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Abstract Heat shock transcription factor 1 (HSF1) is the
master regulator of the heat shock response. Accumulating
evidence shows that HSF1 is overexpressed in a variety of
human cancers, is associated with cancer aggressiveness,
and could serve as an independent diagnostic or prognostic
biomarker. In this review, we will provide an overview of the
multifaceted roles of HSF1 in cancer, with a special focus on
the four underlying molecular mechanisms involved. First,
HSF1 regulates the expression of heat shock proteins (HSPs)
including HSP90, HSP70, and HSP27. Second, HSF1 regu-
lates cellular metabolism, including glycolysis and lipid me-
tabolism. Third, HSF1 serves as a regulator of different sig-
naling pathways, such as HuR-HIF-1, Slug, protein kinase C
(PKC), nuclear factor-kappaB (NF-κB), PI3K-AKT-mTOR,
and mitogen-activated protein kinase (MAPK) pathways.
Finally, HSF1 regulates microRNAs (miRNAs) and long
non-coding RNAs (lncRNAs). Overall, HSF1 plays many im-
portant roles in cancer via regulating cell proliferation, anti-
apoptosis, epithelial-mesenchymal transition (EMT),

migration, invasion, and metastasis and may be a potential
therapeutic target for human cancers.
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Introduction

The heat shock response is one of the most efficient and con-
served cellular protective mechanisms. Heat shock transcrip-
tion factor 1 (HSF1) is the master regulator of the heat shock
response [1] that protects cells, and ultimately organisms,
from heat, ischemia, inflammation, oxidative stress, and other
noxious conditions [2]. Inactive monomeric HSF1 is located
in the cytoplasm. Once activated, HSF1 forms a phosphory-
lated trimer in the nucleus. Active trimerized HSF1 binds to
the heat shock elements (HSEs) within the promoters of heat
shock protein (HSP) genes such as HSP90, HSP70, and
HSP27 and triggers their transcription [3]. HSPs are important
chaperone proteins that have proven to be essential for cell
survival under conditions of cell stress. The main function of
HSPs is to aid in the process of normal protein folding and
protect the proteome from the dangers of misfolding and ag-
gregation [4].

Recently, a number of clinical studies have indicated that
HSF1 is overexpressed in a variety of human tumors such as
hepatocellular carcinoma (HCC) [5, 6], breast cancer [7], en-
dometrial carcinoma [8], oral squamous cell carcinoma
(OSCC) [9], prostate cancer [10], and sporadic colorectal can-
cer [11] (Table 1). Elevated levels of HSF1 correlate with the
clinical aggressiveness of HCC, breast cancer, and endometri-
al carcinoma (Table 1), implicating the importance of HSF1 in
invasion, metastasis, and poor prognosis. Moreover, HSF1
may serve as an independent diagnostic or prognostic
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biomarker and therapeutic target for cancer patients (Table 1).
Additionally, a study on the role of stromal HSF1 in tumor
biology has recently been reported and shows that HSF1 is
frequently activated in the stromal cells, where it is a potent
enabler of malignancy [12] (Table 1).

In 2007, Dai et al. established the powerful role of HSF1 in
carcinogenesis for the first time [13]. Since then, the elucida-
tion of themany roles of HSF1 in cancer has become a popular
area of cancer research. HSF1 contributes to HCC develop-
ment by promoting invasion and metastasis both in vitro and
in vivo [6]. In mammary tumors, HSF1 has a critical role in
angiogenesis [14] and in ErbB2-induced cellular transforma-
tion, tumorigenesis, and metastasis [15, 16]. Therefore, the
transcription factor HSF1 has a powerful influence on HCC
and breast cancer development and progression.

Increasing evidence has demonstrated that HSF1 plays a
critical role in tumorigenesis and tumor development and
also functions as a powerful multifaceted modifier of car-
cinogenesis. However, the molecular mechanisms underly-
ing these alterations are complex. Mendillo et al. proposed
two possible mechanisms: HSF1 facilitates the expression
of HSPs to protect proteins from degradation that are es-
sential for tumorigenesis and survival, and HSF1 also mod-
ulates the expression of genes regulating cell cycle‚ signal-
ing, metabolism, adhesion, and protein translation [17].
Dai et al. suggest that HSF1 supports malignant transfor-
mation by orchestrating a network of core cellular func-
tions, including proliferation, survival, protein translation,
and glucose metabolism [13].

In summary, investigation of the mechanisms by which
HSF1 is activated and determination of the roles of HSF1
in malignant transformation are important areas of study.
Therefore, this review will focus on discussing the multi-
faceted roles of HSF1 in cancer, including regulation of
HSPs, metabolism, signaling pathways, and microRNAs
(miRNAs) and long non-coding RNAs (lncRNAs)
(Fig. 1), with a focus on the underlying mechanisms
through which HSF1 exerts its effects.

HSF1 regulates the expression of HSPs

One of the most important mechanisms by which HSF1 is
activated is through regulation of the expression of HSPs.
HSPs are important chaperone proteins. Molecular chaper-
ones participate in protein folding, in normal cellular metabo-
lism, and in the induction of the HSP subset of chaperones,
which assist in the repair and refolding of damaged polypep-
tides under stress conditions [18]. However, studies indicate
that HSPs are overexpressed in breast, colon, prostate, endo-
metrial, and lung cancer cells [11, 19–23]. HSF1 is the prima-
ry factor responsible for the transcription of HSPs and is there-
fore the major regulator of the expression of HSPs. HSF1
facilitates the expression of HSPs as well as the resulting ac-
cumulation of HSPs, and it also supports the malignant phe-
notype through many important signaling pathways [19]. In
support of this evidence, HSF1 deficiency produces reduced
levels of HSPs, leading to inhibition of important signaling
molecules and suppression of tumorigenesis [15]. In this re-
view, we will discuss how HSF1 regulates HSP90, HSP70,
and HSP27 in tumorigenesis and tumor progression.

HSP90 and its client proteins may have important roles in
supporting tumorigenesis and tumor development [20]. The
absence of the HSF1 gene in Hsf1−/−/Her2+ mice reduces
mammary tumorigenesis, and a reduction of HSF1 expression
level in Hsf1+/−/Her2+ mice reduces lung metastasis. One
mechanism proposed to explain this phenomenon is that
HSF1 deficiency reduces the levels of HSP90, HSP70, and
other chaperones as well as their client proteins. The reduction
of HSPs and their clients leads to reduced signaling through
receptor tyrosine kinases resulting in reduced tumor growth or
metastasis. Reduction in HSF1 levels also leads to a baseline
reduction in multiple chaperones, including HSP90.
Therefore, reduced HSP90 forms altered complexes with its
client proteins, such as ras-associated factor 1 (RAF1), leading
to inefficient activation of RAS/RAF/MEK/ERK signaling
[15]. Another study in breast cancer also showed the impor-
tance of HSP90 clients by demonstrating that HER2

Fig. 1 Multifaceted roles of
HSF1 in cancer. HSF1 regulates
HSPs, cellular metabolism,
signaling pathways, miRNAs,
and lncRNAs and plays important
roles in cancer by affecting many
critical cellular processes, such as
cell proliferation, anti-apoptosis,
EMT, migration, invasion, and
metastasis

Tumor Biol. (2015) 36:4923–4931 4925



overexpression controls HSF1 activity, subsequently stabiliz-
ing numerous tumor-promoting HSP90 clients such as MIF,
AKT, and HSF1 itself, thereby strongly promoting tumor
growth [20].

Among all HSPs, HSP70 plays a central role in the pro-
motion of anti-apoptosis under stress, such as nitric oxide
and UV exposure [21, 22]. The first mechanism for the
anti-apoptotic effect of HSPs, including HSP70, may be
attributed to their functions as chaperones, through which
they can protect cells from death [23]. HSP70 interacts
with p53 [24, 25] and is able to modulate the p53-
dependent apoptosis of tumor cells. Specifically, HSP70
binding to mutated p53 may result in stabilization of the
mutant p53 protein, thereby abrogating the pro-apoptotic
function of normal wild-type p53 and contributing to tu-
morigenesis [26].

In addition to HSP90 and HSP70, the level of HSP27
is also frequently elevated in human tumors and cancer
cell lines [23]. High levels of HSP27 correlate closely
with metastasis, resistance to anti-cancer drugs, and poor
prognosis in human cancers [27]. HSF1 promotes HCC
cell migration and invasion in vitro and in vivo in an
HSP27-dependent manner. HSF1 induces the expression
and phosphorylation of HSP27, which regulates actin re-
organization and cell migration. This is an important mo-
lecular mechanism through which HSF1 promotes HCC
invasion and metastasis [6].

Meng et al. reported that in HER2-positive breast cancer
cells, HSF1 deficiency leads to the upregulation of p21 and/or
a decrease in survivin, eliciting growth arrest. The effects of
HSF1 knockdown on growth inhibition and senescence are
associated with decreased protein levels of HSP27.
Therefore, HSF1 is required for HER2-induced cellular trans-
formation and tumorigenesis, most likely because it maintains
HSP27 levels, which, in turn, controls p21 and survivin, crit-
ical regulators of senescence. This mechanism also explains
why HSF1 has a critical role in the proliferation of HER2-
positive cells [16].

In non-cancer cells, overexpressed HSPs cooperate with
HSF1 to inhibit the activity of HSF1, which helps maintain
the balance of the synthesis of HSPs. However, in tumor cells,
this feedback mechanism may be non-functional. Therefore,
HSPs are efficient targets for cancer therapy.

HSF1 regulates cellular metabolism

Studies have also shown that HSF1 regulates cellular metab-
olism, especially glycolysis and lipid metabolism, and has an
important role in cancer development [13, 28, 29]. The current
knowledge regarding HSF1’s regulation of cellular metabo-
lism in cancer is summarized below.

The role of HSF1 in glycolysis

Cancer cells are fundamentally different from normal cells in
their metabolic properties. For the production of ATP, normal
cells mostly rely on the process of mitochondrial oxidative
phosphorylation, which consumes oxygen and glucose to pro-
duce energy. In contrast, cancer cells mostly depend on gly-
colysis for energy production, even in the presence of oxygen.
This shift in the metabolism of cancer cells is called the
BWarburg effect.^ The Warburg effect is one of the most fun-
damentally important differences between normal and cancer
cells [28–34]. Mouse mammary epithelial cells transformed
by the proto-oncogene HER2/neu exhibit deregulated bioen-
ergetic metabolism and increased glycolysis compared to nor-
mal cells [35]. Recent evidence indicates that increased gly-
colysis is not simply a consequence of oncogenic transforma-
tion that facilitates tumor growth and survival but rather that
increased glycolysis plays a causal role in promoting both the
cancer stem cell (CSC) and epithelial-mesenchymal transition
(EMT) phenotypes [35–37].

ErbB2 (Her2/neu) is an oncogene [38] that when
overexpressed increases the transformation and metastatic po-
tential of breast cancer cells [39–41]. Lactate dehydrogenase
A (LDHA) is an enzyme that is almost ubiquitously expressed
and catalyzes the conversion of pyruvate to lactate, the last
step in the glycolysis pathway. LDHA plays a critical role in
glycolysis and in the maintenance of mouse tumors resulting
from neu-transformed cells. Knockdown of LDHA in tumor
cells results in a decreased ability to proliferate in hypoxic
conditions as well as suppressed tumorigenicity [35]. Zhao
et al. reported that in human breast cancer cells, HER2 pro-
motes glycolysis at least partially through the HSF1-mediated
upregulation of LDHA [42]. The mechanism by which this
occurs is that HER2 overexpression upregulates HSF1 at the
translational level, and HSF1 upregulates LDHA at the tran-
scriptional level by binding to the LDHA promoter. This
HER2-HSF1-LDHA pathway may have a major role in regu-
lating the glucose metabolism of breast cancer cells. These
results demonstrated that HSF1 is a key mediator in the up-
regulation of glycolysis in HER2-overexpressing cancer cells
[42]. This is an important mechanism by which HSF1 regu-
lates glycolysis and promotes breast cancer progression.

The role of HSF1 in lipid metabolism

The different metabolic profiles between cancer cells and nor-
mal cells are reflected not only in glycolysis but also in lipid
metabolism. Altered metabolism provides cancer cells with
enough energy for growth and helps them synthesize macro-
molecules, such as fatty acids, membrane lipids, and proteins
that are essential for rapid proliferation [43]. Recent evidence
shows that dysregulation of lipid metabolism has an important
role in cancer development [44].

4926 Tumor Biol. (2015) 36:4923–4931



HCC is one of the most prevalent malignant cancers world-
wide and is linked to metabolic syndromes including hepatic
steatosis and insulin resistance. Jin et al. reported that HSF1 is
a key determinant of HCC development through regulation of
lipid metabolism. They found that loss of HSF1 inhibits
chemical-induced HCC formation and hepatic steatosis and
also decreases insulin resistance. Additionally, they found that
loss of HSF1 decreases hepatic lipogenesis by activating
AMP-activated protein kinase (AMPK), an important regula-
tor of energy homeostasis and inhibitor of lipid synthesis.
These data suggest that HSF1 activation promotes HCC pro-
gression by both increasing hepatic lipid biosynthesis and ac-
cumulation and increasing insulin resistance. Therefore, HSF1
may be a promising potential target for the treatment of HCC
[45].

HSF1 regulates signaling pathways

Numerous important signaling pathways regulate cancer de-
velopment and progression. These signaling pathways coor-
dinate to drive tumorigenesis, cancer development, EMT, mi-
gration, invasion, metastasis, and apoptosis. HSF1 plays com-
plex roles in several of the signaling pathways involved in
these processes.

HSF1 and HuR-HIF-1 pathway

Oncogene-induced senescence (OIS) is a major blockade on
the path toward neoplastic transformation. HSF1 depletion led
to both an increase in p21 protein levels and a decrease in

survivin protein levels. Therefore, HSF1 supports oncogene-
induced cellular transformation by preventing OIS [16]. Meng
et al. found that knockdown of HSF1 in human mammary
epithelial MCF10A cells prevents HER2-induced neoplastic
transformation and tumor development in nude mice, indicat-
ing that HSF1 is essential for the initial stages of tumorigen-
esis. Hypoxia-inducible factor 1 (HIF-1) is considered to be
the major regulator of tumor angiogenesis [46]. Researchers
found that HSF1 plays an important role in cancer initiation by
promoting HIF-1-dependent angiogenesis [14]. They found
that HSF1 knockout suppressed HER2-induced mammary hy-
perplasia and reduced tumor emergence. HSF1 controls HIF-1
via the mRNA binding protein HuR. HSF1 increases HuR
expression at the transcriptional level and increased HuR pro-
tein then increases the translation of HIF-1, which is essential
for tumor neovascularization. HIF-1 is a master regulator not
only of genes that control tumor neovascularization but also of
genes that control glycolysis, pH regulation, invasion, and
metastasis, such as pyruvate kinase M2, carbonic anhydrase
9, endothelin 1, and CXC chemokine receptor 4 (CXCR4)
[46, 47]. This HSF1-HuR-HIF-1 pathway demonstrates that
HSF1 is essential not only for tumor initiation by preventing
OIS but also for progression of established tumors (Table 2).

HSF1 and Slug

EMT is a cellular process whereby epithelial cells are
reprogrammed to mesenchymal cells. EMT facilitates the mi-
gration of epithelial tumor cells from the primary tumor site to
distant locations and is an essential step for tumor progression
and metastasis [48]. Slug can promote EMT [49] and is a

Table 2 HSF1-regulated signaling pathways in cancer

Cancer types Pathways Functions References

Breast cancer HSF1-HuR-HIF-1 Essential for tumor initiation and progression [14]

Breast cancer AKT-p-HSF1(S326)-Slug Plays a critical role in EMT [51]

Breast cancer Her2-PI3K/AKT-mTOR-p-HSF1(S326)-HSP90 clients Promotes tumor growth [20]

Breast cancer mTORC1-p-HSF1(S326)-HuR-β-catenin Important for carcinogenesis [60]

Breast cancer HSF1-MAPK-ERK1/2-EMT Promotes tumorigenesis, EMT, and metastasis [15]

Breast cancer HSF1-MTA1-NuRD Promotes malignant transformation, invasion, and metastasis [71]

Breast cancer MAPK/AKT-HSF1-FUT4 Promotes cell proliferation [72]

HCC HSF1-BAG3-NF-κB
HSF1-MAPK

Anti-apoptosis
Promotes cell proliferation

[5]

Colon cancer HNE-HSF1-BAG3-Bcl-2 family proteins Anti-apoptosis [58]

Colon cancer Oxidative stress-HSF1-Tra2β Promotes cell proliferation and cancer progression [73]

Cervical cancer HSF1-JUN-AP1 Promotes cell proliferation [74]

MPNST NF1 loss→RAS→MEK→HSF1
↑ ↓

KSR1←HSP90

Promotes carcinogenesis [67]

AP1 the transcription factor activator protein-1; BAG3 bcl-2-associated athanogene domain 3; FUT4 fucosyltransferase IV; HCC hepatocellular
carcinoma; HNE 4-hydroxynonenal; KSR1 kinase suppressor of ras 1; MPNST malignant peripheral nerve sheath tumor; MTA1 metastasis-associated
protein 1; NF1 neurofibromatosis type 1; Tra2β transformer 2β

Tumor Biol. (2015) 36:4923–4931 4927



marker of malignancy [50]. A recent study has shown that
HSF1 plays a critical role in EMT by upregulating Slug
[51]. Heregulin β1 treatment in HER2-positive breast cancer
cells activates the HER2 signaling pathway and also results in
EMT. Carpenter et al. further studied the mechanisms in-
volved in this process and found that activated HER2 leads
to activation of AKT, which directly interacts with and phos-
phorylates HSF1 at Ser326, the critical residue for HSF1’s
activation. Activated HSF1 then binds to and transactivates
the Slug promoter independent of heat shock, resulting in
increased Slug expression. Therefore, the AKT-HSF1-Slug
signaling pathway is an important mechanism in HER2-
mediated EMT and contributes to the progression of HER2-
positive breast cancer [51] (Table 2).

HSF1 and PKC

Apoptosis is a process of programmed cell death in which a
cell utilizes its own machinery to commit suicide under tightly
controlled physiological conditions. Malfunctions in the apo-
ptotic process may result in degenerative disorders, cancer, or
autoimmune diseases [26]. Published data show that HSF1
and its downstream target gene tumor necrosis factor (TNF)
protect cells against apoptotic cell death and reverse the senes-
cence phenotype [52, 53]. Physiological stressors, by a series
of downstream signaling cascades, induce HSF1 nuclear
translocation and activation, leading to the overexpression of
HSPs, which play a central role in cytoprotection by
preventing cell death under stress [54]. HSF1 has also been
shown to serve as a regulator of certain apoptosis-related
genes, including IL-1β and TNF-α [55, 56], indicating its
direct involvement in the apoptotic process.

Recent studies show that HSF1 can also protect cells from
apoptosis through the PKC signaling pathway [26]. PKC is a
family of serine/threonine kinases known to play an essential
role in apoptosis. The activation of PKC has been shown to
increase the expression of anti-apoptotic factors, such as
Bcl2 and Bcl-xL, which prevent the execution of apoptotic
events [26]. Under stressful conditions, PKC is activated
and then phosphorylates serine/threonine residues on
HSF1, thereby activating HSF1. Activated HSF1 forms a
homotrimer and binds to HSE, thus promoting the transla-
tion of HSPs. Overexpression of HSPs is thought to trigger
the phosphorylation of Bcl2 family proteins and promote
their heterodimerization with Bcl-xL, leading to anti-
apoptosis [26].

HSF1 and NF-κB

NF-κB transcription factors are critical regulators of genes
involved in inflammation and the suppression of apoptosis.
Activation of the NF-κB pathway is one of the most important
anti-apoptotic signals. Under basal conditions, NF-κB binds

to cytosolic inhibitory proteins, IκBs, keeping NF-κB in its
deactivated state. Upon stimulation, IκBs are phosphorylated
by IκB kinase (IKK), leading to their degradation and subse-
quent release of active NF-κB, which then translocates to the
nucleus. Once active NF-κB has entered the nucleus, it in-
duces the transcription of anti-apoptotic genes, including
TNF-α [57]. It was reported that the expression of bcl2-
associated athanogene domain 3 (BAG3) was reduced in
HSF1-knockdown HCC cells compared with control cells
[5, 17, 58]. Moreover, HSF1 positively regulated BAG3 ex-
pression in HCC cells, which stabilized the IKKγ protein, the
regulatory subunit of IKK, leading to NF-κB activation. These
results suggest that HSF1 accelerates HCC development by
activating BAG3-NF-κB signaling [5] (Table 2).

In colon cancer cells, BAG3 is functionally downstream of
HSF1, and HSF1-mediated BAG3 expression protects colon
cancer cells from apoptosis induced by 4-hydroxynonenal
(HNE) via stabilizing anti-apoptotic Bcl-2 family proteins,
such as Bcl-xL [58] (Table 2). These reports suggest that the
anti-apoptotic effect of HSF1 via BAG3 plays an important
role in HCC and colon cancer development.

HSF1 and PI3K-AKT-mTOR pathway

The PI3K-AKT-mTOR pathway generally acts to regulate the
growth, survival, and apoptosis of tumor cells and is therefore
a major important signaling pathway in cancer. The PI3K-
AKT-mTOR pathway is often dysregulated in human cancers,
such as breast cancer [20] and endometrial carcinoma [59].
mTOR is a key kinase downstream of PI3K-AKT that regu-
lates the proliferation, growth, survival, and angiogenesis of
tumor cells. HSF1 status has significant effects on the mTOR
pathway. One study found that inhibition of mTOR function
by rapamycin impairs protein translation and reduces cell size.
Hsf1−/− cells were significantly more sensitive than Hsf1+/+

cells to rapamycin-induced growth inhibition [13].
In HER2-overexpressing breast cancer cells, the PI3K-

AKT-mTOR pathway is the predominant signaling cascade
that leads to phosphorylation of HSF1 at Ser326, which acti-
vates HSF1 and induces expression of HSP90. The activated
HSP90 machinery stabilizes numerous HSP90 clients, such as
macrophage migration inhibitory factor (MIF), AKT, and
HSF1 itself, which promote tumor growth in HER2-positive
breast cancer [20] (Table 2).

Both AKT and mTORC1, one of two mTOR complexes,
are direct upstream activators of HSF1. It was reported that
AKT directly interacts with HSF1 and activates HSF1 by
phosphorylation at S326. This activated HSF1 promotes
Slug overexpression and EMT in HER2-overexpressing
breast cancer cells [51]. In addition to AKT, mTORC1 is able
to directly phosphorylate HSF1 on Ser326. The activated
HSF1 increases HuR expression, which, in turn, promotes
the expression of β-catenin, a stem cell renewal factor. This
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mTORC1-HSF1-HuR-β-catenin pathway is therefore impor-
tant in mammary carcinogenesis [60] (Table 2).

HSF1 and MAPK signaling pathway

The MAPK pathway regulates numerous crucial cellular pro-
cesses, such as survival, proliferation, EMT, cell migration, and
invasion [61–64]. In primary hepatocytes andHCC cells, HSF1
deficiency significantly impaired EGF-mediated MAPK acti-
vation and inhibited the development of HCC, indicating that
HSF1 promotes HCC proliferation by activating MAPK sig-
naling [5] (Table 2). In HER2-positive breast cancer, HER2
heterodimerizes with HER3 or HER4, and following ligand
binding, activatesMAPK, which enhance cellular proliferation,
increases motility, and reduces apoptosis [65]. However, even
in the presence of HER2, when HSF1 is knocked out, mam-
mary tumorigenesis, proliferation, invasive properties, and me-
tastasis are decreased [65]. This means that HSF1 is a key
regulator of HER2-induced oncogenic signaling.

Cell migration plays an important role in tumor develop-
ment and progression, especially in tumor invasion and me-
tastasis. Studies on the role of HSF1 in cell migration have
shown that inHsf1−/−MEF cell migration is strongly inhibited
both in naïve cells and upon EGF stimulation. Further mech-
anistic exploration demonstrated that HSF1 deletion leads to
independent defects in EGFR expression and Ras activation,
which impair MEK/ERK and/or SEK2/JNK signaling cas-
cades, resulting in suppression of migration. These results
suggest that HSF1 is necessary for cell migration via MAPK
signaling and is involved in the metastatic process [66]. In
support of this evidence, it was also reported that HSF1 defi-
ciency leads to reduced p-ERK1/2 activity, inefficient EMT,
and reduced cellular migration in response to TGFβ in mam-
mary epithelial cells, which suggests that HSF1 promotes
mammary tumorigenesis, EMT, and metastasis via activating
MAPK signaling [15] (Table 2).

Neurofibromatosis type 1 (NF1) is a common hereditary
cancer syndrome resulting from loss-of-function mutations of
Nf1, a tumor suppressor gene. Recent evidence has shown that
NF1 loss activates HSF1 through the RAS-MEK pathway. In
turn, active HSF1 increases HSP90 and kinase suppressor of
ras 1 (KSR1) protein levels and increases levels of p-ERK.
This feed-forward loop of MEK/HSF1 facilitates NF1-
associated carcinogenesis such as malignant peripheral nerve
sheath tumors (MPNSTs) [67] (Table 2).

Additional alterations in HSF1-mediated signaling path-
ways are summarized in Table 2.

HSF1 regulates miRNA and lncRNA

In addition to its participation in the signaling pathways
discussed above, HSF1 also exerts coordinated effects with

miRNAs and lncRNAs, both of which have significant roles
in tumorigenesis and cancer progression.

miRNAs are endogenous RNAs consisting of approxi-
mately 22 nt that act as negative regulators of gene expression.
Dysregulation of miRNAs has been shown to be involved in
various diseases including cancer. Recent evidence has shown
that HSF1 can regulate miRNA levels. For example, miR-214
is overexpressed in human epithelial ovarian tumors and pro-
motes cell survival. Chen et al. found that in ovarian cancer
cells, HSF1 overexpression upregulated miR-214 expression
and HSF1 knockdown decreased miR-214 expression. This
result suggests that HSF1 also possesses the ability to regulate
miRNA biogenesis [68]. In human cervical cancer cell line,
HSF1 regulates miR-432 expression in a heat shock-
dependent manner via binding to the HSE present in upstream
sequence of miR-432 [69].

LncRNAs have emerged as essential regulators in nearly all
aspects of biology. LncRNAs target chromatin modification
complexes or RNA-binding proteins to alter gene expression
programs and play important roles in tumorigenesis [70].
Recent evidence has shown that HSF1 can regulate lncRNA
levels. HSF1 knockdown in breast cancer cells leads to in-
creased lincRNA-p21 expression. Further investigation of
the mechanism involved revealed that HSF1 decreases
lincRNA-p21 levels likely via miR-320 or let-7-mediated
lincRNA-p21 degradation. LincRNA-p21 negatively regu-
lates β-catenin translation, and therefore, HSF1 increases the
protein levels of β-catenin, which plays a role in carcinogen-
esis [60]. Surely, further study of the interactions between
HSF1 and specific miRNAs and lncRNAs will reveal addi-
tional unique mechanisms to explain HSF1’s multifaceted
roles in human cancer.

Conclusions

HSF1 is a double-edged sword. On one hand, it can protect
cells and organisms from heat, ischemia, inflammation, oxi-
dative stress, and other noxious conditions [2]. On the other
hand, HSF1 is often overexpressed in human cancer cells and
has detrimental effects on human health. HSF1 is an important
regulator of numerous aspects of cancer such as initiation,
development, EMT, migration, invasion, and metastasis.

In summary, HSF1 is a powerful multifaceted regulator of
cancer. First, HSF1 promotes the expression of HSPs to pro-
tect proteins that are essential for tumorigenesis and survival
from degradation, such as mutant p53 proteins. Second, HSF1
regulates cellular metabolism, including glycolysis and lipid
metabolism. Third, HSF1 serves as a regulator of different
signaling pathways, such as HuR-HIF-1, Slug, PKC,
NF-κB, PI3K-AKT-mTOR, and MAPK pathways, which
are essential for cell proliferation, anti-apoptosis, EMT,
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migration, invasion, and metastasis. Finally, HSF1 regulates
the expression of both miRNAs and lncRNAs (Fig. 1).

The emergence of HSF1 as an important regulator of can-
cer cells has garnered much interest not only from a scientific
perspective but also from a clinical perspective. HSF1 and
HSPs are not only promising biomarkers for the diagnosis of
cancer but also hold potential for drug target identification and
as direct targets for clinical intervention in the future. For
example, 17-AAG, an inhibitor of HSP90, has entered clinical
trials. Further investigation of HSF1-regulated molecular
mechanisms will provide greater insight on the identification
and development of selective HSF1 inhibitors for cancer
patients.
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