture flasks or prepared for
experiments. KRIBB11 was purchased from MedChemExpress (MCE®,
Monmouth Junction, NJ, USA, Cat-No. HY-100872). Mifepristone (Cat-No.
HY-13683) and Ulipristal Acetate (Cat-No. HY-16508) were purchased from
MedChem Express (MCE®, Monmouth Junction, NJ, USA).

3.2. Cell Viability Assay

The viable yield was determined by resazurin assay method, as described
(175). Resazurin is a cell permeable redox indicator used to monitor cytotoxic
effects that eventually lead to cell death. In this way, viable cells with active
metabolism can reduce resazurin into the resofurin product, giving a pink
fluorescent color (175). High purity resazurin sodium salt (Sigma-Aldrich Co.,
St. Louis, MO, USA, Cat-No. R7017) was dissolved in PBS (without Ca & Mg,

without Phenol Red, Capricorn Scientific, Ebsdorfergrund, Germany, Cat-No.
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PBS-1A) to 0.3 mg/ml concentration and filtered through a 0.2 um filter. After
aspirating the residual media, working solutions containing 10% (v/v) resazurin
stock solutions diluted in culture media were added to each well and incubated
for 2 hours in humidity chamber (5% CO; at 37°C). Fluorescence was recorded
at 560 nm excitation / 590 nm emission filter set using a microplate reader
(BioTek PowerWave HT 340 Microplate Reader, Bad Friedrichshall,
Germany).

3.3. Cell Proliferation

Cell growth was evaluated in the 4T1 TNBC cell line that was subjected
to dose-response treatments with mifepristone (MIF) or ulipristal acetate
(UPA). To measure proliferation in the presence of MIF or UPA, cells were
seeded into 96-well plate at a density of 5 x 10 cells/well which ensured
exponential growth while preventing the cells from reaching 100% confluence
over the course of the experiment. Following a period of 24 hours allotted for
adherence, the cells were cultured in the continuous presence of MIF or UPA
for 72 hours at doses of 0, 5, 10, 15, 20, 25, 30, 35, and 40 uM. Control groups
of cells were treated with vehicle DMSO (Sigma-Aldrich Co., St. Louis, MO,
USA, Cat-No. D2438) at a final concentration of 0.01%. Culture media
containing resazurin as described above was added to triplicate cultures. When
indicated, the concentration of MIF or UPA required to inhibit cell proliferation
by 50% or I1Cso were determined using GraphPad Prism software (v.6.01;
GraphPad Software, Inc., La Jolla, CA, USA).

3.4. Construction and verification of stable HSF1-knockdown
by flow cytometry

CRISPR Guide RNA (gRNA) Lentiviral Transduction particles from
Sigma-Aldrich® (St. Louis, MO, USA) was used for knockdown of HSF1. The
plasmid sequences for HSF1 gene are listed in Figure 5. The lentiviral structure
consisted of 1) the target region to knockdown HSF1-gene; 2) a puromycin
resistance gene; and 3) Green Fluorescent Protein (GFP) gene. Murine 4T1

cells were seeded at 1.4 x 10* cells/well in triplicate into a 96-well plate and
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incubated for 24 hours at 37 °C. After the cells were adherent to the bottom, 8
pmg/mL of hexadimethrine bromide (Sigma-Aldrich/Merck, St. Louis, MO,
USA, Cat-No. H9268-5G) were added to each well to enhance transduction.
The lentiviral particles or the negative particles were added to appropriate
wells. Cells were further cultured for 24 hours, and then the medium containing
the lentiviral particles were replaced. Next, transfected cells were selected by
culturing in a medium containing 6 pg/ml puromycin (Sigma-Aldrich/Merck,
St. Louis, MO, USA, Cat-No. 540411-25MG) to Kill non-transfected cells as
established earlier (90). Surviving cells were considered successfully
transfected cells. Forty-eight hours after transduction, fluorescence of
successful transduced cells was assessed by fluorescent microscope.
Puromycin-resistant colonies were selected and expanded to assay for
expression of the construct. Cells were sorted by Fluorescence-activated single
cell sorting (FACS) (Sony Corp. San Jose, CA, USA, Sony SH800) in three
cell types: 4T1 wild type, 4T1 empty vector, and 4T1 HSF1-KO. Flow
cytometry was used to check for GFP-positiveness in transduced cells after
expansion. For that, cells were harvested at 1 x 10° cells/mL, washed with cold
PBS, and centrifuged for 5 minutes at 300 g. The supernatant was removed, and
fresh, cold PBS was added. The suspended cells were transferred to FACS
tubes and were kept on ice. Cells were analyzed based on GFP-expression by
using a CytoFLEX Flow Cytometer (Beckman Coulter, Inc. Brea, CA, USA).
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Vector | ClonelD Digest | Pasmid sequence verified P24 antigen ELISA titer 2 105 VP/ml
V01 NEGATIVECONTROL1 PASS CGCGATAGCGCGAATATATT 3.7x107 VP/mL
LvO1 MMPD0000018544 PASS GCTCGCCTCCAGTACCCGA 1.6x107 VP/mL
RSV c SIN 3°
5’ TR RRE 7 Us BANA EFla purot P27 T24 WPRE \7q

19-20bp  tracrRNA
Target region

Lvo1
U6-gRNA:EF1a-puro-2A-Cas9-2A-tGFP
(12,627 bp)

S A
— N—

pUC ori Amp

Figure 5. CRISPR/Cas 9 lentiviral constructs. A) Plasmid sequence of the negative
control (empty vector) and the HSF1 knockdown, which contains the target gene. B)
Scheme showing the structure of HSF1-KO lentiviral particles. Modified from Sigma-
Aldrich® (St. Louis, MO, USA). Published by Viana et al. (176).

3.5. In vitro HSF1-KO model

Knockdown-, empty vector-, and wild type 4T1 cells were counted and
seeded onto 60 mm petri dishes at a density of 1 x 108 cells per petri dish in
DMEM medium with 10% FBS. After 24 hours, cells were treated with water
bath hyperthermia, 42°C for 30 minutes. Two hours after hyperthermia
treatment, the medium was discarded and 500 uL TRI Reagent® RT (Molecular
Research Center, Inc. Cincinnati, OH, USA, Cat-No. RT 111) was added for
RNA collection. The cells were homogenized and transferred to pre-labeled
Eppendorf tubes. The Eppendorf tubes were immediately frozen in liquid

nitrogen. The protocol was continued as described in 3.8. section.

3.6. In vivo HSF1-KO model

Six-to-eight-weeks old female BALB/c mice were kept under 12 hours’
dark/light cycles with ad libitum access to food and water in the Animal Facility
Department of Basic Medical Center (Semmelweis University, Budapest,
Hungary). The mice were anesthetized with isoflurane (Baxter International

Inc., Deerfield, IL, USA). Anesthesia was induced with 5% concentration and
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maintained with 2-2.5% concentration in 0.6-0.8 I/min compressed airflow.
4T1 cells were kept in cell culture flasks, trypsinized, counted, suspended in
Dulbecco’s PBS. 1 x 10° 4T1 cells suspended in 50 pL PBS were
subcutaneously inoculated into the 4" mammary gland’s fat pad of each mouse
as described by Zhang et al. (177) using a 50 uL Hamilton syringe (Hamilton
Company, Reno, NV, USA). Eight days after inoculation, tumor size was
measured with digital caliper (Fine Science Tools Inc., Foster City, CA, USA)
and ultrasound (Phillips Sonos 5500, Philips, Amsterdam, Netherlands) as
described earlier (90). Mice were randomized into treatment groups according
to their tumor volume and body weight, to achieve similar average for all
groups. Animals exhibiting disproportionate tumor measures, such as irregular
shapes, twin tumors, or those where the size significantly deviated from the
average, were excluded from the experiment. In total, four mEHT treatments
were performed every two days. In the days between treatments, tumor size
was measured by both digital caliper and ultrasound. Figure 6 shows a
schematic overview of HSF1-KO and mEHT treatments schedule. Mice were
kept under isoflurane anesthesia for all procedures described above. For tumor
sample collection 24 hours after the last treatment, heparin 10x (Teva,
Debrecen, Hungary, Cat-No. OGYI-T-2216/01) was injected intraperitoneally.
Mice physical body condition was checked, and mice were terminated by
cervical dislocation. The abdominal cavity was opened, blood was taken, and
tumors were harvested, cleaned (from adjacent connective tissues), weighed,
and halved in two similar halves: one half was placed in 4% formaldehyde
solution (Semmelweis Pharmacy, Budapest, Hungary) and sent to histological
processing; the other half was frozen in liquid nitrogen for molecular analysis.
Interventions and housing of the animals conformed to the Hungarian Laws No.
XXVI111/1998 and LXV11/2002 about the protection and welfare of animals, and
the directives of the European Union. All animal procedures were approved by
the National Scientific Ethical Committee on Animal Experimentation under
the No. PE/EA/50-2/2019.
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Figure 6. Experimental scheme of the 4T1 HSF1 knockdown model. 4T1 TNBC
cells, containing either the HSF1 empty vector (EV) lentiviral construct or the HSF1
knockdown (HSF1-KO) lentiviral construct, were inoculated at day zero. Mice were
randomized into groups (Sham EV or mEHT EV, and Sham HSF1-KO or mEHT
HSF1-KO) at day 8. mEHT treatments were performed every two days. Tumor volume
was monitored by ultrasound and digital caliper between mEHT treatments. The study
was terminated on day 16 with the harvest of tumors. Published by Viana et al. (176).

3.7. Invivo KRIBB11 model

KRIBB11 (MedChemExpress, Monmouth Junction, NJ, USA, Cat-No.
HY-100872) was dissolved in 10% dimethylacetamide (MedChemExpress,
New Jersey, USA, Cat-No. HY-W042416), 50% PEG300 (MedChemExpress,
Monmouth Junction, NJ, USA, Cat.No.: HY-Y0873), and 40% nuclease-free
water (Invitrogen, Carlsbad, CA, USA, Cat-No. 10977-035), as described
previously (148). Following randomization as described above, KRIBB11 was
administrated intraperitoneally at a dose of 50 mg/kg/day for 8 days. Figure 7
depicts a schematic overview of mEHT + KRIBB11 experiment. Tumor
volume was followed as described above. In total, four mEHT treatments were
performed every two days. On day 16, the mice were sacrificed, and the tumors
were removed, halved, and analyzed by immunohistochemistry (IHC) and
qRT-PCR.
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Figure 7. Experimental scheme of the mEHT + KRIBB11 experiment. 4T1 Wild
Type (WT) cells were inoculated at day zero. Mice were randomized into groups at day
8 together with the first KRIBB11 injection. KRIBB11 was administered every day for
8 days. mEHT treatments were performed every two days. Tumor volume was
monitored by ultrasound and digital caliper between mEHT treatments. The study was
terminated on day 16 with the harvest of tumors. Published by Viana et al. (176).

3.8. In vitro mEHT Treatments

An in vitro heating model was established using the LabEHY in vitro
applicator (Oncotherm Ltd., Budadrs, Hungary) within an electrode chamber
(Figure 8). This in vitro setup was introduced previously by our group (90).
Wild Type 4T1 cells were counted and seeded onto 35 mm petri dishes at a
density of 2 x 10° cells per petri dish in DMEM with 10% FBS. The cells were
allowed to grow overnight in a humidity chamber (5% CO. at 37°C). After 24
hours, the cells were placed in a plastic bag immersed in distilled water in the
MEHT chamber, maintaining a temperature of 42°C for 30 minutes.
Temperature monitoring utilized the TM-200 thermometer (Oncotherm Ltd.,
Budaors, Hungary), with an average power of 4 + 1 watts applied. For the
conventional hyperthermia control, the cell suspension was placed in a
microtube with culture medium and incubated at 42°C for 30 minutes in a water
bath (ThermoFisher Scientific, Waltham, MA, USA, Cat-No. TSGP02).
Treated cells at a density of 5 x 102 cells/well were transferred to 96-well plates
and allowed to adhere to the bottom for 6 hours. Subsequently, the cells were
incubated with either mifepristone or ulipristal acetate at 30 or 35 uM,
respectively, or 0.01% DMSO. After twenty-four hours, cell viability was

assessed using the resazurin assay, as described in section 3.2.
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Figure 8. Modulated electro-hyperthermia (mEHT) treatment setup with LabEHY -
200 applicator designed for in vitro experiments. Cancer cells enclosed in a plastic bag
are positioned within a cuvette, filled with distilled water. Copper electrodes induce the
electromagnetic field and heat generation. Temperature sensors inside the bag and cuvette
enable temperature monitoring throughout the treatment process. Published by Viana et
al. (176).

3.9. Invivo mEHT Treatments

Tumor-bearing mice were treated with modulated electro-hyperthermia
(mEHT) device as described in detail earlier (89). Briefly, electromagnetic
heating was generated by capacitive coupled, amplitude modulated 13.56 MHz
radiofrequency electromagnetic field (LabEHY 200, Oncotherm kft., Budaors,
Hungary). The mice were mEHT-treated four times every two days for 30
minutes plus maximum 5 minutes for device stabilization with applied energy
that varied between 0.2 and 1.0 watts. Temperature monitoring was performed
with optical sensors (Luxtron FOT Lab Kit, LumaSense Technologies, Inc.,
CA, USA). The optical sensors were calibrated before each treatment and were
placed: on the skin right above the tumor, into the rectum for body temperature
monitoring, on the heating pad, and near the treatment setup for room
temperature monitoring. The skin temperature was kept at 40 + 0.5 °C during
the treatments, as it assured the required 42°C inside the tumor. Rectal
temperature was kept in the physiologic range (37.0 £ 0.5 °C), and the heating
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pad was set at the same temperature. Room temperature was 25 = 1 °C. For
sham treatments, cables were disconnected, therefore, no electromagnetic field
was generated, and no energy was transferred (no heating).

3.10. Histopathology and Immunohistochemistry

Formalin-fixed cancer samples were dehydrated and embedded in paraffin.
Serial sections (2.5 um) were cut for hematoxylin-eosin (H&E) staining or
dewaxed and rehydrated for immunohistochemistry (IHC) using a polymer-
peroxidase system (Histols, Histopathology Ltd., Pécs, Hungary). H&E and
stained slides were digitalized using Pannoramic Scan and analyzed with the
HistoQuant module of CaseViewer image-analysis software (all from
3DHISTECH, Budapest, Hungary) based on image color and intensity
segmentation. The tumor area was digitally annotated and the damaged and
living areas were delimited. The ratio between the damaged area per the whole
tumor area was used for calculating the tumor destruction ratio (TDR%) on
H&E slides.

Damaged area

TDR (%)
Whole tumor area

Slide samples used in IHC were deparaffinized and incubated for 20
minutes with 3% H.O> in methanol to block endogenous peroxidase activity.
For antigen retrieval, slide samples were soaked in citrate buffer and heated for
20 minutes using an Avair electric pressure cooker (ELLA 6 LUX (D6K2A),
Bitalon Kft, Pécs, Hungary), followed by 30 minutes cooling step in 3% bovine
serum albumin (BSA, Millipore Corp., Kankakee, IL, USA, Cat-No. 82-100-6)
solution was used to block non-specific proteins for 20 minutes. The sections
were incubated with the primary antibodies diluted in 1% BSA/TBS + TWEEN
(TBST, pH 7.4) (Table 1) overnight in humidity chamber. Peroxidase-
conjugated anti-rabbit & anti-mouse 1gGs (HISTOLS-MR-T, micropolymer -
30011.500T, Histopathology Ltd., Pécs, Hungary) were used for 40 min
incubation and the enzyme activity was revealed in 3, 3’-diaminobenzidine
(DAB) chromogen/hydrogen peroxide kit (DAB Quanto-TA-060-QHDX-
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Thermo Fischer Scientific, Waltham, MA, USA, Cat-No. 12623957) under
optical microscope. All incubations were at room temperature with sample
washings between incubations in TBST buffer for 3 x 5 min. Slides were
digitalized and the reactions were evaluated. The tumor area was digitally
annotated and the area containing positive immune reaction was masked by
setting the intensity, color, and saturation in the annotated area on each staining
using the QuantCenter module of CaseViewer. The ratio of the masked area to
the annotated area (relative mask area = rMA) was used to estimate the
expression of the target molecule. rMA of HSF1, HSP70, and PGR were
measured in the intact tumor area. Important to mention, due to technical
problems there is no data about HSP70 staining of three samples from
KRIBB11 experiment: one in Sham vehicle, one in Sham KRIBB11, and one
in MEHT KRIBB11.

Table 1. Antibodies and conditions used for immunohistochemistry

Antigen Type Reference no. Dilution Vendor®
HSF1 Rabbit, pAb #4356 1:100 Cell Signaling
HSP70 Rabbit, pAb #4872 1:100 Cell Signaling

PGR Mouse, pAb # MA1-410 1:100 Thermo

YVendor specifications: Cell Signaling (Danvers, MA, USA)

3.11. RNA Isolation and mMRNA RT-PCR

RNA was isolated with the TRI reagent® RT (Molecular Research Center
Inc., Cincinnati, OH, USA, Cat-No. RT111) according to the manufacturer’s
instructions. RNA integrity was analyzed by agarose gel electrophoresis,
sample purity and concentration were measured by a Nanodrop
spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA, USA).
Reverse transcription of isolated RNA was performed by High-Capacity cDNA
Reverse Transcription Kit (Applied Biosystems Inc., Foster City, CA, USA,
Cat-No. 4368814). The amplified cDNA was used as a template for RT-PCR.
Gene expression was measured according to standard gPCR procedures with
SYBER Green based RT-PCR with SsoAdvanced™ Universal SYBER®
Green Supermix (Bio Rad Laboratories, Inc., Hercules, CA, USA, Cat-No.
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1725271) on CFX Connect Real-Time PCR Detection System (Bio Rad
Laboratories, Inc., Hercules, CA, USA). The relative expression values for the
target MRNAs were calculated after normalization using GAPDH. The primers

used are listed in Table 2.

Table 2. Primers used for RT-PCR

Gene Symbol Gene Name Primer Pairs

GAPDH Glyceraldehyde-3-phosphate- Fwd: CTCCCACTCTTCCACCTTCG
dehydrogenase [Mus musculus] Rev: GCCTCTCTTGCTCAGTGTCC

HSP70 Heat shock protein 70 Fwd: CTTCACCTCCAAGTTCACCAA
[Mus musculus] Rev: GACTCTGCTGCTTCTCCTTG

HSE1 Heat shock factor 1 Fwd: CTGAGAAGTGCCTCAGCGTA
[Mus musculus] Rev: CTCCTGAATGTCCAGCAGGG

PGR Progesterone receptor Fwd: GTGCTTACCTGTGGGAGCTG
[Mus musculus] Rev: ACGACATGCTGGGCAGTTTT

RPLPO Ribosomal protein lateral stalk Fwd: GATTCGGGATATGCTGTTGG
subunit PO [Mus musculus] Rev: GTTCTGAGCTGGCACAGTGA

3.12. Next-Generation Sequencing and Bioinformatic Analysis

NGS technique was described by our group (89). Shortly, eight tumor
samples, four sham and four mEHT-treated, were selected based on the quality
and quantity of isolated RNA. RNA integrity and RNA concentration were
assessed by the RNA ScreenTape system with the 2200 Tapestation (Agilent
Technologies, Santa Clara, CA, USA) and the RNA HS Assay Kit with the
Qubit 3.0 Fluorometer (ThermoFisher Scientific, Waltham, MA, USA, Cat-No.
Q32852). Library preparation and sequencing followed standard protocols.
Reads were aligned to the Mus musculus reference genome (GRCm38, STAR
v2.6.1c). Differential expression (DE) analysis used FC > 2.0 and p-value <
0.05 thresholds.

3.13. NanoString Analysis

NanoString technology application in 4T1 mouse model was used by
our group (89). The same samples used for NGS were also used for NanoString.
Qubit 4 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA, Cat-No.
Q33238) was used to measure RNA concentrations. Total RNA was hybridized
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to the customized nCounter® gene panel (NanoString, Redwood, CA, USA).
The applied custom gene panel was composed by 134 genes, including PGR,
identified as differentially expressed (highest FC and lowest p values) by NGS.
Samples were transferred to the nCounter Prep Station for further processing.
The gene expression profiles of the samples were digitalized with the nCounter
Digital Analyzer. Quality assessment and normalization were performed in
nSolver 4.0 Analysis Software (NanoString, Redwood, CA, USA). Background
was determined with synthetic negative probes provided by the NanoString
company.

3.14. Statistical Analysis

All statistical analyses were performed using the statistical software
program GraphPad Prism software (v.6.01; GraphPad Software, Inc., La Jolla,
CA, USA). Differences between groups were assessed using the following
methods: One-way ANOVA for comparisons involving more than two groups,
Two-way ANOVA for longitudinal measurements (such as tumor volume), and
t-tests for comparing sham-treated and mEHT-treated groups. Differences were
considered statistically significant at * p < 0.05, ** p < 0.01, *** p < 0.001,
**** n < 0.0001, ns = not significant. Data are given as mean + Standard
Deviation (SD).
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4. Results

4.1. Successful transduction of 4T1 cell line with the HSF1-gene
editing lentiviral construct

The HSF1-knockdown (HSF1-KO) CRISPR/Cas9 construct included a
GFP encoding sequence for the selection of transfected cells. As expected, non-
transduced wild type (WT) 4T1 cells did not express GFP (Figure 9A). In
contrast, more than 95% of 4T1 cells transduced with the active HSF1-KO

CRISPR/Cas9 construct successfully expressed GFP, confirming successful

transduction (Figure 9C). Transduction with the empty vector (EV) was less

effective, resulting in 62.8% of cells being GFP-positive, while 37.2%

remained non-transduced (Figure 9B).
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Figure 9. Flow cytometric analysis of transfected 4T1 cells. Flow cytometry
histograms (upper row) and dot plots (lower row). A) Wild Type (WT); B) Empty
Vector (EV); and C) HSF1-KO (KO). The GFP positive cells are indicated with green,
and the GFP-negative population with blue. SSC: Side Scatter; P2: second gate; FITC:

Fluorescein Isothiocyanate. Published by Viana et al. (176).

37



Relative HSF1

4.2. Successful reduction of HSF1 and HSP70 expression in
transduced TNBC cell line

HSF1 mRNA levels were comparable in both WT and EV cells, whether
maintained at 37°C or exposed to 42°C in cell culture (Figure 10A). Notably,
the lentiviral construct led to a substantial downregulation of HSF1 mRNA in
the knockdown group (HSF1-KO), as compared to both the wild type and
empty vector groups (Figure 10A). Baseline expression of HSP70 at 37°C
remained low across all groups (Figure 10B). Elevating the culture temperature
to 42°C significantly induced HSP70 upregulation in WT and EV cells.
However, this heat-induced response was significantly diminished in the HSF1-
KO group (Figure 10B).
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Figure 10. HSF1 and HSP70 mRNA relative expression at 37°C and 42°C in the
4T1 cell line. A) HSF1; B) HSP70. GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase: housekeeping gene. One-way ANOVA, Mean + SD, n = 3/group, ns
= not significant, *** p < 0.001, **** p < 0.0001. Published by Viana et al. (176).

4.3. mEHT-induced tumor growth reduction was enhanced in
HSF1-KO tumors

The Sham EV tumors nearly doubled in volume over the course of the
experiment (Figure 11A, B - red). In contrast, Sham HSF1-KO were smaller

and their growth rate was slower than EV tumors (rose). Remarkably, mEHT
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treated tumors did not grow and their size was reduced after the 4" treatment.
The tumor growth rate measured by caliper was significantly slower in the
HSF1-KO mEHT-treated group (light blue) compared to mEHT treated EV
group (dark blue). Despite having similar initial tumor volumes, mEHT KO
tumors were notably smaller than mEHT EV tumors by the end of the study.
Furthermore, supporting the tumor volume data, tumor mass was reduced by
both mEHT and HSF1-KO; yet, the smallest tumors were observed in the
mEHT KO group (Figure 11C, D) by the study termination. This reinforces
the reliability of the tumor size measurements, as tumor volume strongly

correlated with tumor mass during follow-up (Figure 11E, F).
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Figure 11. Tumor volume time-course and tumor mass at study termination after
4 mEHT treatements. Tumor growth inhibition as measured by A) ultrasound and
B) digital caliper; C) Tumor mass and D) four representative tumor images of each
group (columns) by experiment termination. Correlation between tumor mass and
tumor volume by E) US F) caliper. Mean + SD, One-way and Two-way ANOVA,
Mean + SD, n = 6-8/group, ns = not significant, * p <0.05, ** p<0.01, *** p < 0.001,
**** < 0.0001. Published by Viana et al. (176).
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4.4. mEHT-induced tumor destruction was enhanced in HSF1-
KO tumors

The area of tumor destruction, quantified as the tumor destruction ratio
(TDR), was consistently minimal in all sham tumors, regardless of whether they
were EV or KO transfected (Figure 12A - red marked area). In contrast,
MEHT-treated tumors exhibited a substantial increase in tissue damage
compared to the sham group (Figure 12A, B). Notably, the severe tumor
damage induced by mEHT was further increased in the mEHT-treated HSF1-
KO group (mEHT EV: 74.6 £ 11%; mEHT HSF1-KO: 84.1 + 10.6%, p = 0.52,
ns). It is important to mention that histopathological data is unavailable for one
sham KO and one mEHT KO sample due to their small tumor size.
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Figure 12. Tumor destruction ratio (TDR) after 4 mEHT treatments. A)
Representative tumor images (H&E, 1.0x); B) Quantification of TDR on H&E-stained
tumors. One-way ANOVA test, Mean = SD, n = 5-8/group, ns = not significant, ***
p < 0.001, **** p < 0.0001. Published by Viana et al. (176).

4.5. HSF1-KO prevented HSF1 and HSP70 upregulation after
MEHT treatment in vivo

Relative HSF1 mRNA level, as assessed after four sham or mEHT
treatments in EV-treated tumors, was significantly reduced in the KO groups,

demonstrating effective silencing (Figure 13A). HSF1 mRNA was not
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significantly influenced by mEHT in the knockdown group. On the other hand,
mMEHT significantly increased HSF1 in the empty vector group. The relative
HSP70 mRNA level, as assessed after four sham treatments, increased in
mEHT-treated groups (Figure 13B). As expected, mEHT stimulated HSP70
mRNA significantly only in the EV-treated tumors. mEHT did not induce a

significant HSP70 response in HSF1-KO mEHT tumors.
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Figure 13. HSF1 and HSP70 mRNA relative expression after 4 mEHT
treatments. A) HSF1; B) HSP70. GAPDH: Glyceraldehyde 3-phosphate
dehydrogenase: housekeeping gene. One-way ANOVA, Mean + SD, n = 6-8/group,
ns = not significant, * p < 0.05, ** p <0.01, *** p < 0.001, **** p < 0.0001. Published
by Viana et al. (176).

Immunohistochemistry (IHC) staining specific for HSF1 was present in
most nuclei of empty vector treated tumors (Figure 14A, B - upper row). Such
specific HSF1 staining was not identified in HSF1-KO tumors (Figure 14A, B
- lower row). HSF1 protein expression was not influenced by mEHT (Figure
14A, B - right column).

HSP70 specific protein staining was intense cytoplasmic staining in mEHT
treated tumors. Such specific staining was absent in sham treated tumors
(Figure 14C, D - left column), demonstrating only background staining. Four
mMEHT treatments induced significant upregulation of HSP70, marked with
intense specific staining in mEHT-treated EV tumors (Figure 14C, D). Such
HSP70 induction was not significant in the mEHT KO group vs sham KO
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demonstrating that HSF1-KO was able to reduce the mEHT induced HSP70
expression. HSP70 induction was significantly inhibited in the KO vs EV
mEHT-treated groups (Figure 14C).
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Figure 14. HSF1 and HSP70 protein detection and quantification with
immunohistochemistry after 4 mEHT treatments. A) HSF1 and C) HSP70 protein
quantification, and representative sections of B) HSF1 and D) HSP70, 40x
magnification. One-way ANOVA, Mean * SD, n = 4-7/group, ns = not significant, *
p <0.05, ** p<0.01, *** p < 0.001. Published by Viana et al. (176).

4.6. mEHT-tumor growth reduction was synergistically
enhanced by the heat shock inhibitor, KRIBB11, after 4
MEHT treatments
The volume of Sham + Veh (vehicle) 4T1 wild type tumors increased

almost 4-times during the experiment (Figure 15A, B - red). KRIBB11

monotherapy did not influence tumor growth significantly (rose). However,
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MEHT treated tumors grew slower (dark blue) and their size was significantly
reduced after the 4™ treatment. Tumor growth rate was further reduced
significantly in the KRIBB11 + mEHT co-treated group (light blue) as
measured by ultrasound and caliper. Despite similar tumor volumes at the
beginning of the treatments, mEHT tumors were significantly smaller than
sham tumors at the end of the study. Supporting tumor volume data, tumor mass
was reduced only by mEHT but not by KRIBB11 alone. The tumors were
significantly the smallest in the KRIBB11 + mEHT co-treated group (Figure
15C, D) by study termination. Demonstrating the reliability of tumor volume
measurements during follow-up, tumor volume strongly correlated with tumor
mass (Figure 15E, F).
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cells at study termination following combination therapy experiment. Tumor
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and D) four representative tumor images of each group (columns) by experiment
termination. Correlation between tumor mass and tumor volume by E) US and F)
caliper. Mean £ SD, One-way and Two-way ANOVA, Mean + SD, n = 4-8/group, ns
= not significant, * p < 0.05, ** p < 0.01, **** p < 0.0001. Published by Viana et al.

(176).
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4.7. KRIBB11 prevented HSP70 upregulation after 4 mEHT
treatments

Relative HSF1 mRNA level as assessed after four sham or mEHT
treatments was reduced in the KRIBB11 treated groups demonstrating effective
inhibition of the heat shock response in treated tumors (Figure 16A). HSF1
mMRNA was not influenced significantly by mEHT.

Relative HSP70 mRNA level was assessed after four treatments. Although
MEHT induced an increase in HSP70 mRNA compared to the sham group, this
difference did not reach statistical significance (Figure 16B). In contrast,
HSP70 elevation was absent in KRIBB11 treated tumors receiving mEHT, and
HSP70 mRNA levels were significantly lower in the mEHT + KRIBB11 group
compared to the mEHT + Veh group.
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Figure 16. HSF1 and HSP70 mRNA relative expression after 4 mEHT in vivo
treatments in 4T1 Wild Type (WT) tumors. A) HSF1. B) HSP70. GAPDH:
Glyceraldehyde 3-phosphate dehydrogenase: housekeeping gene. One-way ANOVA,
Mean + SD, n = 4-8/group, ns = not significant, * p < 0.05, *** p < 0.001. Published
by Viana et al. (176).

In tumors treated with mEHT + Veh, Immunohistochemistry (IHC)
staining specific for HSF1 displayed prominent nuclear staining (Figure 17A,

B — upper right panel). In contrast, KRIBB11 did not significantly reduce HSF1

46



Relative mask area (%)

Relative mask area (%)

expression, as the levels of KRIBB11-treated groups were comparable to sham
vehicle (Figure 17A, B — lower panel). Interestingly, the combination treatment
of KRIBB11 and mEHT demonstrated a synergistic effect, as seen by the
significant lack of upregulation in HSF1 expression compared to the KRIBB11
+ Vehicle group (Figure 17A).

Intense cytoplasmic staining specific to HSP70 protein was observed
exclusively in tumors treated with mEHT monotherapy (Figure 17C, D —right
columns). In contrast, such distinctive staining was notably absent in sham
treated tumors, indicating only background levels of HSP70 (Figure 17C, D —
left columns). The mEHT-induced upregulation of HSP70 was significantly
attenuated by co-treatment with KRIBB11, emphasizing the inhibitory effect
of HSF1 on mEHT-induced HSP70 expression (Figure 17C).
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Figure 17. HSF1 and HSP70 protein detection and quantification with
immunohistochemistry after 4 in vivo mEHT treatments in 4T1 Wild Type (WT)
tumors. A) HSF1 and C) HSP70 protein quantification. Representative sections of B)
HSF1 and D) HSP70, 40x magnification. One-way ANOVA, Mean + SD, n = 3-
8/group, ns = not significant, * p < 0.05, ** p < 0.01. Published by Viana et al. (176).

4.8. Slightly increased tumor destruction tendency was
observed in tumors treated with combined therapy

Tumor Destruction Ratio (TDR) revealed significant tissue damage in
mEHT + KRIBB11-treated samples compared to sham (Figure 18A, B). The
image below shows that the core damaged area in cancers varies with tumor
mass, resulting in a moderate negative correlation between TDR and tumor
mass (r =-0.5383, p = 0.0098) (Figure 18B). In general, sham groups (Vehicle
and KRIBB11) were larger in size and had moderate TDRs. However, three
samples deviated from this trend, one in Sham + Vehicle (61.05%) and two in
Sham + KRIBB11 groups (67.39% and 70.49%), all other sham tumors
displayed TDR < 55% (Figure 18). Nonetheless, the mEHT-treated groups
(Vehicle or KRIBB11) were smaller and exhibited larger TDRs. With only two
exceptions, both in the mEHT + KRIBB11 group (49.22% and 51.39%), all
cancers demonstrated TDRs over 70% (Figure 18B).
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Figure 18. Effects of combined therapy (MEHT + KRIBB11) on Tumor
Destruction Ratio (TDR) in 4T1 Wild Type (WT) cells. A) Quantification of TDR
on H&E-stained cancers. B) Scatter diagram and linear regression line showing the
relationship between TDR (Y axis) and tumor mass (X axis), which reveals a negative
correlation between TDR and tumor mass (TDR, cancer destruction ratio). C)
Representative tumor images (H&E, 1.0x). One-way ANOVA test, Mean + SD, n =
4-8/group, ns = not significant, * p < 0.05. Published by Viana et al. (176).

4.9. Analysis of mEHT effects on gene expression revealed
upregulation of progesterone receptor expression

Next-generation sequencing of RNA (NGS RNA-Seq) was conducted on
4T1 TNBC tumor samples collected 24 hours after the last mEHT treatment to
explore gene expression changes induced by mEHT. Among the 290
Differently Expressed (DE) genes (criteria: p < 0.05 or log10(p) < 1.30103;
Fold Change (FC) > 2 or logFC > 1), progesterone receptor (PGR)
demonstrated significant upregulation in the mEHT -treated group (FC = 16.05;
p value = 0.01) in our TNBC mouse model (Table 3 and Figure 19A). A
Volcano plot visualization of gene logFC and —log10(p) values of NGS data is
presented in Figure 19B, where PGR is highlighted as a red dot.
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Table 3. Next-Generation Sequencing (NGS) identified progesterone receptor
among the top 10 differently expressed genes

Next-generation sequencing data

Description geneName |FC P.Value

inter-alpha trypsin inhibitor, heavy chain 2 Itih2 31.07692| 2.07E-05
fibrinogen beta chain Fgb 28.35026| 0.000206
inter alpha-trypsin inhibitor, heavy chain 4 Itih4 22.72484| 0.000267
CD5 antigen-like Cdsl 19.61978| 0.162018
casein kappa Csn3 19.42657( 0.004284
aldehyde dehydrogenase family 1, subfamily A7 |Aldhla7 18.06375( 0.000925
klotho beta Klb 17.67851| 0.001533
carbonicanhydrase 3 Car3 16.85459( 0.000349
progesterone receptor Pgr 16.05732| 0.014099
neuronatin Nnat 15.83486( 0.002261
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Figure 19. Multiplex analysis of Progesterone Receptor (PGR) re-expression in
4T1 Wild Type (WT) Triple-Negative Breast Cancer (TNBC) mouse model
following mEHT treatments. A) Next-generation sequencing (NGS) revealed
upregulation of PGR in the mEHT group. B) Volcano plot visualization of all genes
according to NGS RNA Seq data. —logl0(p) values plotted against fold changes
(logFC). Vertical dotted line: logFC = 1, horizontal dotted line: —log10(p) = 1.30103.
PGR is highlighted in red. Statistical analysis performed using t-test, Mean + SD, n =
4/group, * p < 0.05. Published by Schvarcz at al. (89).

For validation of gene expression at the mMRNA level, individual mRNA

molecular counting was performed with NanoString nCounter® Technology
(NanoString Technologies, Seattle, WA, USA). One hundred and thirty-four

DE target genes from NGS data were sorted to create a custom NanoString

panel. Again, among the 134 target genes identified by NanoString, PGR was

significantly upregulated (p value = 0.0094) in the mEHT-treated group
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(Figure 20A). The detailed NGS and NanoString data was published by our
group (89). PGR mRNA levels were further analyzed by RT-PCR. Compared
to sham group, the mRNA expression of PGR gene was significantly
upregulated (p value = 0.0056) after mEHT treatments (Figure 20B). The same
significant trend was observed in the overall sample analysis for this in vivo
experiment (sham: 10; mEHT: 11) assessed by qPCR (Figure 20C). Taken
together, the multiplex analysis and gPCR demonstrated re-expression of PGR
by mEHT in 4T1 TNBC cell line.

Figure 20. Multiplex analysis and RT-PCR of Progesterone Receptor (PGR) re-
expression in 4T1 Wild Type (WT) Triple-Negative Breast Cancer (TNBC)
mouse model following MEHT treatments. A) NanoString analysis and B) RT-PCR
further confirmed the re-expression of PGR in 4T1 TNBC cell line. C) RT-PCR
collection data of all samples used in this mEHT in vivo experiment. Statistical
analysis performed using t-test, Mean + SD, n = 4/group, ** p < 0.01. Unpublished
data.

4.10. mEHT upregulated PGR protein expression in TNBC
malignant tumors

To confirm the re-expression of PGR by mEHT treatments in vivo, PGR
expression was assessed through immunohistochemistry (IHC) (Figure 21).
Consistent with the multiplex analysis and gPCR, the percentage of relative
PGR masked area significantly increased in mEHT-treated malignant tumor
samples (3.533 + 0.4817%) compared to sham group (1.723 £ 0.4295%) (p
value = 0.031). Figure 21B shows representative tumor images illustrating the

intensity of PGR staining in sham and mEHT-treated samples.
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Figure 21. Effect of modulated electro-hyperthermia (mEHT) treatments on the
re-expression of Progesterone Receptor (PGR) protein in 4T1 Wild Type (WT)
Triple-Negative Breast Cancer (TNBC) cell line. A) Quantification of PGR protein
by immunohistochemistry (IHC) demonstrated significant upregulation in the mEHT
group. B) Representative tumors from sham and mEHT-treated mice with PGR
staining, 40x magnification. Statistical analysis performed using t-test, Mean + SD, n
= 4/group, * p < 0.05. Unpublished data.

4.11. Increased sensitivity to mifepristone and ulipristal acetate
in combination with mEHT in TNBC cells

To establish a model for investigating the mechanisms underlying PGR re-
expression through mEHT treatment in a TNBC cell line and its potential
synergy with selective progesterone receptor modulators (SPRMs), 4T1 cells
were chronically exposed to increasing concentrations of mifepristone (MIF)
or ulipristal acetate (UPA) in vitro. An analysis of the resazurin assay data with
the increasing concentration of SPRMs demonstrated a dose-dependent
decrease in number of viable cells. The growth inhibitory potency of both
antiprogestins, MIF and UPA, represented by the half maximal inhibitory
concentration (ICso) values, is summarized in Table 4. MIF exhibited an 1Cso
of 32.76 uM, while UPA had an ICso of 34.35 uM. However, dose-response

52



-

(2]

(=]
1

100+

Cell Viability (% of control)
(5]
o

o
I

curves (Figure 22A) indicated that complete cell death was not observed in cell

cultures treated with either SPRM up to 40 pM.
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Table 4. Concentration of mifepristone and ulipristal acetate needed to achieve 50%
growth inhibition of 4T1 triple-negative breast cancer cell line

IC50 (uM)
32.76 + 1.605

Selective Progesterone Receptor Modulator
Mifepristone

Ulipristal Acetate 34.35+£2.28
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Figure 22. Inhibition of cell growth by Selective Srogesterone Receptor
Modulators (SPRMs), Mifepristone (MIF) and Ulipristal Acetate (UPA) in 4T1
Wild Type (WT) Triple-Negative Breast Cancer (TNBC) cell line. A) Dose-
response curves showing the effects of MIF and UPA at different concentrations on
cell viability measured by the resazurin assay. The dashed red lines show the 1Cs for
each SPRM. B) The impact of conventional hyperthermia (cHT) and modulated
electro-hyperthermia (mEHT) in combination with MIF and UPA on cell viability,
demonstrating synergism with the combination of mMEHT and the antiprogestins, as
evidenced by significant reduction in cell viability. Statistical analysis performed
using A) nonlinear regression (GraphPad Prism) and B) Two-way ANOVA, Mean +
SD, n =4/group, * p<0.05, ** p<0.01, *** p < 0.001, **** p < 0.0001. Unpublished
data.
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In our study, the murine 4T1 TNBC cell line synergistically responded to
MIF and UPA when treated with mEHT in vitro (Figure. 22B). The results
demonstrated significant decrease in cell viability up to 63.67% and 52.45%
due to MIF and UPA, respectively, which was further enhanced to 30.8% and
26.85% when MIF and UPA was applied with mEHT, respectively. However,
combined therapy using SPRMs and conventional hyperthermia (cHT) did not
yield a statistically significant difference compared to the effect observed with
MIF and UPA alone (p values = 0.7719 and 0.9981, respectively, ns). These
results indicate that mEHT synergizes with SPRMs, while cHT does not
synergize at the same temperature and duration of time.
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5. Discussion

Modulated electro-hyperthermia (mEHT) is a loco-regional non-invasive
cancer therapy which has been successfully applied in vitro, in vivo, and in the
clinics for over 30 years (95). The mEHT treatment triggers apoptosis and
necrosis of cancer cells via thermal and non-thermal effects such as membrane
perturbations (similarly to electrophoresis), and the radiofrequency field also
induces temperature increase to 42°C (101). The high energy absorbed by
cancer cells and specifically cancer cell membranes lipid rafts consequently
disrupts membrane arrangement and integrity on the basis of its elevated
oxidative glycolysis (Warburg effect), ion concentration, and conductivity
compared to adjacent normal tissues (120), therefore inducing anti-cancer
response (105). However, it is known that mEHT provokes cell- and heat-stress
throughout the increase of extracellular heat shock protein 70 (HSP70) release
(206). In our previous studies, we demonstrated that mEHT induced a robust
heat shock response in our mouse cancer model, resulting in strong
upregulation of HSP70 (90). It is worth noting that HSP70, a crucial molecular
chaperone, typically maintains low or undetectable levels in unstressed cells
(107). The transcription of HSP70 is triggered by Heat Shock Factor 1 (HSF1),
a master regulator of the heat shock response (18). It has been demonstrated in
a wide range of cancer types that HSF1 has a cytoprotective activity and
supports cancer cell proliferation, survival, invasion, and metastasis (146).
Targeting HSF1 in cancer therapy has been suggested before (154), and
carcinogenesis was inhibited in HSF1-knockdown experiments in mammary
(37), liver (178), and skin (31) cancer models. We therefore hypothesized that
the inhibition of Heat Shock Response (HSR) by inhibiting HSF1 would
enhance the therapeutic potential of mEHT. As a proof-of-concept, we used
genome editing tools to knockdown HSF1. To investigate the translational
potential, we also studied a small molecule inhibitor (KRIBB11), aiming to
inhibit HSF1 and thus enhance the anticancer effects of mMEHT treatment.

In the present study, CRISPR/Cas9-mediated HSF1 knockdown was
successful in 4T1 murine breast cancer cells. While the use of CRISPR to

completely ablate genes can be challenging, as this system rarely eliminates the
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expression of a target gene entirely, leading to low knockdown efficiencies (<
80%) (179, 180), we achieved an impressive knockdown efficacy of over 95%
(Figure 9). This high efficacy was evidenced by the GFP-positivity of
transduced cells after antibiotic selection (puromycin) and FACS sorting.
However, these strategies seemed to be less effective in the empty vector group
(62.83%). This group used a non-targeting guide RNA with no specific target
site on the entire genome, designed to serve as a control group with a wild type
phenotype. The genome editing using the CRISPR/Cas9 lentiviral empty vector
did not enable gene truncation via real time polymerase chain reaction (PCR)
(Figure 10). On the other hand, we achieved a very strong HSF1 knockdown
efficiency as demonstrated by flow cytometry and confirmed by real-time PCR
(Figure 13). Immunohistochemistry analysis of in vivo malignant tumors
further corroborated the HSF1 knockdown (Figure 14). HSF1 expression was
reduced and hyperthermia-induced HSP70 upregulation was inhibited in HSF1-
KO cells.

MEHT cancer selectivity and its inhibition of tumor growth have been
reported in a wide range of cancer types (96). Previously we also demonstrated
inhibition of tumor growth by mEHT monotherapy in our murine breast cancer
model (89, 90). In this study, we observed a significant enhancement in tumor
growth inhibition with mEHT treatment in HSF1-KO cells. HSF1-KO
malignant tumors exhibited a size reduction of over 50% compared to non-
MEHT-treated empty vector tumors (Figure 11). This aligns with previous
findings suggesting the essential role of the HSF1 gene in cancer development,
as HSF1-KO tumors naturally grow at a slower rate than empty vector tumors
(181). mEHT further amplified the reduction in tumor growth in the KO group.
Therefore, the importance of HSF1 supporting tumor progression can be
demonstrated by the susceptibility reduction of HSF1-KO cells to cancer
formation (74).

Besides tumor size reduction, tumor destruction, damaged pale areas
which are assessed based on Tumor Destruction Ratio (TDR), was enhanced in
MEHT-treated HSF1-KO samples (Figure 12), suggesting that the protective

mechanisms from HSPs had been exhausted by the HSF1 knockdown construct
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(131). On another hand, we observed a discrete non-significant elevation of
HSP70 mRNA in the knockdown group treated with mEHT (Figure 13). This
result corresponds with the fact that HSP70 may also be expressed regardless
HSF1 transcriptional activity, and other factors such as different cellular
signaling pathways might also regulate HSP70 status and activity (182, 183).

Based on our previous data (90) and the present HSF1 knockdown study,
we hypothesized that the inhibition of HSR by KRIBB11, a specific inhibitor
of HSF1, could potentiate the anticancer effects of mEHT in tumor allografts.
Mouse xenograft cancer studies have demonstrated reduction of tumor growth
in samples treated daily with KRIBB11 dose in human colon- (148), breast-
(150), bladder- (153), and liver cancers (184), both alone or in combination
with other chemical compounds. When in combination, KRIBB11 efficacy was
increased (150, 151). Here, we established the synergism between four-mEHT
treatments and daily dose of KRIBB11 at 50 mg/Kg for 8 days, as demonstrated
by tumor volume and tumor mass reduction in the combined therapy group
(Figure 15). However, KRIBB11 was not able to reduce tumor mass in
monotherapy (Figure 15C). Carpenter et al. reported similar findings, stating
that KRIBB11 did not significantly inhibit tumor growth in a breast cancer
model unless combined with an AKT inhibitor (150). In another study a dose
of 50 mg/Kg of KRIBB11 did not reduce myeloma xenograft growth, whereas
a dose of 65 mg/Kg proved effective (156).

The effects of KRIBB11 abovementioned were achieved by following the
protocol established by Yoon et al., which involved daily administration of
KRIBB11 over a period of 18 days (148). However, due to our experiment’s
shorter duration (8 days), our mice received fewer KRIBB11 injections. This
decision was based on our findings, which demonstrated that prolonged mEHT
treatments could lead to substantial damage in tumor tissue. This damage
hinders the isolation and detection of RNA from treated malignant tumors,
thereby impeding molecular analysis (89). This may also account for the
observed lack of significant tumor growth inhibition with KRIBB11

monotherapy.
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While previous studies have demonstrated that mEHT induces the heat
shock response mainly by upregulation of HSPs (89, 90, 105, 106), we
observed that mEHT may not directly lead to significant changes in HSF1
mRNA (Figure 16) and protein levels (Figure 17). Instead, the regulation of
HSF1 might primarily occur through its cellular localization, particularly its
movement from the cytoplasm to the nucleus in response to stress (185). This
nuclear translocation of HSF1 is a crucial step in initiating the transcription of
additional HSPs.

Aligned with the HSF1-KO TDR data, the damaged area observed in the
combined mEHT and KRIBB11 therapy did not show statistically significant
differences compared to mEHT + vehicle (Figure 18). While tumor volume
and mass reduction demonstrated synergistic enhancement of the mEHT effect
with additional KRIBB11 therapy, the TDR results were not as pronounced.
This could be attributed to the extensive destruction observed in sham tumors,
as noted by our group (89). The elevated mitochondrial metabolism of 4T1
cancer cells might contribute to necrosis development as a result of low oxygen
levels and nutrient supply (186). Therefore, the damage magnitude may be
related to tumor size (187). Indeed, our study revealed that larger tumors tended
to have moderate TDR’s (Figure 18b). This trend was primarily due to their
large size, with most of them belonging to the sham groups (vehicle and
KRIBB11). Consequently, the necrosis observed at the core of sham tumors
was a direct result of cancer outgrowth (Figure 18b, red and pink dots). In
contrast, mEHT-treated tumors exhibited a notably high TDR along with
reduced mass (Figure 18b, dark blue and green dots). From this, we infer that
necrosis observed in mEHT groups (both vehicle and KRIBB11) arose from
the cancer-killing effect of mMEHT. Furthermore, this effect was amplified by
administration of KRIBB11 (Figure 18b, green dots). This suggests that the
increase in cancer core destruction in sham groups is primarily linked to tumor
size, whereas in mEHT groups, it is more likely due to the treatment itself.

In conclusion, we have demonstrated that the combination of modulated
electro-hyperthermia (mEHT) with the CRISPR/Cas9 gene-editing technique

significantly enhances its anticancer effects in vivo. Specifically, the
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knockdown of heat shock transcription factor 1 (HSF1) led to the inhibition of
tumor growth and a reduction in HSP70 upregulation induced by mEHT.
Moreover, the administration of the specific heat shock inhibitor, KRIBB11,
amplified the therapeutic impact of mEHT. These findings suggest a potential
synergy between KRIBB11 and established clinical anticancer therapies like
mEHT. Consequently, KRIBB11 holds promise for translation into clinical
applications, offering a potentially impactful addition to cancer treatment
modalities.

The reactivation of the progesterone receptor (PGR) in the triple-negative
breast cancer 4T1 cell line was another topic addressed in the present study. On
this study conducted by our group, employing next-generation sequencing
(NGS), we identified 290 genes that were differently expressed (DE), either
upregulated or downregulated, following mEHT treatments in a TNBC mouse
model (89). Notably, PGR ranked among the top 10 differently expressed
genes, exhibiting a significant upregulation with a fold-change of 16.05 and a
p value 0.01 compared to sham group (Figure 19). Interestingly, despite our
findings, a recent multi-omics characterization of the 4T1 cells reported no
expression of PGR (188). Our group decided to investigate the molecular
effects of mMEHT on the potential re-expression of PGR in 4T1 TNBC cells,
based on these findings. We expanded the findings in our multiplex analysis by
conducting a more comprehensive investigation at the RNA level using
NanoString and RT-qPCR, specifically targeting the PGR gene. Our results
indicate a significant upregulation of PGR expression level following mEHT
treatments (p value = 0.0094) compared to the sham group by NanoString
(Figure 20A). Consistent with NGS and NanoString findings, RT-gqPCR also
demonstrated a significant upregulation of PGR in the mEHT group (p value =
0.0056) (Figure 20B). While NGS and NanoString analyses were limited to 8
malignant tumor samples, gPCR included all 21 samples from the experiment.
Despite the difference in sample size, the mEHT group exhibited a consistent
significant upregulation trend in PGR expression (p value = 0.0045) (Figure
20C).
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The presence of PGR was also checked in the protein level by
immunohistochemistry (IHC). The relative masked area (rMA), representing
the ratio of PGR expression to the non-damaged area in the tumor sample,
exhibited a significant increase in PGR levels in the mEHT group (p value =
0.031) (Figure 21A and B). Interestingly, TNBC tumors lack
immunohistochemical expression of PGR, among other markers (3). This
finding, in contrast to Schrors et al. (188), suggest a lower level of PGR
expression in non-treated TNBC sham tumors. The variations in PGR
expression patterns may be attributed to differences in culture conditions or
methodologies used to assess potential PGR expression.

To assess the functionality of the restored PGR as a potential
chemotherapy target, we evaluated the response of TNBC malignant tumors to
selective progesterone receptor modulators (SPRMs), including mifepristone
(MIF) and ulipristal acetate (UPA). First, a dose-response in vitro experiment
was conducted, exposing the 4T1 TNBC cell line to increasing concentrations
of MIF and UPA, revealing the ability of both antiprogestins to inhibit cell
growth (Figure 22A). Tieszen et al. suggested that while it is commonly
assumed that MIF and UPA exert their anti-growth effects as PGR antagonists,
TNBC cell lines exhibit relatively low sensitivity to SPRMs, as evidenced by
their high 1Cso values, suggesting that these antiprogestins might operate
through alternative mechanisms independent of PGR (189). In fact, in our
study, the I1Cso for MIF and UPA was 32.76 uM and 34.35 uM, respectively.
When combined with mEHT, MIF and UPA significantly reduced cell viability,
indicating synergism between SPRMs and mEHT treatments (Figure 22B).
These findings are consistent with those of Wargon et al., where the epigenetic
modulator decitabine not only restored the expression of PGR but also
enhanced the responsiveness effect of the antiprogestin MIF, both in vitro and
in vivo. This resulted in a reduced cell proliferation effect and decreased tumor
growth when used in combination (190).

In conclusion, our data suggest that mEHT treatments effectively induce
the re-expression of PGR in the 4T1 murine cell line, which represents a TNBC

subtype characterized by the absence of PGR expression (188). Our
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comprehensive multiplex analysis, assessing mRNA levels through next-
generation sequencing (NGS), NanoString, and quantitative PCR,
demonstrated an increase in PGR expression following mEHT treatments. The
analysis of PGR protein levels by IHC corroborates our findings. Moreover,
combining mEHT with antiprogestins MIF and UPA reduced TNBC cell
viability compared to monotherapy, indicating potential re-sensitization to
SPRM drugs by mEHT and demonstrating synergism between mEHT
treatments and these drugs. On the other hand, we did not observe similar
synergistic effects when conventional hyperthermia was combined with
antiprogestins. These findings show promising translational potential;
however, further experiments are required to validate and fully understand their
clinical significance. The re-expression of PGR presents promising therapeutic
opportunities for triple-negative breast cancer, potentially leading to the
development of novel targeted therapies or combination treatment approaches.
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6. Conclusion

In this study, we investigated the combined effects of modulated electro-
hyperthermia (mEHT) with HSF1 knockdown (KO) and the specific HSF1
inhibitor, KRIBB11, on inhibiting tumor growth in a Triple-Negative Breast
Cancer (TNBC) mouse model. We also investigated the potential re-activation
of progesterone receptor (PGR) in the 4T1 TNBC mouse model following
mMEHT treatments, and whether this re-activation sensitizes TNBC cells to
antiprogestins, Mifepristone (MIF) or Ulipristal Acetate (UPA). We can further
conclude that:

e CRISPR/Cas9-mediated HSF1 knockdown was successful and
exhibited high transfection efficiency in 4T1 murine TNBC cells.

e The mEHT cancer cell-killing effect was enhanced by the
knockdown of HSF1.

e Integration of KRIBB11 alongside mEHT demonstrated a
synergistic effect with significant reduction of tumor growth.

e HSF1 inhibition, either by CRISPR/Cas9 or KRIBB11, resulted in a
diminishment of HSP70 upregulation typically seen after mEHT
treatments.

e The multiplex analysis and gPCR revealed the re-establishment of
PGR expression in 4T1 TNBC mouse model treated with mEHT.

e The re-expression of PGR was also confirmed in the protein level.

e The combination of mEHT treatments and antiprogestins, MIF or
UPA, reduced 4T1 cell viability in vitro, resulting in additional cell-
Killing effect.

e Conventional hyperthermia (cHT) did not enhance the cell-killing
effect of MIF or UPA.
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/. Summary

Breast cancer stands as one of the most prevalent forms of cancer. Within
this category, Triple-Negative Breast Cancer (TNBC) is defined by the lack of
estrogen and progesterone receptors, and HER2 expression. TNBC poses a
unique clinical challenge due to its aggressive nature and limited treatment
options, prompting researchers to focus on innovative therapeutic approaches.

Modulated electro-hyperthermia (mEHT) is an innovative cancer
treatment that utilizes targeted heating to selectively eliminate malignant cells.
However, mEHT can induce the Heat Shock Response (HSR) in cancer cells,
and consequently cancer cells can protect themselves through Heat Shock
Proteins (HSPs) from repeated treatments. To enhance the efficacy of mEHT
in eliminating cancer cells, we explored inhibiting HSF1, the master regulator
of the HSR. This involved targeting HSF1 using gene editing technique or
specific inhibitor, KRIBB11, to disrupt the protective mechanism of HSR,
thereby enhancing the direct impact of mEHT on cancer cells.

Our experiments demonstrated that combining mEHT with either HSF1
knockdown or KRIBB11 administration had a synergistic effect in inhibiting
tumor growth in our TNBC mouse model. Moreover, HSF1 inhibition through
these approaches significantly decreased HSP70 upregulation induced by
mMEHT at both molecular and protein levels.

We also investigated the effects of mEHT on Progesterone Receptor
(PGR) re-expression in the 4T1 TNBC cell line mouse model, using a
comprehensive multiplex analysis. The study revealed a significant
upregulation of PGR post-mEHT treatments, confirmed through
immunostaining at the protein level. Additionally, we explored the therapeutic
potential of Selective Progesterone Receptor Modulators (SPRMs),
Mifepristone (MIF) and Ulipristal Acetate (UPA) to target re-expressed PGR
in vitro. Our results suggested that mEHT-induced PGR re-activation may
sensitize TNBC cells to SPRMs, offering a promising avenue for targeted
therapy. Our findings indicate that mEHT not only restored endogenous
functional PGR expression in TNBC cell line, but also re-sensitized TNBC

cells to antiprogestins therapy.
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