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ABSTRACT
Upregulation of the heat shock transcription factor 1 (HSF1) has been described 

as a frequent event in many cancer types, but its oncogenic role in hepatocellular 
carcinoma (HCC) remains poorly delineated. In the present study, we assessed the 
function(s) of HSF1 in hepatocarcinogenesis via in vitro and in vivo approaches. 
In particular, we determined the importance of HSF1 on v-Akt murine thymoma 
viral oncogene homolog (AKT)-induced liver cancer development in mice. We found 
that knockdown of HSF1 activity via specific siRNA triggered growth restraint by 
suppressing cell proliferation and inducing massive cell apoptosis in human HCC cell 
lines. At the molecular level, HSF1 inhibition was accompanied by downregulation of 
the phosphoinositide 3-kinase (PI3K)/AKT/mammalian target of rapamycin (mTOR) 
cascade and related metabolic pathways. Most importantly, overexpression of a 
dominant negative form of HSF1 (HSF1dn) in the mouse liver via hydrodynamic gene 
delivery led to the inhibition of mouse hepatocarcinogenesis driven by overexpression 
of AKT. In human liver cancer specimens, we detected that HSF1 is progressively 
induced from human non-tumorous surrounding livers to HCC, reaching the highest 
expression in the tumors characterized by the poorest outcome (as defined by the 
length of patients’ survival). In conclusion, HSF1 is an independent prognostic factor 
in liver cancer and might represent an innovative therapeutic target in HCC subsets 
characterized by activation of the AKT/mTOR pathway.

INTRODUCTION

Hepatocellular carcinoma (HCC) is rated as the 
sixth most frequent tumor and the second most common 
cause of cancer-related mortality, with ~745,000 deaths 
worldwide. Although potentially curative modalities 
such as liver resection, liver transplantation, and 
radiofrequency ablation, have been developed [1, 2], 
most HCC patients are diagnosed at advanced stage, 

when these effective treatments cannot be applied [1, 2]. 
The only approved drug for the treatment of advanced 
HCC by the American Food and Drug Administration is 
the multikinase inhibitor Sorafenib. However, based on 
large clinical trials conducted in Caucasians and Asians, 
the improvement in terms of patient’s survival following 
Sorafenib administration is limited to ~3 months when 
compared to placebo [3]. Therefore, novel therapeutic 
strategies against advanced HCC are urgently needed. 
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For this purpose, a more profound understanding of the 
molecular mechanisms underlying hepatocarcinogenesis 
is highly required.

Heat shock factor 1 (HSF1) is a member of the 
heat shock protein (HSP) family, which can differentially 
regulate the expression of numerous proteins in response 
to a variety of stressors [4–9]. Once activated, HSF1 
implements a versatile series of events aimed at protecting 
cells from damage induced by continual exposure to the 
initial insult [4–9]. In addition to orchestrating the heat 
shock response, HSF1 is involved in numerous other 
cellular processes, as recent studies have shown that 
HSF1 regulates as much as 3% of the entire genome [10]. 
In accordance with this hypothesis, it has been shown 
that HSF1 is involved in various cellular events, such as 
metabolism, inflammation, and tumorigenesis as well as 
in the protection of the cell by numerous stressors beyond 
the heat shock [11–14]. Although activation of HSF1 
might be beneficial for the survival of normal cells, it is 
plausible to hypothesize that its aberrant activation plays 
a role in carcinogenesis by protecting tumor cells from 
stress-induced death. In accordance with this assumption, 
many human tumor types and cancer cell lines express 
HSF1 constitutively at elevated levels [11–16]. In cancer, 
it has been shown that HSF1 could not be regarded 
as a canonical oncogene, as its overexpression cannot 
transform immortalized mouse embryonic fibroblasts 
(MEFs) [17]. Nonetheless, it has been demonstrated that 
MEFs deprived of HSF1 are refractory to transformation 
induced by established protooncogenes [17]. In agreement 
with this finding, HSF1 knockout (HSF1−/−) mice were 
found to be significantly more resistant to tumor formation 
than wild-type mice in different models of chemically-
induced carcinogenesis [17]. Furthermore, deficiency 
of HSF1 prevented tumor formation in mice harboring 
either germline mutations in the p53 tumor suppressor 
or activating mutations in the H-Ras oncogene [17]. In 
addition, loss of HSF1 in a p53-deficient mouse model 
resulted in the suppression of spontaneous lymphoma 
development [18]. 

In liver cancer, data on HSF1 are rather scanty. Recent 
findings point to a role of HSF1 as a key determinant of HCC 
development by its ability to promote hepatic steatosis and to 
inhibit AMP-activated protein kinase activity [19]. Moreover, 
HSF1 upregulation is involved in invasion and metastasis 
and might represent a prognostic marker in HCC [20, 21]. 
In addition, suppression of HSF1 inhibits the epithelial-
mesenchymal transition phenotype in HCC cell lines [22] and 
protects HCC cells from DNA damage [23]. Furthermore, 
HSF1 has been found to be a downstream effector of the 
mammalian target of rapamycin (mTOR) pathway in 
this tumor type [24]. However, the signalling pathways 
responsible for HSF1 activation and downstream effectors 
of HSF1 in HCC cells remain poorly delineated. Also, the 
importance of HSF1 on hepatocarcinogenesis driven by 
established oncogenes has never been demonstrated  in vivo. 

In the present study, we found that HSF1 regulates 
the PI3K/AKT/mTOR pathway in HCC cells and is 
required for hepatocarcinogenesis triggered by AKT 
overexpression. Furthermore, we provide evidence that 
HSF1 is an independent prognostic factor for human HCC. 

RESULTS

Suppression of HSF1 reduces the in vitro growth 
and AKT/mTOR activity of human HCC cell lines

First, we assessed the importance of HSF1 on the  
in vitro growth and the relationship with the AKT/mTOR 
pathway in human HCC cell lines. For this purpose, the 
HSF1 gene expression was knocked-down in HLE and 
HLF hepatoma cells with specific small interfering RNA 
(siRNA) (Figure 1). Knockdown of HSF1 by siRNA 
resulted in strong reduction of proliferation and increase of 
apoptosis in the two cell lines, implying a pivotal role for 
HSF1 in the growth and survival of HCC cells (Figure 1). 

Next, since it has been shown that HSF1 can 
induce the activation of the PI3K/AKT/mTOR cascade 
[19], we investigated the crosstalk between HSF1 and 
the AKT/mTOR cascade in vitro. For this purpose, 
we determined whether HSF1 modulation affects the 
levels of the PI3K/AKT/mTOR pathway. Noticeably, 
inhibition of HSF1 by siRNA led to the downregulation 
of various members of the PI3K/AKT/mTOR cascade. 
At the molecular level, HLE and HLF cells depleted of 
HSF1 showed decreased levels of phosphatidylinositol-
4,5-bisphosphate 3-kinase catalytic subunit alpha 
(PIK3CA), phosphorylated/activated AKT or p-AKT, 
phosphorylated/activated ribosomal protein S6 or 
p-RPS6, members of AKT-dependent lipogenesis such as 
fatty acid synthase or FASN, acetyl-coA carboxylase or 
ACAC, and stearoyl-CoA desaturase or SCD1. Members 
of the glycolysis pathway driven by the PI3K/AKT/
mTOR cascade, including aldolase A or ALDOA, lactate 
dehydrogenase A/C or LDHA/C, and pyruvate kinase 
M2 (PKM2) were also downregulated following HSF1 
inactivation (Figure 2). Suppression of HSF1 also resulted 
in decreased AKT activity, lipid depletion (as indicated 
by reduced levels of fatty acid biosynthesis, cholesterol 
and triglycerides), and decrease glycolysis (as shown by 
decreased activity of lactate dehydrogenase) (Figure 3; 
Supplementary Figure 1). 

The present data indicate that inhibition of HSF1 
is highly harmful for the in vitro growth of HCC cells, 
and HSF1 is a major regulator of the PI3K/AKT/mTOR 
signaling in human HCCs.

Inactivation of HSF1 suppresses AKT-driven 
hepatocarcinogenesis

Subsequently, we determined the importance of 
HSF1 on HCC growth in vivo, focusing on the PI3K/
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AKT/mTOR pathway. For this purpose, we overexpressed 
the activated form of AKT1 (myr-AKT1) [25] while 
simultaneously inactivating HSF1 in the hepatocytes. 
To achieve this goal, we hydrodynamically transfected 
FVB/N mice with myr-AKT1 and a dominant negative 
form of HSF1 (HSF1dn; these mice will be referred to 
as AKT/HSF1dn mice; n = 10) [26]. As a control, we 
hydrodynamically transfected FVB/N mice with either 
empty vector (referred to as control mice; n = 10) or myr-
AKT1 (referred to as AKT mice; n = 10). Subsequently, 
mice were harvested 28 weeks post hydrodynamic 
injection, when livers overexpressing myr-AKT1 exhibited 
tumor development [25]. Macroscopically, all AKT mice 
showed an enlarged liver with a consequent increased 
body and liver weight when compared to control mice 
(Figure 4A–4C). In striking contrast, none of the AKT/
HSF1dn mice exhibited abdomen enlargement (not 
shown), increased body or liver weight when compared 
with control mice (Figure 4B, 4C). Histologically, most 
of the liver parenchyma of AKT mice was occupied by 
multiple hepatocellular tumors (Figure 4A), in accordance 
with previous reports [25]. In striking contrast, none of 
the AKT/HSF1dn mice showed the presence of neoplastic 
lesions (Figure 4A). Small clusters of lipid-rich cells 
were detected in otherwise normal appearing livers in 
AKT/HSF1dn mice (Figure 4A). At the molecular level, 
AKT/HSF1dn mice showed downregulation of PIK3CA, 

p-AKT, p-RPS6, FASN, ACAC, SCD1, PPARγ, ALDOA, 
and LDHA/C (Figure 5A, 5B). To further confirm the 
effects of HSF1 silencing on AKT-overexpressing livers, 
we assayed the levels of fatty acid biosynthesis, cholesterol 
and triglycerides levels in livers from control, AKT, and 
AKT/HSF1dn livers at this time point. As expected, 
AKT liver specimens showed the highest levels of fatty 
acid biosynthesis, cholesterol and triglycerides, whereas 
similar levels were detected in control and AKT/HSF1dn 
mice (Figure 5C–5E). In addition, levels of glycolysis, as 
assessed by LDH activity, were highest in AKT mice and 
equivalent in control and AKT/HSF1dn mice (Figure 5F). 

Altogether, the present data indicate that 
HSF1 inactivation is detrimental for AKT-induced 
hepatocarcinogenesis.  

HSF1 is an independent prognostic indicator in 
human HCC patients

Finally, we evaluated the levels of activated HSF1 
in a collection of human HCC specimens (n  = 120). As a 
surrogate marker of HSF1 activation, nuclear accumulation 
of HSF1 protein was investigated by immunohistochemistry 
(Figure 6). In accordance with previous data [20, 21], 
nuclear immunoreactivity for HSF1 was very faint or absent 
in normal liver (Figure 6A, upper panel). Importantly, HSF1 
nuclear accumulation was almost ubiquitously (109/120; 

Figure 1: Inactivation of HSF1 is detrimental for the in vitro growth of human HCC cell lines. (A–C) Effect of HSF1 silencing 
via siRNA in HLE cells on cell proliferation (A), apoptosis (B), and HSF1 mRNA expression (C). (D–F) Effect of HSF1 silencing via 
siRNA in HLF cells on cell proliferation (D), apoptosis (E), and HSF1 mRNA expression (F). Each bar represents mean ± standard 
deviation of 3 independent experiments conducted in triplicate. Effects at 48h post siRNA administration are shown. Number target  
(NT) = 2−ΔCt, wherein the ΔCt value of each sample was calculated by subtracting the average Ct value of the HSF1 gene from the average 
Ct value of the β-actin gene. Tukey–Kramer test: P < 0.0001 a, vs control (untreated cells); b, vs scramble siRNA.
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90.8%) more pronounced in HCC than in corresponding 
non-tumorous liver tissues (Figure 6A, middle panel). In 
the remaining (11/120, 9.2%) HCC samples and respective 
non-neoplastic liver tissues, HSF1 nuclear accumulation 
were equivalent (Figure 6A, lower panel). Subsequently, 
we evaluated the mRNA levels of HSF1 in the HCC 
samples whose clinicopathological data were available  
(n = 64; Supplementary Table 1). Once again, we found 
that HSF1 mRNA levels were significantly higher in HCC 
than in corresponding non-tumorous livers and normal 
livers (Figure 6B). Furthermore, HSF1 mRNA expression 
was significantly more elevated in HCC samples with 
poorer prognosis when compared with those with better 
prognosis (Figure 6C). When evaluating the relationship 
between HSF1 and patients’ clinicopathological data, we 
found that higher expression of HSF1 correlates with lower 
HCC survival rate (Figure 6D) and this association remains 
strongly significant after multivariate Cox regression 
analysis (P < 0.0001; Supplementary Table 2), indicating 
that HSF1 is an independent prognostic factor for HCC. 
No relationship between the mRNA levels of HSF1 and 
other clinicopathological features of the patients, including 

age, gender, etiology, presence of cirrhosis, tumor size, and 
tumor grade were detected (Supplementary Table 2). 

Furthermore, since it has been shown that HSF1 
and the AKT/mTOR cascade functionally interacts in 
other cancer types [12, 13, 15, 27–29], we determined the 
levels of AKT and mTOR activity and correlated them 
with HSF1 activity in human HCC specimens (n = 64). 
Of note, the activity of AKT and mTOR was significantly 
higher in HCC with poorer prognosis when compared with 
those with better prognosis (Supplementary Figure 2). 
Furthermore, a strong, direct correlation was detected 
between HSF1 activity and that of AKT and mTOR 
(Supplementary Figure 2).

Altogether, the present data indicate that HSF1 is an 
important prognostic indicator and its activity correlates 
with the activity of AKT/mTOR cascade in human HCC.

DISCUSSION

Unconstrained activation of the HSF1 transcription 
factor has been detected in multiple tumor types, where 
it exerts pro-growth and survival functions [11–17]. 

Figure 2: Suppression of HSF1 expression by specific siRNA induces downregulation of the PI3K/AKT/mTOR pathway. 
(A) In HLE cells, silencing of HSF1 for 48 h resulted in the downregulation of PIK3CA (an upstream inducer of AKT), phosphorylated/
activated AKT and downstream AKT effectors involved in lipogenesis (p-RPS6, FASN, ACAC, SCD1) and glycolysis (ALDOA, LDHA/C, 
PKM2), as detected by Western blot analysis. (B) Equivalent results were obtained in HLF cells. β-Actin was used as a loading control. 



Oncotarget54153www.impactjournals.com/oncotarget

In the present study, we show that HSF1 is aberrantly 
expressed and possesses oncogenic properties in human 
HCC. Indeed, we found a significant upregulation of 
HSF1 in HCC when compared with normal livers and 
non-neoplastic surrounding livers. These findings suggest 
that induction of HSF1 is involved in liver malignant 
transformation. Furthermore, we detected a pronounced 
increase of HSF1 levels in HCCP when compared with 
HCCB, thus implying an important role of HSF1 also in 
HCC biological aggressiveness and patient’s outcome. In 
accordance with the latter findings, levels of HSF1 have 
been found to directly correlate with an adverse prognosis 
and tumor recurrence in various cancer entities, including 
HCC [11–17, 20, 21, 23]. Therefore, the present data 
strongly support an important prognostic role of HSF1 in 
human liver cancer.

In addition, we have investigated the functional 
role of HSF1 in vitro and in vivo. In particular, we 
found that HSF1 plays a pivotal function in supporting 
hepatocarcinogenesis induced by the AKT protooncogene, 
a crucial member of the PI3K/AKT/mTOR pathway 
(Figure 7). This assumption is based on the inhibition 
of development of preneoplastic and neoplastic liver 
lesions in AKT mice where HSF1 was inhibited. Our data, 
together with the finding of absence of liver malignant 
transformation in mice hydrodynamically injected with 
HSF1 (Calvisi DF et al. unpublished observation) indicate 

the importance of HSF1 in supporting the oncogenic action 
driven by protooncogenes rather than acting as a bona fide 
oncogene. These findings agree with the observation that 
immortalized mouse embryonic fibroblasts (MEFs) cannot 
be transformed by overexpressing HSF1 alone [17]. 

The molecular mechanisms whereby HSF1 sustains 
AKT oncogenic potential and the central players in this 
event remain to be determined. Nonetheless, we found 
that several proteins involved in various steps of de novo 
lipogenesis and glycolysis are downregulated in HCC cell 
lines and in AKT mice following inactivation of HSF1. 
While the role of glycolysis on AKT-dependent HCC 
development requires further investigation, the importance 
of lipogenesis in AKT-driven hepatocarcinogenesis has 
been underlined by a previous report from our group, in 
which depletion of FASN, the master regulator of fatty 
acid biosynthesis, completely abolished AKT-induced 
HCC development [30, 31]. Besides these effects on 
the metabolism of HCC cells and AKT-overexpressing 
livers, we cannot exclude that HSF1 regulates many other 
important molecular events. For instance, preliminary 
data from our group suggest that HSF1 inactivation 
results in the downregulation of the c-Myc protooncogene 
in HCC cell lines and AKT mice (Calvisi DF et al., 
unpublished observation). Ongoing studies will be helpful 
to identify the major targets of HSF1 in AKT-induced 
hepatocarcinogenesis.  

Figure 3: Suppression of HSF1 expression by specific siRNA induces decrease in AKT activity, fatty acid biosynthesis, 
cholesterol and triglyceride levels, and lactate dehydrogenase activity in the HLE HCC cell line. Equivalent results were 
obtained in the HLF cell line (Supplementary Figure 2). Each bar represents mean ± standard deviation of 3 independent experiments 
conducted in triplicate. Tukey–Kramer test: P < 0.0001 a, vs control (untreated cells); b, vs scramble siRNA. Abbreviations: FA, fatty acid; 
CE, cholesterol; TG, triglycerides; LDH, lactate dehydrogenase.
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The present data might have important clinical 
implications. Indeed, the dependence of AKT-overexpressing 
cells on HSF1 activity might render these cells susceptible 
to death induced by HSF1 inhibitors. In this regard, several 
HSF1 blockers have been developed and showed remarkable 
anti-tumor activity in numerous preclinical models  
[28, 32]. In particular, a class of translation initiation 
inhibitors, known as rocaglates, has been proven to be 
extremely effective in suppressing HSF1 activity and to 
strongly constrain the growth of multiple cancer cell lines 
[33]. Thus, it is highly likely that HSF1 inhibitors are 
effective in the treatment of at least the human subset of 
HCC displaying activation of the AKT pathway. 

MATERIALS AND METHODS

Constructs and reagents

The constructs used in the experiments, including 
pT3-EF1α-myr-AKT (HA-tagged) and pCMV/sleeping 
beauty transposase (SB), have been previously 
described [25]. The V5-tagged dominant negative 
form of human HSF1 (HSF1dn) [28] was cloned in a  
pT3-EF1α vector via Gateway cloning strategy. 
Plasmids were purified using the Endotoxin-free Maxi 
Prep Kit (Sigma-Aldrich, St. Louis, MO) before being 
injected into mice.

Figure 4: Inactivation of HSF1 abolishes AKT-driven hepatocarcinogenesis in mice. (A left panel). Overexpression of myr-
AKT1 promotes the development of multiple liver tumors within 28 weeks post hydrodynamic injection in mice (indicated as AKT). 
Macroscopically (liver macroscopy), liver of AKT mice appeared pale, enlarged, and characterized by the presence of numerous nodules 
occupying most of its surface (top left panel). Microscopically, the liver parenchyma of AKT mice was occupied by numerous hepatocellular 
tumors (middle and lower left panel). These tumors were homogeneously immunoreactive for HA-tagged AKT (inset), implying their 
origin from hydrodynamically transfected cells. Hepatocellular tumors were mainly composed of malignant cells with an enlarged, clear 
cytoplasm owing to lipid accumulation (lower panel). In striking contrast, overexpression of a dominant negative form of HSF1 (HSF1dn) 
together with myr-AKT1 (indicated as AKT/HSF1dn mice) completely inhibits hepatocarcinogenesis (right panels). Livers of AKT/HSF1dn 
mice appeared normal macroscopically, and showed the presence of few foci, consisting of lipid rich hepatocytes (indicated by arrows). 
Original magnifications: 40X and 100x. Inactivation of HSF1 by injection of HSF1dn also resulted in lower body weight (B) and lower liver 
weight (C) in AKT/HSF1dn mice when compared with AKT mice. Tukey–Kramer test: P < 0.0001 a, vs control (mice injected with empty 
vector); b, vs AKT mice. Ten mice per each group were analyzed. Abbreviation: H&E, hematoxylin and eosin.
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Hydrodynamic injection, mouse monitoring

Hydrodynamic injection was performed as described 
previously [25]. In brief, 8μg pT3-EF1α- myr-AKT1 along 
with sleeping beauty transposase (SB) in a ratio of 25:1 
were diluted in 2 ml saline (0.9% NaCl), then filtered 
through 0.22 μm filter, and injected into the lateral tail 
vein of 6 to 8-week-old FVB/N mice in 5 to 7 seconds. To 
block the HSF1 signaling, high doses of HSF1dn (40 μg) 
with low doses of myr-AKT1 (8 μg) were injected. Control 
mice were injected with pT3-EF1α (40 μg) with myr-
AKT1 (8 μg). The care and use of mice for this study were 
carried out with the approval of the Institutional Animal 
Care and Use Committee (IACUC) of the University of 
California, San Francisco.

Histology and immunohistochemistry

Liver lesions were fixed in 4% 
paraformaldehyde  overnight at 4°C, embedded in paraffin, 
and evaluated by two board-certified pathologists (M.E. 

and F.D.) in accordance with the criteria by Frith et al. 
[34]. For immunohistochemistry, antigen retrieval was 
performed in 10mM sodium citrate buffer (pH 6.0) by 
placement in a microwave on high for 10 min, followed by 
a 20-min cool down at room temperature. After a blocking 
step with the 5% goat serum and Avidin-Biotin blocking 
kit (Vector Laboratories, Burlingame, CA), the slides were 
incubated with primary antibodies overnight at 4°C. Slides 
were then subjected to 3% hydrogen peroxide for 10 min to 
quench endogenous peroxidase activity and subsequently 
the biotin conjugated secondary antibody was applied 
at a 1:500 dilution for 30 min at room temperature. The 
anti-HSF1 (# 4356) antibody was obtained from Cell 
Signaling Technology Inc (Danvers, MA). This primary 
antibody was selected since it has been extensively 
validated by the manufacturer for immunohistochemistry. 
The immunoreactivity was visualized with the Vectastain 
Elite ABC kit (Vector Laboratories, Burlingame, CA), 
using Vector NovaRED™ (Vector Laboratories) as the 
chromogen. Slides were counterstained with Mayer’s 
hematoxylin. Immunohistochemical expression of the 

Figure 5: Suppression of hepatocarcinogenesis following HSF1 inactivation is accompanied by downregulation of 
activated AKT and its downstream effectors in the mouse liver. (A, B) Representative Western blot analysis of livers from 
control mice (injected with empty vector), AKT mice (injected with myr-AKT1) and AKT/HSF1dn mice (co-injected with myr-AKT1 and 
HSF1dn). Inactivation of HSF1 in AKT/HSF1dn mice resulted in downregulation of phosphorylated/activated AKT. Levels of some AKT 
upstream (PIK3CA) and downstream effectors (p-RPS6, p-NDRG1, FASN, ACLY, ACAC, SCD1, PPARG, ALDOA, LDHA/C, PKM2) 
were downregulated in AKT/HSF1dn mice when compared with AKT mice. As expected, livers from AKT/HSF1dn mice were the only 
ones to express the transfected HSF1dn construct (V5-tagged). Of note, the levels of some of the proteins tested were even lower in AKT/
HSF1dn mice than in control mice. Ten livers from each group of mice were used for the analysis, and representative images are shown. 
β-Actin was used as a loading control. (C–F) Fatty acid biosynthesis, cholesterol and triglyceride content, and lactate dehydrogenase 
activity were strongly induced in the livers of AKT mice, and equally lower in control and AKT/HSF1dn livers. Tukey–Kramer test:  
P < 0.0001 a, vs control (mice injected with empty vector); b, vs AKT mice. Abbreviations: FA, fatty acid; CE, cholesterol; TG, triglycerides; 
LDH, lactate dehydrogenase.
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HSF1 protein was evaluated semi-quantitatively by direct 
comparison of the tumor area (HCC) with the adjacent 
non-neoplastic liver parenchyma. Specifically, the HSF1 
staining scores were determined as follows: (a.) equivalent, 
when the immunoreactivity was similar between HCC 
tissues and corresponding surrounding non-tumorous 
liver tissues; (b.) overexpression, when immunoreactivity 
intensity was higher in HCC tissues than in corresponding 
surrounding non-tumorous liver tissues.

Western blotting

Human HCC cell line extracts and mouse livers 
tissues were homogenized in lysis buffer [30 mM Tris  
(pH 7.5), 150 mM NaCl, 1% NP-40, 0.5% Na 
deoxycholate, 0.1% SDS, 10% glycerol  and 2 mM 
EDTA] containing the Complete Protease Inhibitor 
Cocktail (ThermoFisher Scientific,  Waltham, MA). 
Protein concentrations were determined with the Bio-Rad 
Protein Assay Kit (Bio-Rad, Hercules, CA) using bovine 
serum albumin as standard. For Western blotting, aliquots 
of 40 μg were denatured by boiling in Tris-Glycine SDS 
Sample Buffer (Bio-Rad), separated by SDS-PAGE, and 

transferred onto nitrocellulose membranes (Bio-Rad) 
by electroblotting. Membranes were blocked in Pierce 
Protein-free Tween 20 Blocking Buffer (ThermoFisher 
Scientific) for 1 h and probed with following specific 
antibodies for anti-HSF1 (#4356), anti-HA-tag (#3724), 
anti-phosphorylated AKT (#3787), anti-phosphorylated 
RPS6 (#2211), anti-SCD1 (#2438), total-AKT (#9272), 
anti-ACAC (#3662), anti-ACLY (13390), anti-PPARγ 
(#2435), anti-ALDOA (#3188), LDHA/C (#3558), SCD1 
(#2794), anti-phosphorylated NDRG1 (#5482) (Cell 
Signaling Technology Inc.), and V5 (#81594; Santa Cruz 
Biotechnology, Santa Cruz, CA). Anti-β-Actin (#A5441; 
Sigma-Aldrich) was used as loading control. Each primary 
antibody was followed by incubation with horseradish 
peroxidase-secondary antibody (Jackson ImmunoResearch 
Laboratories Inc., West Grove, PA) diluted 1:5000 for  
30 min and proteins were revealed with the Super Signal 
West Pico (Pierce Chemical Co., New York, NY). 

In vitro studies

The human HLE and HLF HCC cell lines, after 
validation (Genetica DNA Laboratories, Burlington, NC), 

Figure 6: Elevated levels of HSF1 in human hepatocellular carcinoma (HCC). (A) Representative immunohistochemistry of 
HSF1 in human normal liver and HCC. In normal liver (upper panel), nuclear immunoreactivity for HSF1 is either faint or absent. In human 
HCC (HCC1; T), immunolabeling for nuclear HSF1 was most often higher than that in corresponding non-tumorous surrounding livers 
(SL) (middle panel). However, few cases showed equivalent staining for HSF1 in HCC (HCC2) and respective SL (lower panel). Original 
magnification: 100 ×. (B) Levels of HSF1 mRNA progressively increase from normal livers (NL; n = 10) to non-tumorous surrounding 
livers (SL; n = 64) to HCC (n = 64), as detected by quantitative reverse-transcription PCR. Number target (NT) = 2−ΔCt, wherein ΔCt value 
of each sample was calculated by subtracting the average Ct value of the HSF1 gene from the average Ct value of the β-actin gene. Mann–
Whitney test: a, vs NL, P < 0.001; b: vs SL, P < 0.0001. (C) Importantly, levels of HSF1 mRNA are significantly higher in HCC with 
poorer outcome (HCCP) than in tumors with better prognosis (HCCB). Mann–Whitney test: a vs HCCB, P < 0.001. (D) Kaplan–Meier 
survival curves of human HCC with high and low HSF1 mRNA levels, showing the unfavorable outcome of patients with high HSF1 
mRNA expression. 
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were used in this study. Cells were grown in a 5% CO2 

atmosphere, at 37˚C, in RPMI Medium supplemented with 
10% fetal bovine serum (FBS; Gibco, Grand Island, NY) 
and penicillin/streptomycin (Gibco). Cell proliferation was 
analyzed using the BrdU Cell Proliferation Assay Kit (Cell 
Signaling Technology Inc.). Apoptosis was assessed with 
the Cell Death Detection Elisa Plus Kit (Roche Molecular 
Biochemicals, Indianapolis, IN).

Knockdown of HSF1

For knockdown studies, HLE and HLF cells were 
transfected with 50 nM siRNA targeting HSF1 (ID # 
L-012109-02-0005; GE, Dharmacon, Lafayette, CO). A 
scramble small interfering RNA (siRNA; ID # 4390846; 
Life Technologies, Grand Island, NY) was used as negative 
control. RNA was extracted 48 hours after siRNA transfection. 
Experiments were repeated at least three times in triplicate.

Quantitative reverse transcription real-time 
polymerase chain reaction (qRT-PCR)

Validated Gene Expression Assays for human 
HSF1 (Hs00232134_m1) and β- Actin (ID: 4333762T) 
genes were purchased from Applied Biosystems (Foster 
City, CA). PCR reactions were performed with 100 ng 

of cDNA of the collected samples or cell lines, using an 
ABI Prism 7000 Sequence Detection System with TaqMan 
Universal PCR Master Mix (Applied Biosystems). 
Cycling conditions were: denaturation at 95°C for 10 min, 
40 cycles at 95°C for 15 s, and then extension at 60°C for 
1 min. Quantitative values were calculated by using the PE 
Biosystems Analysis software and expressed as N target 
(NT). NT = 2−ΔCt, wherein ΔCt value of each sample was 
calculated by subtracting the average Ct value of the target 
gene from the average Ct value of the β- Actin gene.

Assessment of AKT, mTOR, and HSF1 activity

The activity of AKT, mTOR, and HSF1 was 
determined in human HCC specimens using the 
PathScan® Phospho-Akt (Ser473), and PathScan® Phospho-
mTOR (Ser2448) Sandwich ELISA Kits (Cell Signaling 
Technology), and (pSer326) HSF1 ELISA kit (Enzo Life 
Sciences, Farmingdale, NY), respectively, following the 
manufacturers’ instructions.

Assessment of cholesterol and triglyceride 
content, and lactate dehydrogenase activity

Fatty acid synthesis was measured in mouse frozen 
tissues and human HCC cell lines by incorporation of 

Figure 7: Schematic representation of the relationship between HSF1 and the PI3K/AKT/mTOR pathway in 
hepatocellular carcinoma. (A) Following a variety of stimuli that remain to be better delineated (stressors? Signaling pathways?), HSF1 
is induced in liver cancer cells, where it sustains the activation of the PI3K/AKT/mTOR cascade. This leads to metabolic reprogramming of 
liver cancer cells, due to the induction of de novo lipogenesis and glycolysis, which support their unconstrained proliferation and survival.  
(B) Inactivation of HSF1 by overexpression of a dominant negative form (HSF1dn) or specific inhibitors results in the suppression of the PI3K/
AKT/mTOR pathway, thus inhibiting aberrant lipogenesis and glycolysis with consequent apoptosis and growth restraint of liver cancer cells.  
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[U-14C] acetate into lipids as described [35]. Briefly, HCC 
cell lines were cultured in 96-well plates at 2.0 × 103/well 
and incubated overnight. After adding specific or scramble 
siRNA, cells were pulse labelled with [U-14C] acetate  
(1 μCi/well) for 48 hours. Each condition was run in 
triplicate. Lipids were Folch extracted and counted for 
14C. Cholesterol and triglyceride levels in HCC cell lines 
and mouse specimens were assessed using the Cholesterol 
Quantitation Kit and the Triglyceride Quantification Kit 
(BioVision Inc., Mountain View, CA), respectively, following 
the manufacturer’s protocol. Lactate dehydrogenase activity 
was assessed using the LDH activity assay (BioVision Inc.) 
according to the manufacturer’s instructions.

Human tissue samples

A collection of formalin-fixed, paraffin-embedded 
HCC samples was used in the present study. Sixty-four 
frozen HCC and corresponding non-tumorous surrounding 
livers from the same collection were used. Tumors were 
divided in HCC with shorter/poorer (HCCP; n = 32) and 
longer/better (HCCB; n = 32) survival, characterized 
by < 3 and > 3 years’ survival following partial liver 
resection, respectively. The clinicopathological features 
of liver cancer patients are summarized in Supplementary 
Table 1. HCC specimens were collected at the Medical 
Universities of Greifswald (Greifswald, Germany) and 
Rome La Sapienza (Pietro Valdoni Surgery Department, 
Rome, Italy). Institutional Review Board approval was 
obtained at the local Ethical Committee of the Medical 
Universities of Greifswald and Rome. Informed consent 
was obtained from all individuals.

Statistical analysis

GraphPad Prism version 6.0 (GraphPad Software 
Inc., La Jolla, CA) was used to evaluate statistical 
significance by Tukey–Kramer, Student’s t and Mann–
Whitney tests and linear regression analyses. Overall 
survival was estimated according to Kaplan–Meier and 
Log-rank (Mantel–Cox) test. Univariate and multivariate 
Cox analysis was used to estimate hazard ratios for 
risk factors using STATA 9 statistical software (Stata 
Corporation, College Station, TX, USA). Values of  
P < 0.05 were considered significant. Data are expressed 
as mean ± standard deviation for each group. Two-tailed 
unpaired t test was used to compare the differences 
between two groups. 
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