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Legoretta Cancer Center, Department of Pathology and Laboratory Medicine, Brown University, Providence, RI, United States

Fitness of cells is dependent on protein homeostasis which is maintained by cooperative
activities of protein chaperones and proteolytic machinery. Upon encountering protein-
damaging conditions, cells activate the heat-shock response (HSR) which involves HSF1-
mediated transcriptional upregulation of a group of chaperones – the heat shock proteins
(HSPs). Cancer cells experience high levels of proteotoxic stress due to the production of
mutated proteins, aneuploidy-induced excess of components of multiprotein complexes,
increased translation rates, and dysregulated metabolism. To cope with this chronic state
of proteotoxic stress, cancers almost invariably upregulate major components of HSR,
including HSF1 and individual HSPs. Some oncogenic programs show dependence or
coupling with a particular HSR factor (such as frequent coamplification of HSF1 and MYC
genes). Elevated levels of HSPs and HSF1 are typically associated with drug resistance
and poor clinical outcomes in various malignancies. The non-oncogene dependence
(“addiction”) on protein quality controls represents a pancancer target in treating human
malignancies, offering a potential to enhance efficacy of standard and targeted
chemotherapy and immune checkpoint inhibitors. In cancers with specific
dependencies, HSR components can serve as alternative targets to poorly druggable
oncogenic drivers.
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1 INTRODUCTION

Eukaryotic cells rely on a tightly regulated state of protein homeostasis to carry out their functions.
In physiological conditions, proteostasis depends on the cooperation of molecular chaperones, co-
chaperones and proteolytic machinery. Proteins with hydrophobic residues and complex 3-
dimensional structures require molecular chaperones to acquire their functional forms.
Numerous co-chaperones further improve the specificity and selectivity of the process (1, 2). In
stress conditions, the survival of cells depends on the activation of an elaborate cytoprotective
mechanism known as the heat-shock response (HSR). The HSR has evolved as a rapid mechanism
to upregulate selective gene transcription in response to the accumulation of damaged proteins in
cells. It utilizes specific molecular chaperones - the heat shock proteins (HSPs) - as effectors to
minimize the toxic effects of abnormal proteins. When confronted with hostile environmental and
pathophysiological conditions (such as heat, free radicals, nutrient depletion, protein-reactive
chemicals), HSPs act to prevent the aggregation of misfolded and malfunctional proteins. They
promote protein refolding and/or direct them for degradation by the ubiquitin-proteasome or other
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proteolytic systems (3). The HSR is driven by heat shock-
inducible transcription factors (HSFs) which bind to the
promoter regions of the HSPs and dramatically increase
their transcription.

The human genome encodes six HSF isoforms, however, only
HSF1, 2 and 4 contain confirmed DNA-binding domains (4). To
date, three HSFs have been characterized in humans. HSF1 is
expressed in all human tissues and acts as a master regulator for
rapid and robust responses of cells to proteotoxic stress. In
addition to HSPs, HSF1 also affects transcription of a much
broader array of genes such as those involved in cell cycle
control, protein synthesis, embryonic development, ribosome
biogenesis and glucose metabolism (5, 6). Abnormalities in HSF1
are associated with stress sensitivity, aging, neurodegenerative
diseases and oncogenesis (5). HSF2 was initially thought to play
only a role in development. However, strong evidence has
emerged pointing to its complex interactions with HSF1 and
its ability to co-regulate HSR (5, 7, 8). HSF3 is solely a murine
factor, and HSF4 is involved in lens development (9).

In this work, we review the role of HSF1 and HSPs in protein
quality control in physiological conditions and in cancer. We
then analyze the functions of HSF1 in cancer biology, links
between its expression patterns and key oncogenic pathways, and
clinical significance in specific types of cancer. Finally, we discuss
why HSF1 is a suitable candidate for anticancer therapy and
describe recent attempts of pharmacological targeting and
potentially beneficial drug combinations.
1https://www.picard.ch
2 PROTEOTOXIC STRESS AS A STRESS
HALLMARK OF CANCER

A wide array of genetic alterations in cancers results in a set of
common features described as hallmarks of cancer. In 2000,
Hannan and Weinberg (10) named six classical hallmarks of
cancer. Later they expanded this list by adding evasion of
immune surveillance and reprogramming of metabolism (11)
Luo et al. (12) proposed further characteristics shared across
cancer types and contributing to tumor growth and maintenance
of the malignant phenotype. These can be collectively described
as cancer stress hallmarks and include genomic instability,
proteotoxic, mitotic, metabolic and oxidative stress. Targeting
of these attributes is a promising therapeutic strategy. Pervasive
presence of mutator phenotype and aneuploidy in cancer create
proteotoxic stress by producing abnormal proteins and
nonstoichiometric amounts of the components of multiprotein
complexes (12). Higher translation rates and abnormalities of
cancer metabolism further increase the need for protein quality
mechanisms. Thus, survival of cancer cells depends on the robust
functioning of proteostatic processes which can be described as
non-oncogene addiction. HSF1 itself is not tumorigenic (13) but
its depletion restricts growth of diverse cancer lines while having
little effect on normal cells (6). Dependence on protein quality
mechanisms is more ubiquitous in most cancers than
dependence on specific oncogenes and proteostasis represents
a pan-cancer target for the development of new drugs.
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3 HEAT SHOCK PROTEINS

HSPs have become synonymous with molecular chaperones but
have a broad range of functions, including folding of newly
translated proteins, assembly of protein complexes, protein
trafficking, developmental processes and immunomodulation.
They are classified according to their molecular masses; the
five major groups include HSP110 (HSPH), HSP90 (HSPC),
HSP70 (HSPA), HSP60 (HSPD), HSP40 (DNAJ) and small HSPs
(HSPB) (14). HSPs can also be divided in accordance with
their function in protein quality control into holdases, whose
function is to bind and hold misfolded proteins to prevent the
formation of toxic aggregates and foldases that actively assist
substrates in assuming their functional conformation.
Chaperones make up about 10% of the overall protein mass of
immortalized human cells, half of which consists of HSP70 and
the more abundant, HSP90. Although HSPs were first identified
as proteins expressed in response to thermal stress, it was soon
discovered that within each family, 2/3 of them are constitutively
expressed, performing housekeeping functions (15). The
specificity and selectivity of association with client proteins is
modulated by co-chaperones (16).

3.1 HSP90
3.1.1 HSP90 Functions
The HSP90 family has five members: inducible cytosolic
HSP90AA1 and HSP90AA2, constitutively expressed cytosolic
HSP90AB1, mitochondrial TRAP1 and endoplasmic reticulum-
localized HSP90B (Grp94). Cytosolic HSP90s are involved in
many cellular functions, including protein folding, steroid
signaling, DNA repair, protein trafficking, and immunity (17).
HSP90 has several hundred client proteins and exerts profound
effects on cellular regulatory pathways, with approximately 60%
of kinases, 7% transcription factors and 30% ubiquitin ligases
requiring its assistance (18). A comprehensive list of HSP90
client proteins is provided by the Picard lab1. HSF1 is both a
transcriptional activator and client protein of HSP90 (19). HSPs
feature different profiles of binding selectivity; HSP70 acts at an
early stage of folding, associating with a wide range of protein
regions, whereas HSP90 recognizes specific conformations.
HSP90 and HSP70 are known to perform independently many
of their protein chaperone activities and also to work together in
execution of other protein structure-modifying functions (20).
HSP90 is a comparatively specialized chaperone. Its substrates
generally fall into three categories: (i) proteins with complex
conformations in the last stage of the folding process,
(ii) multiprotein complexes and (iii) proteins bound with their
ligands (18). HSP90 activity is fine-tuned by numerous post-
translational modifications, most notably phosphorylation and
involvement of co-chaperones, such as AHA and p23 (21).
Among many signaling pathways it influences are JAK-STAT,
PI3K-AKT, BCR-ABL and NF-kB. Their regulatory aberrations
have been linked to metastasis, angiogenesis, decreased
apoptosis, EMT and cancer progression (22–24). HSP90 also
stabilizes mutated forms of the tumor-suppressor p53 (TP53),
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hampering growth arrest and apoptosis in response to DNA
damage (18).

3.1.2 HSP90 in Cancer
HSP90 has long been recognized as an attractive therapeutic
target due to its frequent overexpression in various cancers and
its importance in the maintenance of a proper conformation for
components of various oncogenic pathways (17, 22). Transcripts
of the two most abundant HSP90 members, HSP90AA1 or
Frontiers in Oncology | www.frontiersin.org 3
HSP90AB1, are elevated in 17 out of 21 major human cancers
(Figure 1). Glioblastoma, renal clear cell (RCC) carcinoma and
ovarian carcinoma exhibited approximately normal levels of
HSP90 transcripts, whereas acute myeloid leukemia (AML)
had lower gene expression of HSP90. High HSP90AA1 or
HSP90AB1 expression was associated with a significantly lower
survival in patients with breast carcinoma, cervical carcinoma,
lung adenocarcinoma and head and neck carcinomas
(Figure 2A). Overall survival was better for ovarian and RCC
FIGURE 1 | Expression of heat shock genes across different types of human cancers. Shown are fold changes in gene expression of individual HSPs in cancers,
which were calculated by dividing the number of transcripts per million in cancer tissue by that in the corresponding normal tissue. Transcript data were accessed
through GEPIA (gepia.cancer-pku.cn) (25). Cancer types analyzed: bladder urothelial carcinoma, breast carcinoma, cervical squamous cell carcinoma and
endocervical adenocarcinoma, colon adenocarcinoma, diffuse large B-cell lymphoma (DLBCL), esophageal carcinoma, glioblastoma multiforme (GBM), head and
neck squamous cell carcinoma, renal clear cell carcinoma, acute myeloid leukemia (AML), hepatocellular carcinoma, lung adenocarcinoma (lung-adeno), lung
squamous cell carcinoma (lung-SCC), ovarian serous cystadenocarcinoma, pancreatic adenocarcinoma, prostate adenocarcinoma, rectum adenocarcinoma,
sarcoma, skin melanoma, stomach adenocarcinoma and uterine carcinosarcoma. The use of imperfectly matched cell populations as normal controls for
hematological malignanies (bone marrow for DLBCL and blood for AML) potentially confounded patterns of normalized HSPs expression in these cancers.
A B

FIGURE 2 | Heat shock gene expression and survival across 21 types of human cancers. (A) Heatmap showing the relationship between heat shock gene expression
and the overall survival and (B) disease-free survival of patients. Patients were divided into groups with high and low mRNA expression at median. Each heatmap cell
corresponds to a log10 HR (hazard ratio) for respective cancer type. Cells marked with shades of red: HR>0, blue cells: HR<0. Statistically significant relationships are
marked with blue or red cell borders. Significance level: p<0.05 in log-rank test. Data were accessed through GEPIA (gepia.cancer-pku.cn) (25).
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cancers with higher HSP90AB1 or both HSP90 forms,
respectively. However, high HSP90 expression did not alter
disease-free survival of the majority of cancers that showed
significantly different overall survival. Only RCC and liver
cancers exhibited the same trend for both overall and disease-
free survival (Figure 2B). Stronger effects of HSP90 expression
on the overall survival than progression-free survival suggests
that this chaperone may play a more important role in cancer
progression/metastasis rather than in the initial therapy
resistance. Problems with the accurate determination of the
start of disease progression may also hamper analysis of its
association with HSP90 and other HSR components.

3.1.3 Targeting HSP90 in Cancer
A multitude of compounds inhibiting HSP90 with promising
anticancer properties in preclinical studies was described (26).
However, in most cases, their clinical efficacy was modest.
Geldanamycin, an ansamycin inhibitor of ATPase activity,
showed promise in reducing tumor growth. However, it is
poorly soluble and hepatotoxic, which precluded its
introduction into clinical practice (27, 28). The synthetic
derivative tanespimycin (17-AAG) was proven safe and
effective in combination with trastuzumab for the treatment of
refractory HER2-positive breast cancer (29). Nevertheless,
further studies on prostate, renal, colorectal, head and neck
and pancreatic cancers did not confirm the effectiveness of
tanespimycin (30–32). The initial success led to the synthesis
and testing of other inhibitors of HSP90 with improved
bioavailability. For instance, KW-2478, a non-ansamycin, non-
purine inhibitor, displayed a good safety profile and some
antitumor activity in multiple myeloma in vivo with a
synergistic action in combination with the proteasome
inhibitor bortezomib (33). However, clinical trials with
advanced solid tumors (prostate, melanoma, pancreas,
gastrointestinal, NSCLC) showed either no significant
improvement in survival or high toxicity (32). HSP90
inhibition leads to a compensatory response resulting in the
increase of HSP70, which can serve as a biomarker for successful
HSP90 blockade (34).

3.2 HSP70
3.2.1 HSP70 Functions
The human genome encodes 17 genes and 30 pseudogenes,
generating 13 HSP70 gene products, which are subdivided into
7 phylogenetic families. The most abundant and well-studied
members are in group VI comprising cytoplasmic and nuclear
chaperones (HSPA1, HSPA8, and HSPA6) and group VII
encompassing chaperones expressed in the endoplasmic
reticulum (HSPA5) (35). Two major inducible forms HSPA1/
HSP70-1 and HSPA1B/HSP70-2 differ by two amino acids and
are collectively referred to as HSP70. HSPA8/HSP70-8/HSC72 is
a constitutively expressed cytoplasmic protein, whereas HSPA6
is inducible and expressed in many types of immune cells (36).
HSPA5/HSP70-5/GRP78 is an important facilitator of protein
folding and transport across ER membrane (35).

Members of the HSP70 family are present in all cellular
compartments and on cell membranes (37). There is some
Frontiers in Oncology | www.frontiersin.org 4
degree of tissue specificity in the expression pattern of HSP70
family members. For instance, HSPA8 and HSPA1A are
especially highly expressed in blood vessels and spleen. Yet
HSPA1A and HSPA1B, despite the very high degree of
homology, are differentially expressed in some tissues (35).
HSP70 family members perform crucial housekeeping
functions such as nascent protein folding, import of proteins
into organelles, protein de-aggregation and assembly of
complexes (37). Their simultaneous deletion is lethal (38). Due
to a low intrinsic ATPase activity, HSP70 never function alone.
Their efficiency and specificity in protein folding are contingent
on co-chaperones: HSP40/DNAJ proteins and nucleotide
exchange factors (NEF). HSP40/DNAJ proteins are numerous,
diverse and assist in the binding of client proteins. Their
conserved J domain stimulates ATPase activity, which catalyzes
conformational changes. In the next step, NEFs drive ADP and
client protein dissociation. The HSP70 protein folding
machinery functions in cycles, and its key components can be
recycled (39). Proteins with complex structures, such as hormone
receptors and transcription factors, undergo a series of folding
events and are passed on from HSP40/DNAJ proteins to HSP70
where they are subject to repeated binding and folding. Complex
proteins are ultimately delivered to HSP90 (40). NEFs are
classified as (i) nucleotide releasing factors: HSP-BP-1 type and
GRP-type factors; (ii) HSP110/HSPH, which are similar to
HSP70, in some instances even stress-inducible and capable of
preventing protein aggregation independently and (iii) less
explored BAG family (BAG1-6) (41, 42). In physiological
conditions, HSP70 is decidedly more abundant than its co-
chaperones, yet their relative concentrations may have a
regulatory effect (43).

3.2.2 HSP70 in Cancer
HSP70 transcript levels and their impact on the survival of
patients show complex patterns and the extent of expression
was not always predictive of the overall or disease-free survival
among major human cancers. ER-localized HSPA5 (GRP78) was
the most frequently overexpressed HSP70 member whose
transcript levels were elevated in 18 out of 21 major human
cancers (Figure 1). Melanoma, glioblastoma and diffuse B-cell
lymphoma had the highest levels of GRP78 overexpression. High
expression of this chaperone was predictive of poor overall
survival only for three cancers: bladder, glioblastoma and liver
(Figure 2A). Shorter disease-free survival was associated with
higher amounts of GRP78 transcripts only for bladder and
squamous cell lung carcinoma (Figure 2B). Inducible HSP70
forms are expressed in normal cells even in unstressed
conditions, but their levels are elevated in many common
human cancers such as melanoma and carcinomas of the
breast, cervix, stomach, esophagus, prostate, rectum, pancreas
and lung (Figure 1). The overexpression of both HSP70 forms
was particularly high in pancreatic cancer. A significant
association between high expression and lower overall survival
was found only for melanoma, colon and liver cancers and no
effects were detectable in pancreatic cancer (Figure 2A). Overall
survival of patients with renal clear cell (RCC) carcinoma was
better for the high expression group of HSP1A. High expression
March 2022 | Volume 12 | Article 860320
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of inducible HSP70 was predictive of a shorter disease-free
survival only for AML, melanoma and stomach and rectal
carcinomas (Figure 2B), which is consistent with the impact
on the overall survival only for melanoma. HSPA2 and HSPA6
showed elevated gene expression in 9 and 10 out of 21 human
cancers, respectively (Figure 1), which was predictive of a
lower overall survival for one cancer for each chaperone.
Other members of HSP70 family showed a less frequent
overexpression among major human cancers and their
significant impact on the overall survival was generally limited
to one cancer. The most common change for HSP12A and
HSP12B was downregulation. Collectively, major human
cancers overexpressed at least one member of the HSP70
family, and this was associated with lower overall survival for 8
cancers. RCC carcinoma was a clear outlier with a significantly
better overall and disease-free survival found for patients with
higher mRNA levels of HSP70. RCC is a unique type of human
cancer caused by the early loss of the VHL E3 ubiquitin ligase
and the resulting constitutive activation of the transcription
factor HIF2 (44). Thus, despite a frequent overexpression of
HSP70 chaperones, which is indicative of beneficial functions in
malignant cells, their abundance does not always associate with
more aggressive cancers.

Mechanistic studies have shown that HSP70 downregulation
impedes cancer cell growth, migration, invasion in various types of
cancer, including colorectal, urothelial, hepatocellular carcinoma,
renal cell carcinoma, pancreatic and breast cancers (45–50). While
the exact mode of action for each of the HSP70 family members in
this capacity has not yet been fully dissected, many molecular
insights are available. The importance of HSP70 in cancer appears
to center on cytoprotection, either through the HSR or by
suppressing apoptotic pathways on many levels. HSP70 prevents
BAX from translocating to mitochondria and associating with
their outer membranes (51). It also indirectly inhibits the JNK/
BIM axis (52). In a different study, HSP70 was found to prevent
the release of apoptosis inducible factor (AIF) and cytochrome c
from mitochondria and cathepsins from lysosomes by stabilizing
their membranes (48, 53). The exact mechanism is not entirely
clear, but it is possible that the two mechanisms are either
complementary or upstream of one another. HSP70 was also
found to inhibit the Apo-2L/TRAIL DISC assembly (54) and its
knockdown sensitized cells to TRAIL-dependent apoptosis (55).
On the other hand, HSP72 blocks the apoptosis-regulating kinase
ASK by directly interacting with it (56). High constitutive
transcription of HSP72 in cancer cells also impedes senescence
pathways (57). HSP70 is important in tumorigenesis. This is
illustrated well by a study using mice injected with cancer
xenografts: overexpression of Her2 resulted in malignant
transformation only when HSP72 expression was intact. HSP72
depletion inhibited transformation (58). Survival of both normal
and malignant cells hinges on the presence of the constitutively
expressed HSC70. Its depletion causes G2/M arrest. Knockdown
of HSP70-2, the inducible chaperone, predominantly
overexpressed in cancers, resulted in G1 arrest (49). There are
many other reports detailing functional interactions between
cancer hallmarks and HSP70 expression (59). Many substances
Frontiers in Oncology | www.frontiersin.org 5
blocking HSP70 activity have shown promise in human cancer cell
lines and xenograft models (60, 61). However, no HSP70
inhibitors are currently in clinical trials, but attempts have been
made to repurpose existing drugs with HSP70-inhibiting
properties for new indications. This is the case with MKT-077,
which exerts anticancer effects by binding to HSPA9 (mortalin). It
was tested in phase 1 clinical trials on solid tumors but failed due
to renal toxicity and unfavorable pharmacokinetics (62). Another
example is methylene blue which showed suppression of HSPA1A
and HSPB1 induction and sensitized melanoma cells to other
chemotherapeutics (63). Ongoing clinical trials explore the
diagnostic potential of HSP70 for the isolation of circulating
tumor cells (ClinicalTrials.gov Identifier: NCT04628806) and in
prevention where HSP70 DNA is a component of a dual vaccine
for the treatment of lesions with increased risk of cervical cancer
(ClinicalTrials.gov Identifier: NCT03911076).

3.3 HSP40
3.3.1 HSP40 Functions
The largest chaperone family, including over 40 members and 49
genes, some of which encoding several splice variants, is HSP40
(DNAJ). Their key role is partnering with HSP70 and HSP90 and
participating in tasks related to the maintenance of proteostasis
(64). HSP40 are present in all cellular compartments and partake
in protein shuttling, endo- and exocytosis and hormone
signaling. Diverse proteins are classified as DNAJ members
based on the presence of a conserved J domain, whose role is
to enable interaction with other chaperones, stimulate their
ATPase and stabilize the client protein binding (65). Based on
further structural characteristics, DNAJ are subdivided into 3
categories: DNAJA, DNAJB and DNAJC (66). The classification
has functional consequences: DNAJA and DNAJB can bind to
aberrant polypeptides independent of ATP to prevent their
aggregation, the polypeptide chains they recognize are similar
but distinct. An important functional difference is that DNAJA
can work independently, whereas DNAJB necessitate HSP70 to
prevent aggregation. DNAJC members have a specialized
domain that recognizes distinct substrates and delivers them to
different HSP70 members, making these highly versatile
chaperones more specialized in certain contexts.

3.3.2 HSP40 in Cancer
Gene expression of HSP40 chaperones was elevated in 18 out of
21 major human cancers with particularly high levels of
overexpression being found in diffuse B-cell lymphoma and
pancreatic cancer, which represents a general trend for HSP
expression in these two cancers (Figure 1). Bladder, prostate and
RCC carcinomas did not show increases in the abundance of any
of the HSP40 transcripts. High expression of specific HSP40
forms was associated with lower overall survival in 9 out of 21
major human cancers (Figure 2A). A poor survival prognosis in
AML, liver carcinoma and melanoma was observed for more
than one member of the HSP40 family. High expression of
HSP40 was also predictive of shorter progression-free survival
in 9 cancers, 8 of which were the same cancers that showed
shorter overall survival. As discussed above, this consistency
March 2022 | Volume 12 | Article 860320
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between progression-free and overall survival was not observed
for HSP70 and HSP90. As with other chaperones, RCC
carcinoma was again a clear outlier that showed a much better
overall and progression-free survival in patients with high
expression of several HSP40 forms (Figures 2A, B).
Interestingly, the overall survival of patients with ovarian
carcinoma showed opposite trends for DNAJA1 and DNAJB2
expression, pointing to their involvement in different oncogenic
programs in this malignancy.

On a protein level, HSP40 expression correlated with a less
aggressive cancer phenotype in some studies. DNAJB4
abundance was associated with a better overall survival and
lower recurrence rates in NSCLC (67–69). In vitro, it inhibited
cell proliferation, motility, invasion and slowed cell cycle through
STAT1/CDKN1A (70). Other studies in lung cancer provided
evidence that overexpression of DNAJB4, mediated by the
transcription factor YY1, hinders invasion via E-cadherin (71).
Conversely, a low expression of DNAJB4 is a feature of highly
malignant and metastatic breast and colon cancers (72). DNAJB4
suppresses activity of Src and the formation of oncogenic
complexes, such as EGFR-Src, STAT3-Src and FAK-Src (73). It
is known that mRNA levels do not always correlate with cellular
protein levels (74). While there is a close correlation between the
two for HSP90, HSPA5, HSPA8 and HSPB1, it is less clear for
other HSP members. The relationship between mRNA and
protein abundance varies greatly between tissues; one of the
lowest correlation scores is seen in lung. In many cancer types,
such as pancreatic, colonic, ovarian and urothelial, the
transcript-protein correlation is much lower than in normal
tissue (75).

3.4 HSP60
3.4.1 HSP60 Functions
HSP60 (HSPD) facilitates the folding, unfolding and degradation
of mitochondrial proteins. While performing these classical
functions, it is assisted by the co-chaperone HSP10/HSPE.
HSP60 forms a double ring of seven subunits (a 14-mer
complex) bound to a 7-unit ring formed by the co-chaperone.
Together they create a compartment within which client proteins
assume their conformation (76). A third of the HSP60 supply is
located outside the mitochondria: in the cytosol, on the cell
membrane and is secreted in extracellular vesicles (77)
broadening its functions to include (among others) protein
transport, peptide hormone signaling (78, 79). HSP60 also
plays a role in both innate and adaptive immunity and the
pathogenesis of autoimmune disorders (80). It induces cytokine
release from lymphocytes, dendritic cells and macrophages and
interacts with Toll-like receptors 2 and 4, fostering inflammatory
response (80, 81).

3.4.2 HSP60 in Cancer
HSP60 (HSPD) transcript was found to be overexpressed in 17 out
of 21 human cancers with especially high expression seen in
diffuse large B-cell lymphoma and cancers of colon and rectum
(Figure 1). The expression pattern of HSP60 cochaperone HSP10/
HSPE showed a nearly identical trend for overexpression in the
Frontiers in Oncology | www.frontiersin.org 6
same cancers (elevated expression in 18 out of 21 cancers). High
expression of HSP60 was predictive of a significantly lower
survival in patients with head and neck cancers, liver carcinoma
and lung adenocarcinoma (Figure 2A). Shorter progression-free
survival was found in HSP60 high expression groups of patients
with liver and pancreatic carcinomas (Figure 2B). As with all
other families of HSP proteins, the overall survival of RCC
patients was better in the HSP60-overexpressing group. Despite
the presence of elevated transcript levels for HSP60 and its
cochaperone in the same cancers, high expression of HSP10 was
not associated with shorter overall survival in any cancers and in
ovarian carcinoma, it was associated with better overall survival
(Figure 2A). Thus, it appears that cochaperone-independent
functions of HSP60 could be more important for disease
aggressiveness in patients with head and neck cancers, liver
carcinoma and lung adenocarcinoma. As seen with other HSP
proteins, HSP60 expression had a more limited prediction
potential for progression-free survival than for overall survival.

A multitude of HSP60 functions in cancer and their
contributions to the progression and maintenance of specific
malignant properties has been established in several cancer
models. Mechanistic studies on liver (82), prostate (83), gastric
(84), bladder (85), ovarian (86), pancreatic cancers (87),
neuroblastoma (88) have shown its association with increased
metastatic potential, risk of progression or recurrence and poor
overall outcome. HSP60 was highly expressed in Hodgkin
lymphoma as well as mitogen-stimulated B-, T- and NK-cells
(80, 89). In colonic epithelium, HSP60 is highly expressed during
early carcinogenesis and in preneoplastic lesions, suggesting a
role in cancer progression (90). HSP60 interacts with major
oncogenic pathways, leading to uncontrolled proliferation,
resistance to cell death and senescence, and metastatic spread.
Its transcription is directly activated by c-MYC, triggering
malignant transformation (91). HSP60 is also important for
the activity of multiple apoptosis-controlling processes. It
promotes activation of IKK-NF-kB pathway, which is crucial
for cancer cell survival (92). In pancreatic cancer, HSP60
depletion provokes a decrease in ERK1/2 phosphorylation,
leading to cell arrest and apoptosis, ultimately decreasing
tumor growth (87). HSP60 also regulates autocrine production
of IL-8 in vitro and in vivo via its upstream regulator TGFb,
mediating resistance to apoptosis (93). HSP60 forms complexes
with survivin (a potent inhibitor of apoptosis), stabilizing it and
promoting oncogenesis. In experimental settings, HSP60
knockdown decreased the expression of survivin, disrupted
mitochondrial homeostasis and led to BAX-mediated
apoptosis. In the same study, HSP60 ablation released p53
from its complexes with the chaperone protein restraining its
activity (94). Cancer-associated HSP60 overexpression was a
prerequisite for a loss of replicative senescence, as p53 was
sequestered from interacting with promoters of cell cycle arrest
genes (95). A study by Chandra et al. (96) found that a cytosolic
accumulation of HSP60 was a common feature of all cells in an
early phase of apoptosis induction. The cytosolic accumulation
of HSP60 was either of mitochondrial origin, in which case, upon
release it interacts with procaspase 3, promoting its maturation
March 2022 | Volume 12 | Article 860320
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and activation. In this model, the chaperone was not available to
counteract oxidative stress in the mitochondrion, rendering the
cell particularly susceptible to apoptosis. In contrast, HSP60
accumulat ion of non-mitochondrial origin plays a
cytoprotective role (96). As the primary role of HSP60 is to
mitigate the effects of reactive oxygen species in mitochondria, its
reduction and increased oxidative stress activate AMPK, which
inhibits mTOR curbing cell proliferation (86, 97). In
glioblastoma, this was accompanied by activation of integrin
and WNT pathways and an elevation of EMT markers - key
players in the process of metastatic spread (97). HSP60 also
promoted metastasis by interacting with b-catenin and a3b1
integrin (98, 99). Interestingly, the latter can be prevented by
mizoribine - a pharmacological inhibitor of HSP60 (99).

In some contexts, HSP60 can also assume an anticancer role,
as evident by a better survival in RCC patients with high
expression of this chaperone (Figure 2A). Its knockdown
fostered cancer progression by promoting aerobic glycolysis via
the AMPK pathway and enhanced EMT due to increased
oxidative stress in mitochondria (100). In mice, increased
tumor size of HSP60-depleted RCC xenografts was
observed (100).

3.4.3 HSP60 as Cancer Biomarker and Drug Target
Because HSP60 is widely upregulated in cancer and is present in
detectable quantities in blood serum, it was considered a
potential biomarker to aid cancer diagnosis and monitor the
disease course. Strong evidence exists to support its application
for colonic adenocarcinoma, where a specific immunoassay
detected increased HSP60 serum levels in cancer patients
compared to healthy controls (90). Moreover, HSP60 was
elevated already at an early stage of carcinogenesis - in tubular
adenoma- raising hope for a tool for early detection (101).
Another study on colonic carcinoma found that serum HSP60
had the same sensitivity as carcinoembryonic antigen and
provided additional value by correlating with metastatic
disease (102).

In HCC, HSP60 levels correlated with alpha-fetoprotein and
differentiation grade and predicted favorable outcomes (103). In
prostate cancer, HSP60 levels tracked Gleason score, prostate-
specific antigen levels and were associated with the development
of hormone-refractory disease, prompting further research into
whether HSP60 could interact with the androgen receptor (83).
Other potential uses for HSP60 as a biomarker include AML
(104), lung adenocarcinoma (105, 106), differentiation between
different subtypes of glioma (discussed in more detail by
Nakamura et al.) (104). HSP60 was found to elicit a humoral
response, and autoantibodies against it can have a diagnostic value
in breast cancer, especially in DCIS (107) and osteosarcoma (108).

Several pharmacological modulators of HSP60 were
described. Among the most promising is the immuno-
suppressant mizoribine, which inhibits association with HSP10
and impedes ATPase activity (109, 110). However, given the
molar dosage required to achieve biological effects, the
compound necessitates further structural refinement.
Epolactaene tertiary butyl ester (ETB) covalently binds to
cysteine residues of HSP60, allosterically inhibiting its ATPase
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activity (111). Recently a known activator of apoptosis in cancer
cells – myrtucommulone - was shown to interact directly with
HSP60 reducing its activity more efficiently than ETB and
inducing the intrinsic apoptotic pathway by interfering with
mitochondrial functions (112, 113). Other potential HSP60-
targeting drugs include carboranylphenoxyacetanilide, known
primarily as HIF1 inhibitor, but its biological effects require
further study (114). A detailed review of substances proposed to
intervene pharmacologically with HSP60, and their activities can
be found elsewhere (104, 115).

3.5 Small Heat Shock Proteins
Small heat shock proteins (sHSPs or HSPB) are defined by the
presence of the a-crystallin domain. The family consists of 11
members, most notably HSPB1 (HSP27), HSPB4 (a-crystallin A)
and HSPB5 (a-crystallin B). Their monomeric molecular masses
range between 15-40 kDa; however, they usually exist in
oligomeric form or as multimeric complexes of up to 40 units
(116). sHSPs quickly bind to a large variety of client proteins to
prevent the formation of large aggregates. However, they do not
induce conformational changes alone. Instead, the unfolded
protein chains are passed on to other chaperones for further
processing. In contrast to other HSPs, their function is ATP-
independent, i.e., client proteins can be released by association
with another chaperone rather than by ATP hydrolysis (117).
sHSPs are regulated by phosphorylation by multiple kinases,
including MAPK2, MAPK3 and PKD (118, 119). They are highly
expressed in colorectal (120), pancreatic, breast, ovarian,
esophageal and some mesenchymal cancers (116). High
expression of CRYAB (HSPB5) was associated with
significantly lower disease-free and overall survival for bladder,
colon and ovarian carcinomas (Figures 2A, B). HSPB1, by
far the most researched sHSP member, is linked to tumor
invasion and metastasis, epithelial-mesenchymal transition
(EMT), reduced apoptosis, drug resistance. An antisense
oligonucleotide inhibitor of HSPB1, apatorsen, was tested in
phase II clinical trials in patients with prostate, NSCLC (121),
pancreatic (122) and urothelial cancers (123), failing to improve
the outcomes in all but one study (124).
4 HSF1

4.1 Structure and Function
HSF1 exists predominantly in the cytoplasm in a monomeric,
inactive state. HSF1 monomer consists of the following
functional modules: (i) N-terminal DNA-binding domain
which can also interact with cofactors and modulate
transactivation (4), (ii) leucine-zipper domains 1-3 (LZ1-3)
collectively described as trimerization domain, facilitate
interactions with other HSF monomers, (iii) regulatory domain
which is subject to elaborate modifications, including
phosphorylation, acetylation, SUMOylation, (iv) leucine-zipper
LZ4, repressing oligomerization (9) and (v) activation domain
located at the C-terminal side. The DBD and oligomerization
domains are highly conserved between HSF1 and HSF2 (125).
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The classical model of HSF1 activation posits that accumulation
of misfolded proteins causes HSP70, HSP90 and likely other
chaperones to dissociate from monomeric HSF1 and bind
unfolded peptide chains (126, 127). This allows HSF1 to
trimerize, translocate to the nucleus and bind to the heat shock
elements in promoter regions of its gene targets (128). Trimeric
HSF1 is capable of binding to DNA, but trimerization alone is
not sufficient to transactivate target genes. HSF1 was shown to
become active upon phosphorylation (125, 127). Each of the
steps requires the assistance of multiple cofactors and different
combinations of those fine-tune the overall HSR (4). Detailed
studies of HSF1 structure indicate that elevated temperatures
induce structural changes in HSF1, such as the unfolding of the
regulatory domain and tighter packing of the trimerization
region, resulting in increased trimer formation (129, 130). A
ribonucleoprotein complex consisting of eEF1a and a non-
coding RNA sequence HSR1 was found to promote HSF1
activation (131).

The DNA-binding sites for HSF1 feature inverted repeats of
consensus sequence nGAAn. Multiple heat shock elements
(HSE) may exist within one gene promoter, and the number of
repeats and spatial orientation of bound sequences may vary
(132). Attachment of HSF1 and its cofactors to HSE releases
polymerase II elongation complex and enhances gene
transcription (133). Deletion of HSF1 allows for basal
expression of heat-shock proteins but abrogates the acute
response (9). During HSR, HSF1 induces the expression of
HSPs, co-chaperones and components of the ubiquitin-
proteasome system to remove proteins damaged beyond repair
(126). The cell cycle is halted to allow time for repair, while the
transcription of genes unrelated to damage repair is globally
repressed (134). Although short-term heat shock is well tolerated
by Hsf1-/- animals, prolonged hyperthermia and additional
inhibition of HSP90 are deleterious (135). In Hsf1-/- mice, heat
shock upregulates ~40% of the genes activated in wild-type
littermates (135). Mahat et al. (133) used precision run-on
sequencing to look at the genome-wide transcriptional profile
of HSF1 following heat shock. The study compared
transcriptional response in wild-type mice with Hsf1-/- and
double Hsf1-/- and Hsf2-/- gene knockouts and showed the
HSR was dynamic and robust with approximately 1500 genes
being activated and several thousand repressed. Overall, the
proposed new model subdivides genes into (a) upregulated
throughout the HSR, such as the HSPs, (b) genes upregulated
transiently (only in the initial phase of HSR), such as certain
cytoskeletal components, (c) large proportion of genes activated
at a later timepoint, possibly by transcriptional factors activated
by HSF1 and repressed genes. HSF1 can also apparently exert
enhancer effects on some genes by regulating their expression
from a distance (133, 136).

4.2 Regulation of HSF1
Transcription of HSF1 appears to be stable and transcript
abundance may be subject to splicing regulation (137). HSF1 is
also capable of augmenting its own protein abundance at the
translation level. In stress, JNK phosphorylates mTORC1 at
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Ser567, inhibiting translation. HSF1 salvages mTORC1 from
inactivation by binding JNK (138). Dampening of HSR occurs
via a negative feedback loop exerted on HSF1 by HSP70,
HSC70 and HSP40 (DNAJB1). The three chaperones aid
monomerization and dissociation of HSF1 from DNA (139).
Another mechanism involves overexpression of HSP70, which
shifts the balance between HSF1 kinases and phosphatases (140).

HSF1 is subjected to a plethora of post-translational
modifications. Phosphorylation occurs mainly within the
regulatory domain on multiple serine and threonine residues
and can exert both positive (Ser326, T142, Ser320) and negative
regulatory effects (Ser303, Ser307, Ser363, T142) (141–143). The
first systematic analysis of phosphorylation sites was carried out
by Guettouche et al. (144) and identified 12 novel
phosphorylated serine residues, including Ser326, which is
considered crucial for HSF1 transcriptional activity. HSF1-
targeting kinases include AKT1, members of the MAPK family
(MEK1, MK2, p38), PLK, PKA, CK2 and mTORC (145, 146).
AKT1 phosphorylates multiple sites and activates HSF1
transcriptional activity by fostering association with other co-
factors (Ser326, Thr527, Ser230) and allowing trimerization
(Thr142) (146). In metabolic stress, AMPK phosphorylates
HSF1 at Ser121, suppressing HSR (147). Generally, serine and
threonine residues can be modified by several kinases, and one
kinase can modify residues with opposing functions. For
example, Ser419 phosphorylation by PLK1 facilitates the
nuclear translocation of HSF1 (148). In contrast, HSF1
phosphorylation by PLK1 at Ser216 during mitosis mediates its
ubiquitination and degradation. This modification also serves
another purpose unrelated to HSR - it enables CDC20 to be
released from the complex with HSF1 and associate with CDC27,
allowing mitosis to progress (149). The complete landscape of
phosphorylation events, their timing and role in HSF1 activation
is far from clear. However, an engineered HSF1 with 15
disrupted phosphorylation sites was still able to transactivate
its gene targets. What is more, the transactivation properties of
the mutant were stronger than that of wild-type protein (150).
Hyperphosphorylation may regulate the sensitivity of HSF1 to
transduced cues triggering activation. A more recent study
suggested that phosphorylation at specific residues has an
activating effect, whereas hyperphosphorylation results in
dampening of HSR (146). Mathematical modeling and
experimental work in budding yeast led to the formulation of a
two-factor model of HSF1 activation where the key event is its
dissociation from HSP70. Phosphorylation events augment the
transcription activity and integrate signals from different cellular
pathways (151, 152). Other post-translational modifications of
HSF1 include its acetylation and SUMOylation.

Acetylation of lysine residues on HSF1 has a two-fold role. In
the absence of stress, acetyltransferase p300 modifies Lys208 and
Lys298 of HSF1, suppressing its degradation. In stress
conditions, the same enzyme additionally acetylates Lys80,
inhibiting the binding of HSF1 to the phosphate backbone of
DNA (153). Downregulation of p300 results in decreased HSF1
protein levels, due to degradation (153). SIRT1 counteracts this
effect by deacetylating HSF1 and promoting a longer association
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with target gene promoters (154, 155). This form of regulation
appears to play a role in pathologies and could be a target for
intervention. SIRT1 is upregulated in many cancers, potentially
contributing to a chronic hyperactivation of HSF1 in malignancy
(154). A similar mechanism involving p300 and SIRT1 regulates
HIF1 - a partner of HSF1 in activation of transcription in
hypoxic conditions (156, 157). Also involved in the regulation
of HSR are histone deacetylases HDAC7, HDAC9 and HDAC1,
having both a positive and negative role. HDAC7 and HDAC9
act by removing the inhibitory acetyl group and increase the
robustness of HSR. HDAC1, however, may sterically block the
DBD of HSF1, diminishing its DNA binding activity (158).
Histone deacetylases are a target for a new class of anticancer
drugs, some of which have been approved for the treatment of
hematological malignancies (159). Other modes of HSF1
regulation include its SUMOylation (160–162) and a
production of its differentially spliced isoforms (137, 163).
5 HSF1 IN CANCER

Since the discovery of HSR, the understanding of the function of
the heat shock factors has deepened. It is now clear that HSF1 is
involved in many other processes independent of the HSR (164).
Unsurprisingly, the cytoprotective properties of HSF1 are
exploited by cancers to promote cell survival, proliferation,
invasion and metastasis. HSF1 is infrequently mutated across
cancer types, but copy number alterations, especially
amplifications, are common (Figure 3A). The highest
frequency of HSF1 gene amplification is found in ovarian,
pancreatic, breast and liver carcinomas which also show
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elevated mRNA levels of HSF1 (Figure 3B). Increased HSF1
gene copy number was associated with significantly shorter
survival in our pan-cancer analysis (Figure 3C). A robust
upregulation of HSF1 mRNA in DLBC lymphoma (Figure 3B)
can at least partially be responsible for strong increases in gene
expression for most HSPs in this cancer (Figure 1). The cause for
a broad decrease of HSPs expression accompanied by a potent
induction of only three HSPs (HSPA2, HSPA12B and DNAJA4)
in another hematological malignancy AML (Figure 1) is less
clear as its HSF1 mRNA levels were not reduced (Figure 3B). It is
possible that the use of peripheral blood cells as a normal tissue
control for AML does not provide a good biological reference. In
a meta-analysis of 10 studies, including 3159 patients, HSF1
protein abundance was also associated with shorter overall
survival in esophageal squamous cell carcinoma, breast cancer,
HCC, as well as non-small cell lung cancer (NSCLC) and
pancreatic cancer (167). HSF1 expression also correlated with
clinicopathological features of aggressiveness such as tumor,
nodal and metastasis stage and histological grade (167). Cells
with a more malignant phenotype have a higher abundance of
HSF1 in the nucleus, and a higher amount of phosphorylated
Ser326 (168). Strong nuclear staining for HSF1 was shown in
cervix, colon, lung, pancreas, prostate, mesenchymal tumors
(168). Association of HSF1 expression with unfavorable
prognosis was also shown in oral squamous cell carcinoma
(169), gastric (170) and esophageal cancer (171).

HSF1 supports carcinogenesis through a variety of pathways.
Upon topical application of a mutagen, Hsf1-/- mice developed
fewer tumors, had lower tumor burden and survived longer than
their wild-type littermates (6). In this model of RAS-driven
carcinogenesis, the overall incidence of tumors was much
A B
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FIGURE 3 | HSF1 alterations in human cancers. (A) Frequency of HSF1 gene alterations in major human cancers. HSF1 gene is more commonly amplified than
mutated in malignancies. Data source: curated set of all studies available (as of January 2022), accessed and analysed through cBioPortal (cbioportal.org) (165, 166).
(B) HSF1 mRNA levels in cancer and corresponding normal tissue across common cancer types. Data was accessed and analysed through GEPIA (gepia.cancer-
pku.cn) (25). (C) Kaplan-Meier graph demonstrating the impact of combined alterations in HSF1 gene on overall survival in a pan-cancer analysis (log-rank p-
value=1.1e-16). Data were accessed and analysed through GEPIA (gepia.cancer-pku.cn) (25). (D) Oncoprint of genetic alterations in HSF1 and MYC genes in a
pancancer analysis (n=14107). (E) Amplification and coamplification of HSF1 and MYC genes in ovarian serous carcinoma (n=311), invasive breast carcinoma
(n=1169), hepatocellular carcinoma (n=596) and pancreatic adenocarcinoma (n=1846) (cbioportal.org) (165, 166).
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lower when Hsf1 was deactivated, yet once a neoplasm was
formed, the proportion of benign and malignant tumors was
unchanged. In a separate set of experiments, the impact of Hsf1
deactivation in animals with a dominant p53 mutant was tested.
Again, mice with intact Hsf1 function developed larger tumors
and survived shortest. Hsf1-/+ littermates showed an
intermediate phenotype, while the Hsf1-/- group was most
resistant to carcinogenesis. Heterozygotes developed more
carcinomas, while among Hsf1 wild-type mice, sarcomas were
more common. Several common human carcinogens, including
a widespread water contaminant arsenic (172) and endogenous/
exogenous carcinogen formaldehyde (173) are known to robustly
activate HSF1 and HSR, which may play a pro-oncogenic role by
promoting survival of damaged cells.

HSF1 fosters cancer cell to grow independently of growth
signals (6). Mendillo et al. (168) demonstrated that HSF1 drives a
transcriptional program, distinct from the HSR, which supports
growth and development of malignant cells. The transcriptional
signature involves 456 genes and correlates with poor patient
outcomes across a variety of cancers. It encompasses pathways
coordinating metabolism, cell cycle, DNA repair, apoptosis,
adhesion, translation (168). HSF1 maintains ribosomal
biogenesis and promotes glycolysis, which is the main energy-
producing metabolic pathway from glucose in cancer cells (6). A
bioinformatic analysis of over 10 000 cancer genomes showed
that copy number alterations (CNA) of chromosome locus
8q24.3 was a common event across cancers and correlated with
poor prognosis (174). Our pan-cancer analysis found that
amplifications in HSF1 and MYC genes (both situated at this
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locus) co-occurred in a high percentage of cases (Figure 3D). For
the top 4 cancers with the highest frequency of HSF1
amplification (ovarian, pancreatic, breast and liver –
Figure 3A), the percentage of HSF1 co-amplification with
MYC ranged from 67% to 90% (Figure 3E). Zhang et al. (175)
report that about a third of top 100 most overexpressed genes
constituting the HSF1 cancer signature are located at 8q21-24.
The authors suggested that the co-expression of the genes cannot
be fully explained by their co-localization and raised a possibility
of a link to mRNA pre-processing (175).

5.1 HSF1 in Major Cancer Types
5.1.1 Breast Cancer
In our analysis of publicly available mRNA data (n=1903), high
expression of HSF1 in breast adenocarcinoma correlates with
poor prognosis (Figures 4A–C). Increased levels of HSF1 were
associated with shorter overall survival and relapse-free survival.
Samples with higher RNA expression of HSF1 also had higher
histologic grade (X2 test p-value<10-10) and tumor stage (X2-test
p-value= 1.93e-3). While most patients with stage I breast cancer
had low HSF1 expression, at more advanced stages elevated
HSF1expression was more common. Negative ER, PR status and
HER2 gain are also more likely in cases with high HSF1
transcripts (X2-test p-values: 4.72e-8, 1.98e-10 and 7.56e-3

respectively). While mutations of HSF1 gene were uncommon,
gene amplifications were found in 18% of patients. Previously
published meta-analyses of RNA data did not find a statistically
significant correlation of HSF1 with prognosis or reported
significance for ER-positive patients only, which likely results
A B D

E F G

C

FIGURE 4 | Prognostic significance of HSF1 gene expression in selected human cancers. Patients were divided into groups with high and low expression of mRNA,
significance level was defined as p-value<0.05 in log-rank test. Each sample corresponds to an individual patient. (A) HSF1 mRNA expression and overall survival in
breast adenocarcinoma patients (n=1903). (B) Relapse-free survival in breast cancer patients. Cut-off point was set at median expression. (C) Tumor stage in
relationship to the HSF1 transcript levels. Higher HSF1 expression was associated with more advanced tumor stages, X2-test p-value= 1.93e-3. (D) Overall survival in
patients with ovarian serous cystadenocarcinoma (n=537) in relation to HSF1 mRNA expression. Cut-off point was set at median expression. Microarray data used in
panels A-D was sourced and analyzed via cBioPortal (cbioportal.org) (165, 166). (E) Overall survival in non-small cell lung cancer (NSCLC, n=211), (F) Hepatocellular
carcinoma (n=373), cut-off point was set at 0.5 SD above the mean expression. (G) Colorectal adenocarcinoma (n=379), HSF1 mRNA is not associated with
survival. RNA Seq data used in panels E-G was sourced and analyzed via cBioPortal (cbioportal.org) (165, 166).
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from a lower number of cases studied (176, 177). Normal breast
tissue typically shows no nuclear HSF1 staining, whereas HSF1
was commonly detectable in cancers, most abundantly in high-
grade carcinoma (178). The increase in nuclear HSF1 was found
at an early stage in carcinogenesis and was already seen in
carcinoma in situ. Strong nuclear staining of HSF1 correlated
with tumor stage and low differentiation (178). Estrogens can
promote phosphorylation of HSF1 at S326 in ER-positive breast
cancers. The activated HSF1 then fosters the transcription of
several critical genes, including HSPB8, LHX4, PRKCE, WWC1,
and GREB1 (179). Tumors with elevated HSF1 protein
expression were also more likely to be ER-negative, HER2-
positive and triple-negative (which typically have a more
aggressive course) and were often diagnosed at more advanced
stages (178). HSF1 appears to be involved in both ER and HER2
pathways. HSF1 associates with multiple proteins, including
HDAC1, HDAC2 and metastasis-associated protein 1 (MTA1).
These complexes accumulate in close proximity to promoters of
estrogen-responsive genes, inhibiting their expression (180). The
development of endocrine resistance involves multiple
mechanisms, from overexpression of cytokines to transcription
factors (STAT, NFkB, HIF1A, MYC). It is of great clinical
interest to resolve the functions of HSF1 and HSPs in this
process. HSF1 may decrease transcription and increase the
degradation of ERa (181), while HSP70 and HSP90 can bind
to steroid receptors and alter their activity (182).

HER2, overexpressed in up to 50% of breast carcinoma cases,
is known to promote tumor cell growth. In HER2-positive breast
cancer, HSF1 promotes malignant transformation and
metastasis. Non-malignant HER2-expressing cells acquire
malignant characteristics, manifested as the formation of
transformed foci in vitro and tumors in mice only in the
presence of functional HSF1 (183). HER2 also activates HSF1
and its effectors, including HSP90, which results in the activation
of RAS-RAF-ERK1/2 axis . In Hsf1+/ - mice, despite
overexpression of HER2, tumorigenesis was significantly
impaired, which was experimentally observed as decreased
proliferation, invasion and EMT (184). Mechanistically, HER2
activated HSF1 via the PI3K-AKT-mTOR axis and inhibition of
HER2, either pharmacological with lapatinib or transient
knockdown, attenuated HSF1 activity (185). Consequently, a
feedback loop exists, with HER2 activating HSF1, which in turn
activates many of its classical effectors, such as HSP70 and
HSP90, which further enhance HSF1 transcription (185). HSF1
and HSPs were consistently and very highly expressed in cells
resistant to the tyrosine kinase inhibitor lapatinib, which
disrupted both HER2 and EGFR pathways. In this context,
targeting HSF1 decreased the expression of ERBB2, mut-p53
and components of several compensatory pathways implicated
in resistance to this mode of therapy, suggesting that
combination therapy with HSF1 inhibitor could be useful in
preventing resistance to lapatinib (186).

5.1.2 Ovarian Cancer
Ovarian cancer is the most lethal female-specific cancer. Serous
ovarian adenocarcinoma had elevated HSF1 mRNA expression in
comparison to normal ovarian tissue (Figure 3B). A higher
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expression ovarian cancer group had a statistically better overall
survival (Figure 4D). Gene CNA and chromosomal rearrangements
were more prevalent in ovarian cancer than in any other human
malignancy (Figure 3A). Intrachromosomal rearrangements in
ovarian cancers were found to influence gene expression at loci
distant from the aberration (187). A genome-wide search identified
8q24 (where HSF1 is situated) as high-risk loci in ovarian cancer
(188). However, deletion of 8q24.3 increases 5-year mortality (174).
On the protein level, malignant tumors express HSF1 more
abundantly than benign ovarian tumors (189). HSF1 was barely
detectable by IHC in normal ovarian tissue but high in different
types of tumors: serous, mucinous, endometrioid, clear cell (190).
Further, phosphorylation of HSF1 at Ser326 in ovarian cancer
samples was associated with poor prognosis (191). HSF1
depletion triggered apoptosis in cancerous cells and suppressed
carcinogenesis in nude mice implanted with xenografts (190). HSF1
was also linked to EMT in 3D cell culture model of ovarian
carcinoma (192). Apart from HSF1 being a potential target of
combinatory antitumor therapy, it could also be a useful
diagnostic tool. Detection of autoantibodies against HSF1 in early-
stage high-grade ovarian serous carcinoma (FIGO Ia-Ic) increased
diagnostic accuracy of CA-125 (193). As 81% of ovarian cancers
express the ERa (194), resolving the interactions of HSF1 and
hormone receptor status could also be clinically important.

5.1.3 Lung Cancer
NSCLC is the most common type of human lung cancer. Higher
levels of HSF1 mRNA were associated with lower overall survival
in a cohort of NSCLC (Figure 4E). HSF1 gene amplifications
were found in 11% of these aggressive tumors. On a protein level,
a systematic meta-analysis confirmed the inverse relationship
between HSF1 and overall survival in NSCLC (167). Moreover,
in a study of 105 patients with NSCLC, 42.9% of tissue samples
exhibited a high nuclear abundance of HSF1, correlating with
poor overall survival, cancer stage and nodal metastasis (195).
The same study suggested that nuclear accumulation of HSF1
may play a role in tumor neoangiogenesis (195). Further
supporting its importance in malignant properties of NSCLC
cells, HSF1 was a key factor allowing them to thrive
independently of attachment to a surface. Although depletion
of this transcription factor sensitized cancer cells to anoikis,
HSF1 activation in normal bronchial epithelium did not confer
the ability of anchorage-independent growth (196). HSF1 was
also highly expressed in lung adenocarcinoma brain metastases
(197). The ABL kinase-HSF1-E2F axis promotes cell cycle
progression and cell survival. Its disruption by means of
knockdown or targeted pharmacological inhibition provided a
proof of concept for a therapeutic intervention (197). HSF1 also
directs a malignancy-supporting program in surrounding
stromal cells mediated by TGFb and SD1. Higher expression of
HSF1 in stromal cells from patients with stage I NSCLC was
associated with significantly shorter disease-free survival (198).
HSF1 was also an independent predictor of progression-free
survival in NSCLC with positive KRAS and EGFR mutation
status (198). A recent study identified HSF1 as a target for
pharmacological intervention to overcome the resistance to the
EGFR inhibitor erlotinib. The authors demonstrated the
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effectiveness of this approach using the HSF1 inhibitor emetine
to suppress tumor growth in mice (199). Yoon et al. (200)
described a natural compound promoting the degradation of
the active form of HSF1 through dephosphorylation at S326 in
H460 cells, where it induced growth arrest, apoptosis and
bolstered the effect of radiotherapy, paclitaxel and cisplatin. In
line with the concept of targeting non-oncogene addiction, its
effect was more pronounced in cancer cells (200). It would be
interesting to see whether this strategy shows similar
effectiveness in vivo.

5.1.4 Hepatocellular Carcinoma
HSF1 RNA transcripts were more abundant in tumors than
neighboring normal liver tissue (Figure 3B) and correlated with
adverse prognosis (Figure 4F). In immunohistochemistry,
healthy liver cells showed faint immunoreactivity compared to
strong staining seen in HCC cells (201). These observations were
corroborated by another study, showing that high protein
abundance of HSF1 and phospho-Ser326-HSF1 were increased
in HCC and negatively correlated with tumor progression and
survival (82). The role of HSF1 in oncogenesis and maintenance
was well documented by ablation experiments. HSF1 knockout
decreased cell proliferation and upregulated expression of the
G1-S inhibitor Rb1 (82). HSF1 knockdown in human HCC cells
suppressed cell proliferation and fostered apoptosis by disrupting
the PI3K-AKT-mTOR axis (201). The relationship between
HSF1 and mTOR, also seen in other cancer types, was
demonstrated as a necessary component for MYC-driven HCC
(202). Overexpression of cMYC is common in HCC. HSF1 and
MYC were amplified in 10 and 12% of samples, respectively and
co-occurred for >95% HSF1 cases (Figure 3E). Patients with
overexpression of both genes had the shortest overall survival
and higher-grade tumors. At the same time, human specimen of
HCC often features an inactivation of either of the genes; in very
rare cases of both (203). HSF1 knockdown downregulated cMYC
and slowed the growth of cMYC-dependent HCC in mice. In
turn, the silencing of cMYC in human HCC cells downregulated
HSF1. In mice with dominant-negative HSF1, the growth of
MYC-dependent tumors was completely halted (203). Specific
biochemical mechanisms have not yet been demonstrated, but
upon HSF1 knockdown, murine tumors overexpressing MYC
experienced a dysregulation of its targets involved in metabolism
and ribosome biogenesis (203).

5.1.5 Colorectal Cancer
HSF1 is highly expressed in colorectal adenocarcinoma on both
transcript and protein level (204, 205). In our analysis, HSF1
RNA expression was not significantly associated with overall
survival over 10 years, but patients with elevated HSF1 had lower
5-year survival (Figure 4G). HSF1stimulates glutaminolysis via
GLS1 and activates mTOR in colorectal cancer cells; its
knockdown restricts cell growth. Pharmacological inhibition or
genetic abolishment of HSF1 suppressed carcinogenesis in mice
(205). High expression of HSPs in inflammatory gut diseases and
early stages of cancer are well documented (206). A recent study
linked HSF1 to colitis-associated colon cancer through
inflammatory remodeling of extracellular matrix (206).
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5.1.6 Melanoma
HSF1 expression assessed by IHC was associated with greater
disease severity as it was stronger in metastatic than in primary
lesions. Strong nuclear staining also indicated shorter disease-
free survival (207). The upregulation of HSF1 in melanoma likely
resulted from its inefficient degradation due to frequent
mutations or downregulation of the ubiquitin ligase FBXW7a
(207). HSF1 depletion in vitro resulted in a reversible decrease in
migration and invasion. HSF1 depletion markedly lowered the
tumorigenic potential of melanoma cells in nude mice (208).
6 HEAT-SHOCK RESPONSE AND
CANCER IMMUNOSURVEILLANCE

Tumors grow when the host immune system fails to recognize
them as foreign. Cancer cells have evolved different strategies to
achieve this, including downregulating the expression of MHC I,
eliminating T cells within the tumor tissue and reduced antigen
cross-presentation (209). It is well established that chaperones
are involved in the immune response through their ability to
stably bind polypeptide chains. HSPs bind tumor antigens,
forming complexes recognized by monocytes, macrophages, B
cells, dendritic cells, ultimately leading to cytotoxic T cell
activation. All major HSPs interact with antigen-presenting
cells via CD40, CD91 and LOX1 (210).

In recent years therapies with PD-1/PD-L1 inhibitors (also
known as immune checkpoint inhibitors) have been widely
introduced into clinical practice, yielding spectacular success in
selected patients, but the overall response rate among all cancers
remains around 12% (211). Based on this success, research efforts
are invested into gaining a deeper understanding the
mechanisms governing their expression and the links to
patient outcomes. The binding of PD-1 with its ligand sends
an inhibitory signal invoking decreased proliferation and activity
of cytotoxic T cells, diminished cytokine production and
differentiation of regulatory T cells, allowing cancer cells to
escape the host immune surveillance (212). Yang et al. (213)
have shown that HSF1 phosphorylation at Thr120 by PIM2
increased its transcriptional activity and promoted binding to
HSE in the PD-L1 promoter, enhancing its expression. pThr120-
HSF1 was associated with increased migration, invasion and
proliferation in breast cancer cells in vitro. While targeted
inhibition of PIM2 and HSF1 resulted in decreased tumor size
in each case, combined treatment had a synergistic effect and
arrested tumor growth entirely in murine xenografts (213).
Similarly, previous studies show that blocking PIM kinases
leads to a decreased PD-L1 expression (214). No studies
combining HSF1 inhibitors and PD-L1 inhibitors have yet
been published. Therapies targeting multiple HSPs are
suggestive of an antitumor potential for a combined HSF1-
targeted/immune checkpoint therapy. The effects of a multi-
subtype HSP/peptide vaccine tested in murine osteosarcoma
were potentiated by the addition of a PD-L1 inhibitor. The
combination triggered elevated cytokine production, stimulated
CD4+ and CD8+ T cells and mitigated lung metastasis better
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than each therapeutic modality alone (215). Almost all HSP-
inhibitors have been administered so far on intermittent dosage
schemes. However, pharmacokinetics seems important, not only
for the efficacy of HSF1-HSP axis inhibition but also for the
accompanying immune effects. In comparison to a high acute
dose regimen, a sustained low-dose inhibition of HSP90 slowed
the progression of colon cancer in immunocompetent mice more
effectively and produced a higher density of more diverse tumor-
associated antigens. In the same experiment, additional
administration of an immune adjuvant further improved
tumor control and complete ablation of tumor in some
cases (216).

HSE is present in the promoters of a plethora of genes,
including those related to immune response such as FasL and
HLA-G. Hyperthermia elevated the expression of a non-
canonical MHC class I molecule HLA-G but did not affect
other genes in this class (217). HLA-G is a low-polymorphism
gene, generally expressed in tumors and fetal tissues, promoting
immune tolerance. It inhibits the proliferation and cytotoxic
activity of T cells and NK cells and is known to impair host
immune responses against cancer cells (218, 219). Other stress-
inducible genes containing HSE in the promoter region include
major histocompatibility class I chain-related proteins A and B
(MICA andMICB). MICA andMICB bind to NKG2D receptors,
activating NK cells. HSF1 knockdown leads to a decrease in
MICB only, whereas pharmacological inhibition by NZ28
depressed both MICA and MICB, causing a strong inhibition
of NK cytotoxic activity (inhibition of HSP90 did not change
MICA and MICB levels) (220). However, the effects of this
inhibitor may be partially attributed to its non-specific mode
of action and modulation of the NF-kB pathway. The family of
NKG2D-ligands comprises six other members (ULBP1-6) whose
promoters contain HSE, but their direct activation by HSF1 was
not yet established.
7 HSF1 AND CANCER THERAPY

7.1 HSF1 and Drug Resistance
Another function of HSF1, independent of the heat shock
response, is the promotion of drug resistance. Chemotherapy
remains the mainstay of treatment for hematologic malignancies
and metastatic cancers, and resistance to cytotoxic agents is
common and often leads to therapy failure. One mechanism of
multidrug resistance involves a superfamily of membrane
transporters - the ATP-binding cassette (ABC) - which pump
hydrophobic molecules out of the cell (221). Strong evidence
exists that HSF1 contributes to the functioning of an ABC
subgroup - ABCB1 (also referred to as P-glycoprotein and
MDR1). Elevated P-glycoprotein drastically reduces prognosis
in hematologic malignancies, solid and epithelial tumors and can
transport a broad range of substrates across cellular membranes
such as anthracyclines, taxanes, alkaloids, topoisomerase II
inhibitors (221).

MDR1 gene features several HSE regulatory sequences, and
its promoter is activated in response to stress (222). The increase
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in MDR1 expression is not associated with the accumulation of
heat shock proteins, and the exact mode(s) of control over
MDR1 expression exerted by HSF1 is less clear. Transfection
with a constitutively active HSF1 led to increased MDR1 mRNA
and protein levels and stimulated vinblastine efflux. The
induction of the MDR phenotype was dependent on HSF1
recognizing and binding to binding the HSE in the MDR
promoter (223). The concept of HSF1 transcriptional control is
supported by the fact that inhibition of HSF1 binding to HSE by
quercetin suppressed MDR-dependent drug resistance (224).
However, in doxorubicin-resistant osteosarcoma cells,
increased HSF1 expression was not coupled to elevated MDR1
transcription as has been shown in a luciferase reporter assay.
Also, disruption of the HSE had no effect on induction of the
MDR phenotype (225). Melanoma cells overexpressing mutant
HSF1 with a deletion in the transcriptional activation domain
were resistant to doxorubicin and paclitaxel (but not cisplatin,
bortezomib and vinblastine), correlating with overexpression of
several ABC transporters (ABCB1, ABCB8, ABCC1, ABCC2,
ABCC5 and ABCD1) and increased drug efflux (226). The
overabundance of the inactive mutant also suppressed heat
shock response through the dominant-negative effect. In
contrast, transfection with a constitutively active form of HSF1
elevated HSP expression in the absence of drug resistance (226).
Overall, such observations suggest an involvement of HSF1 at a
post-transcriptional level. Of note, although ABCs transport a
broad array of substrates, the drug efflux induced by HSF1
transfections was selective and differed between cell lines. The
reasons for the observed functional specificity remain to
be elucidated.

HSF1 is a known regulator of autophagy - a cytoprotective
response to stress - which when inhibited, sensitizes cells to radio-
and chemotherapy (227). To this end, the transcriptional
induction of autophagy via autophagy-related protein 7
(ATG7), fosters autophagosome formation and ultimately cell
survival (228). Conversely, drug sensitivity was increased
following HSF1 knockdown. Consistent with its cytoprotective
role, ATG7 expression was associated with poor prognosis in
breast cancer patients (229). A few members of the autophagy-
related protein family also feature HSE regions, suggesting that
these findings can be extrapolated to other proteins, for example,
ATG4B, which attenuates the cytotoxicity of epirubicin in
hepatocellular carcinoma cells (230). The mechanisms through
which HSF1 and autophagy influence drug resistance are likely
diverse. An interesting model of autophagy induction was
proposed in a study on melanoma cells resistant to apoptosis by
ER stress inducers (such as thapsigargin). Stress-induced
transcriptional activation of RIPK1 via HSF1, downstream of
XBP1, consequently promoting cell survival. No HSF1 activation
occurred in cells sensitive to apoptosis by ER stress inducers (231).

7.2 Proteasome Inhibitors
Multiple myeloma is an example of a disease where a strategy for
targeting the malignancy-associated proteotoxic state is
successful. Myeloma cells experience elevated proteotoxic
stress, not only due to rapid growth and dysbalanced metabolic
conditions but also due to rampant immunoglobulin production.
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This, in turn, leads to unfolded protein response and HSR
activation (232). The molecular sequelae of proteasome
inhibition involve a stark increase in HSP70, HSP27 and HSF1
expression (233). Silencing HSF1 in myeloma cells, as well as
selective pharmacological inhibition of HSF1, strongly sensitizes
cells to proteasome inhibition (234). In contrast, downregulation
of individual HSPs in combination with proteasome inhibition
was not as effective. This treatment was dependent on the basal
HSP expression level and HSF1 suppression was less effective in
cell lines with already elevated HSPs (235).

7.3 HSF1 as a Target for Pharmacotherapy
HSF1 is not an easily druggable molecule as it lacks a discernible
binding site for small molecule inhibitors, its activation process
is complex, and is subject to numerous posttranslational
modifications in response to different forms and degrees
of proteotoxic stress. Many potential inhibitors have been
developed, often derivates of natural medicinal products, as
well as products of in silico designs and large-scale screens of
synthetic chemical libraries (236). Unfortunately, in many cases,
the exact mechanism of action and drug specificity remain
unknown. An ideal inhibitor would bind directly and with a
high affinity to HSF1. Keeping in mind the potential future use
as a clinical drug, the substance should exhibit its function at low
concentrations and have favorable pharmacokinetics. To date,
only three compounds with a known, on-target mode of action
have been identified: KRIBB11, IHSF1115, SchA and iaRNAHSF1.
A recent review by Dong et al. provides a detailed overview of
the available compounds, their structure and mode of
action (237).

The first direct inhibitor of HSF1, KRIBB11, was identified in a
screen of over 6000 molecules (238). A luciferase reporter assay
showed a decrease in HSP70 synthesis. Experimental evidence
from affinity chromatography confirmed that KRIBB11 binds to
HSF1 and abolishes the recruitment of pTEFb, which is necessary
for the release of RNA polymerase II and continuation of
transcription. KRIBB11 is highly effective with an IC50 = 1.2
mM and 10 mM, almost completely preventing the association of
pTEFb to the HSP70-promoter. Experiments in nude mice
revealed a 47% decrease in tumor volume and depletion of
HSP70. This finding indicated a significant antitumor activity
with limited general toxicity (238). Following a structure-activity
analysis of HSF1 DBD (DNA-binding domain), IHSF1115 was
developed (239). Interestingly, despite binding to the DBD, it does
not inhibit the HSF1 association with the HSE but rather
modulates its transcriptional activity. The efficacy of IHSF1115
was experimentally validated in several cancer cell lines. The
structure targeted by IHSF1115 is also present on HSF2. Therefore,
it is possible that this inhibitor affects the function of both
transcription factors (239). Salamanca et al. (240) utilized a
different strategy and developed an RNA aptamer competing
with HSE for binding with the DBD of HSF1. The inhibitory
aptamer- iaRNAHSF1- was evaluated in yeast, Drosophila and
human cancer cells, where a reduction in colony-forming
ability and an increase in apoptosis were noted. Difficulties with
drug delivery in vivo currently hamper the application of this
approach to pre-clinical studies (240). Recently, Chen et al. (241)
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reported HIF1-inibiting properties of deoxyschizandrin (also
termed shizandrin A) which is a bioactive molecule derived
from a Chinese medicinal plant Schisandra chinensis. Evidence
from surface plasmon resonance and computer modeling
suggested that deoxyschizandrin binds to HSF1 directly by
inducing conformational changes to the binding site. The
compound caused cell cycle arrest and death by apoptosis in
human colorectal cancer cells in vitro. However, despite its direct
binding to HSF1, deoxyschizandrin also appears to alter other
functions in cells (241).
8 CONCLUDING REMARKS

Human cancers almost invariably overexpress main constituents
of HSR, including individual HSPs and HSF1. Upregulation and
its importance for maintenance of multiple oncogenic pathways
identifies HSR as one of pan-cancer targets (Figure 5).
Preclinical models and more limited clinical studies showed
promising results with selected inhibitors of the HSR pathway.
A new direction for exploration of antioncogenic effects of HSR
inhibition, which has been impossible to detect in the classic
tumor xenograft models in immunodeficient mice, is the
modulation of immunosuppressive activity by cancers.
Combinatory therapy including HSR-targeting drugs offers a
potential to enhance the efficacy of clinically used drugs,
including immune checkpoint inhibitors. The development of
more specific inhibitors with better pharmacokinetic properties
is needed for targeting of HSR components, including HSF1, for
FIGURE 5 | Flow chart depicting the role of heat shock proteins and HSF1 in
cancers.
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successful cancer therapy. A strong association with poor
prognosis or selective upregulation in malignancy are typically
used as the initial screens to identify specific HSR proteins as
clinically promising targets for drug development. Another
approach for the selection of a drug target can involve
identification of HSR components that exhibit a clear pattern
of coexpression and/or dependency for a major oncogene that by
itself is poorly druggable. Coamplification of HSF1 with a
notoriously undruggable MYC oncogene points to HSF1
inhibition as a potential therapeutic strategy for numerous
MYC-driven human malignancies. Higher translation activity
is necessary to support a rapid growth of transformed cells, but
the overabundance of nascent proteins also increases demand for
the chaperone/HSR system, which is further exacerbated by
aneuploidy-associated excesses in the production of unstable
proteins. Thus, it is conceivable that cancers with activating
mutations in the protein translation-controlling pathways such
Frontiers in Oncology | www.frontiersin.org 15
as AKT-mTOR can be particularly suitable for HSR-
targeting therapies.
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