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FA oxidation, and liver tumors. Thus, AOX deficiency results in inflammation, cell proliferation, and
carcinogenesis in the liver [86]. However, this model apparently does not develop fibrosis despite
exhibiting liver tumors.

3.3.3. PPARau-Deficient Mice

Peroxisomes catalyze fatty acid B-oxidation. Mice with a homozygous knockout of PPARa
(peroxisome proliferator activated receptor alpha), which is a member of the steroid/nuclear receptor
superfamily and mediates the biological and toxicological effects of peroxisome proliferators, do not
accumulate fat under normal feeding conditions but fail to up-regulate FA oxidation, and thus develop
severe steatosis when fatty acid delivery to the liver is increased by fasting [87].

3.3.4. Other Models of Reduced Oxidation

The involvement of estrogens in the regulation of carbohydrate and lipid metabolism has been
robustly demonstrated by studies in genetically engineered mice, including aromatase knockout mice
lacking intrinsic estrogen production. The oxidation of FA under normal physiological conditions may
be orchestrated by an estrogen receptor-mediated signaling pathway. Aromatase knockout mice exhibit
hyperinsulinemia and steatosis without inflammation [88].

Juvenile visceral steatosis (JVS) mice are an animal model of systemic carnitine deficiency with a
genetic defect in organic cation transporter 2 (OCTN2). The abnormalities in this strain may be caused by
the accumulation of long-chain fatty acids, which are not well metabolized as a result of their disturbed
entry into mitochondria in carnitine-deficient states. These mice suffer from steatosis without
inflammation, hypoglycemia, hyperammonemia, growth retardation, and cardiac hypertrophy [89].

Neonatal hepatic steatosis is a fatal condition of unknown etiology. A deficit in adenosine-dependent
metabolism has been proposed as a possible causative factor. Physiologically, adenosine is efficiently
metabolized to AMP by adenosine kinase (ADK), an enzyme that is highly expressed in the liver.
ADK not only ensures normal adenine nucleotide levels but also is essential for the maintenance of
S-adenosylmethionine-dependent transmethylation processes, from which adenosine, an obligatory product,
has to be constantly removed. ADK knockout mice develop neonatal hepatic steatosis without inflammation,
providing a powerful model for the rapid development of postnatally lethal fatty liver [90].

Cystathionine beta-synthase (CBS) is subject to complex regulation, including allosteric activation
by the methyl donor S-adenosylmethionine (AdoMet). CBS is the rate-limiting enzyme of the
transsulfuration pathway, which condenses homocysteine and serine into cystathionine. CBS knockout
mice develop not only steatosis but also inflammation and fibrosis concomitant with an enhanced
expression of proinflammatory cytokines [91].

Chow-fed female mice with a truncating mutation (foz) in the Alstrom syndrome 1 (ALMS]) gene,
exhibit disordered appetite regulation and develop obesity, diabetes, and simple steatosis. In addition,
HFD-fed foz/foz mice exhibit severe steatohepatitis, such as lobular inflammatory infiltrate and
pericellular fibrosis, through the inhibition of PPARa-mediated peroxisomal FA oxidation via
hypoadiponectinemia [92].
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3.4. Models with Reduced VLDL Secretion

Triglycerides (TG) are bound by apolipoprotein B (ApoB) and build up into a mature lipoprotein
particle that is then secreted [91]. ApoB synthesis is stimulated by elevated levels of FA and TG, as well
as by microsomal triglyceride transfer protein (MTP), and is inhibited by insulin [93,94]. Thus, in the
presence of an elevated FA afflux to the liver and normal/decreased insulin concentrations or IR, the
secretion of mature VLDL-ApoB is expected to increase. The bulk of TG incorporated into VLDL
originates from intracellular storage pools rather than from de novo synthesis [94]. The balance between
the FA and insulin effects, determines whether the TG are combined with the ApoB VLDL particles and
secreted or, alternatively, retained within the liver. Under the condition of IR, despite increased FA
levels, TG are maintained within the liver, thus inducing steatosis. This key step may be relevant to the
pathogenesis of NAFLD. In fact, the level of serum TG in secreted VLDL reportedly decreased as the
MTP mRNA level decreased in human NASH patients [95].

3.4.1. Mice Fed a MCD Diet

Mice fed a MCD diet are a frequently used nutritional model of NASH, that induces an elevation in
aminotransferase and hepatic histological changes characterized by steatosis, focal inflammation,
hepatocyte necrosis, and fibrosis [96]. Previous studies, using a choline-deficient (methionine-containing)
diet, suggest that the pathogenesis of hepatic steatosis may be attributable, at least in part, to impairment in
hepatic VLDL secretion. This assumption is further supported by the fact that methionine and choline are
precursors to phosphatidylcholine, the main phospholipid coating VLDL particles. Thus, impaired VLDL
secretion may play a role in MCD diet-induced hepatic lipid accumulation in mice. However, this model
does not exhibit increased FA, obesity, or IR, which are recognized features of human NASH.

3.4.2. Hepatocyte-Specific MTP-Deficient Mice

Microsomal triglyceride transfer protein (MTP) is required for the secretion of ApoB-containing
lipoproteins from hepatocytes and from the absorptive enterocytes of the intestine. MTP is located
within the lumen of the endoplasmic reticulum (ER), where it is assumed to transfer lipids during the
assembly of lipoproteins. Hepatocyte-specific MTP knockout mice exhibit moderate hepatic steatosis
without inflammation when fed a low-fat diet [97].

3.4.3. PITPa-Deficient Mice

Phosphatidylinositol transfer proteins (PITPs) regulate the interface between lipid metabolism and
cellular functions [98]. PITPa knockout mice develop aponecrotic spinocerebellar disease, hypoglycemia,
and intestinal and hepatic steatosis without inflammation [99].

3.4.4. Other Models of Reduced VLDL Secretion

Phosphatidylcholine, which is produced by the methylation of phosphatidylethanolamine using
S-adenosylmethionine in a reaction that is catalyzed by phosphatidylethanolamine N-methyltransferase
(PEMT), is a significant component of biomembranes and is required for the formation of the VLDL
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particle. PEMT knockout mice exhibit steatosis partly because VLDL cannot be exported from the
liver [100]. Fibrosis does not seem to occur in this model.

Apolipoprotein E (ApoE) is a structural component of all lipoprotein particles except for LDL and serves
as a high-affinity ligand for lipoprotein receptors. ApoE plays important roles in the hepatic uptake of
chylomicron and VLDL remnants as well as in the hepatic secretion of VLDL [101]. ApoE knockout mice
fed normal chow exhibit only steatosis but are characterized by the appearance of inflammatory cell
infiltration with casein, inducing a predictable low-grade, systemic inflammation [102]. Moreover, ApoE
knockout mice fed a HFD are characterized by the development of histological steatohepatitis.

3.5. Models with Increased Hepatic Cholesterol

Hepatic cholesterol accumulates when its dietary intake increases or its elimination decreases. The
primary route of cholesterol elimination from the body is via the bile through both the direct canalicular
excretion of biliary cholesterol and the conversion of hepatic cholesterol to bile acids [103]. Hepatic
cholesterol accumulation leads to calcium depletion and endoplasmic reticulum (ER) stress with
the activation of the unfolded protein response and ER stress-induced apoptosis. Moreover, hepatic
cholesterol accumulation may reduce mitochondrial glutathione stores and could be corrected by
S-adenosyl-L-methionine, which replenishes the mitochondrial glutathione levels [104,105]. Analyses
of the lipid composition of human liver samples demonstrate a progressive increase in hepatic
cholesterol content in subjects with NAFLD or with NASH [106]. CD36 and macrophage scavenger
receptor 1 (MSR1), which are main scavenger receptors and important for modified cholesterol-rich
lipoprotein uptake, have been shown to contribute independently to the onset of inflammation in
NAFLD, by affecting intracellular cholesterol distribution [107]. These results suggest that disordered
cholesterol metabolism may be associated with NAFLD.

3.5.1. IL-1 Ra-Deficient Mice

Interleukin 1 (IL-1) is a pro-inflammatory cytokine that plays important roles in inflammation.
However, IL-1 is also involved in peripheral energy homeostasis through endocrine mechanisms that are
involved in cholesterol metabolism. IL-1 receptor antagonists (IL-1 Ra) prevent the effects of IL-1.
IL-1 Ra knockout mice exhibited severe steatosis and pericellular fibrosis containing many
inflammatory cells, similar to the situation in human NASH, following 20 weeks of feeding with an
atherogenic diet [108].

3.5.2. Rabbit Fed a High-Fat and High-Cholesterol Diet

Japanese white rabbits fed a high-fat and high-cholesterol diet may be a good model of human
NASH because these animals develop obesity, hyperinsulinemia, hyperglycemia, hypertension, hepatic
inflammatory cell infiltration, and even hepatic fibrosis [109].

3.6. Model with Endotoxin-Induced Liver Inflammation

Chronic inflammation is an important contributing factor in NASH pathogenesis [110]. As a major
outer membrane constituent of gram-negative bacteria, lipopolysaccharide (LPS), also referred to as
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endotoxin, is considered a potent inducer of hepatic inflammation. LPS may be capable of stimulating
inflammation, cytokine production, and accumulation of inflammatory cells within the liver. In fact, LPS
has been reported to be the predominant cause of liver neutrophil infiltration in NASH patients [111].
In addition, several previous reports have shown that gut permeability, or small intestinal bacterial
overgrowth, was observed more frequently in NASH patients than in healthy control subjects [112].
Interestingly, pS3, a tumor suppressor protein that regulates the cell cycle, is reported to be involved in
the molecular mechanisms of hepatocellular injury associated with NAFLD via endotoin-induced
liver inflammation [113].

3.6.1. Mice with Intraperitoneal Injection of Low-Dose LPS

Gut-derived bacterial endotoxin may play a role in the progression of disease from simple steatosis to
steatohepatitis in NASH [114]. A previous study showed that the responsivity to low-dose LPS was
enhanced in HFD-induced murine steatosis, and that low-dose LPS led to liver injury and severe hepatic
fibrosis in HFD-fed mice, but not in chow-fed mice [115]. In addition, obesity-induced leptin induces
the overexpression of CD14 via activation of STAT3 signaling in Kupffer cells, resulting in a hepatic
hyper inflammatory response to low-dose LPS, and plays a crucial role in the progression of
NASH [115]. This low-dose LPS-induced NASH model exhibits increased FA levels, obesity, IR,

inflammation, and fibrosis, but not carcinoma.
4. Conclusions

NAFLD, including NASH, likely represents the tip of the iceberg of several complex biochemical,
metabolic, and clinical conditions. Despite the well-defined morphological features of these conditions,
our knowledge regarding the pathogenetic mechanisms and appropriate therapeutic approaches remains
mostly lacking. Rodent models are essential tools for studies of disease pathogenesis. Ideally, rodent
models should not only reproduce the established pathology of the human disease but also reenact the
context within which the disease develops and progresses, as described above. However, rodent models of
NAFLD/NASH have a number of problems, as described below. First, some features of true
steatohepatitis such as ballooning hepatocyte degeneration, in addition to simple fatty changes and
inflammatory infiltrates [5,110-113], are rarely demonstrated in rodent models of NAFLD/NASH;
Second, no existing model exhibits cardiovascular disease, which is the most common cause of
death among NAFLD/NASH patients; Third, models with genetic alterations may not reflect human
NAFLD/NASH appropriately. Thus, no existing model reproduces the complete NAFLD/NASH
phenotype as encountered in clinical practice, and many of the models differ from the human disease in
all but the gross histological appearance. These inconsistencies and the lack of a reliable model
for progressive fibrosing steatohepatitis have hampered research in this field. However, if each of
the available rodent models described in this article are used appropriately, the pathogenesis of this
condition may be clarified. To develop an ideal model of NAFLD/NASH, scientists should continue to
improve on the current models and to develop novel models. In doing so, scientists should be able to
facilitate the advancement of knowledge on the disease’s pathogenesis, eventually leading to a full
understanding of human NAFLD/NASH and the development of effective therapies for this condition.
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Heat shock factor 1 (HSF1), a major transactivator of stress
responses, has been implicated in carcinogenesis in various organs.
However, little is known about the biological functions of HSF1 in
the development of hepatocellular carcinoma (HCC). To clarify the
functional role of HSF1 in HCC, we established HSF1-knockdown
(HSF1 KD) KYN2 HCC cells by stably expressing either small
hairpin RNA (shRNA)-against HSF1 (i.e. HSF1 KD) or control
shRNA (HSF1 control). Tumorigenicity was significantly reduced
in orthotopic mice with HSF1 KD cells compared with those with
HSF1 control cells. Reduced tumorigenesis in HSF1 KD cells
appeared attributable to increased apoptosis and decreased prolif-
eration. Tumor necrosis factor-a-induced apoptosis was increased
in HSF1 KD cells and HSF1~~ mouse hepatocytes compared with
controls. Decreased expression of IxkB kinase v, a positive regu-
lator of nuclear factor-kB, was also observed in HSF1 KD cells
and HSF17~ mouse hepatocytes. Furthermore, expression of
bcl-2-associated athanogene domain 3 (BAG3) was dramatically
reduced in HSF1 KD cells and HSF17~ mouse hepatocytes. We
also found that epidermal growth factor-stimulated mitogen-
activated protein kinase signaling was impaired in HSF1 KD cells.
Clinicopathological analysis demonstrated frequent overexpres-
sion of HSF1 in human HCCs. Significant correlations between
HSF1 and BAG3 protein levels and prognosis were also observed.
In summary, these results identify a mechanistic link between
HSF1 and liver tumorigenesis and may provide as a potential
molecular target for the development of anti-HCC therapies.

Introduction

Hepatocellular carcinoma (HCC) is one of the most common malignant
tumors and the third leading cause of cancer death worldwide (1). Despite

Abbreviations: BAG3, bcl-2-associated athanogene domain 3; EGFR, epider-
mal growth factor receptor; ERK, extracellular signal-regulated kinase; FACS,
fluorescence-activated cell sorting; HCC, hepatocellular carcinoma; HSF1, heat
shock factor 1; HSF1 KD, HSF1 knockdown; HSP, heat shock protein; IKKy,
IxB kinase gamma; LPS, lipopolysaccharide; MAPK, mitogen-activated pro-
tein kinase; MEK, mitogen-activated protein kinase kinase; mRNA, messenger
RNA; NF-xB, nuclear factor kappa B; PCNA, proliferating cell nuclear antigen;
SCID, severe combined immune-deficient mice; shRNA, small hairpin RNA;
TNF-a, tumor necrosis factor alpha; TUNEL. terminal deoxynucleotidyl trans-
ferase-mediated deoxyuridine triphosphate nick-end labeling; WT. wild type.

marked advances in diagnostic and therapeutic techniques, prognosis
remains unsatisfactory for HCC patients (2,3). An understanding of HCC
carcinogenesis at the molecular level is thus urgently needed in order to
identify novel molecular targets for the development of more effective
therapies.

Heat shock factor 1 (HSF1) is the main regulator of the heat shock
response, which is involved in protecting cells and organisms from
heat, ischemia, inflammation, oxidative stress and other noxious con-
ditions (4,5). Under various forms of physiological stress, HSF1 drives
the production of heat shock proteins (HSPs), such as HSP27, HSP70
and HSP90, which act as protein chaperones (5,6). The functions of
HSF1 are not limited to increasing the expression of chaperones;
HSF1 also modulates the expression of hundreds of genes other than
chaperones that are critical for survival under an array of potentially
lethal stressors (6-8). As a result, HSF1 influences fundamental cel-
lular processes such as cell cycle control, protein translation, glucose
metabolism and proliferation (7-12). In human tumors, constitutive
expression of Hsp27, Hsp70 and Hsp90 at high levels predicts poor
prognosis and resistance to therapy (i13-15). These effects are often
attributable to HSF1-dependent mechanisms (16). Thus, as a master
regulator of cellular processes, the roles of HSFI in carcinogenesis
and tumor progression are now emerging. Several recent investiga-
tions using mouse models have suggested that HSF1 is involved in
carcinogenesis (9,17). In clinical samples, HSFI is often constitu-
tively expressed at high levels in a variety of tumors, including breast
cancer (7,18), pancreatic cancer (19), prostate carcinoma (20)) and
oral squamous cell carcinoma (21).

Hepatocarcinogenesis is a multistep process, in the majority of
cases slowly developing within a well-defined etiology of viral infec-
tion and chronic alcohol abuse, leading to the chronic hepatitis and cir-
rhosis that are regarded as preneoplastic stages (22). A great number
of factors, receptors and downstream elements of signaling cascades
regulate proliferation and apoptosis. Dysregulation of the balance
between cell proliferation and apoptosis thus plays a critical role in
hepatocarcinogenesis (23,24). Two of the major pathways of cell pro-
liferation and apoptosis are nuclear factor kappa B (NF-xB) signaling
and mitogen-activated protein kinase (MAPK) signaling. NF-xB tran-
scription factors are critical regulators of genes involved in inflam-
mation and the suppression of apoptosis. NF-xB has been shown to
be instrumental for tumor promotion in colitis-associated cancer and
inflammation-associated liver cancer (25,26). Activation of the extra-
cellular signal-regulated kinase (ERK)/MAPK pathway regulates
many important cellular processes, such as proliferation, differentia-
tion, angiogenesis, survival and cell adhesion (27). Importantly, the
ERK/MAPK pathway is constitutively activated in HCC (28).

The present study investigated the biological influences of HSF1
in HCC cell proliferation and apoptosis involving the NF-kB and
MAPK signal pathways. We found that HSF1 deficiency significantly
diminished NF-xB and MAPK activation in primary hepatocytes and
HCC cells, so HSF1 deficiency inhibited the development of HCC.
Furthermore, clinicopathological analysis demonstrated a significant
correlation between HSF1 protein level and prognosis. Our results
suggest HSF1 as a promising molecular target for the development of
anti-HCC therapeutics.

Materials and methods

Cell cultures and reagents

Human HCC cell lines HepG2, PLC/PRF/5, HLE and HLF were obtained from
the American Type Culture Collection. Huh7 was obtained from the Japanese
Collection of Research Bioresources Cell Bank (Ibaraki, Japan). KIM-1 and
KYN2 were kindly provided by Dr Hirohisa Yano (Department of Pathology,
Kurume University, Kurume, Japan). Li7 was kindly provided by Dr Yae Kanai
(Division of Molecular Pathology, National Cancer Center Research Institute,
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Tokyo, Japan). HepG2, PLC/PRF/S, Huh7, HLE and HLF cells were main-
tained in Dulbecco’s modified Eagle’s medium containing 10% fetal bovine
serum. KIM-1 and KYN2 was maintained in RPMI medium containing 10%
fetal bovine serum.

Antibodies and chemicals

The antibodies used included: anti-HSF1, ERK1/2, phosphor-ERK 1/2, MAPK
kinase (MEK), phospho-MEK, phosphor- efficiently activated epidermal
growth factor receptor (EGFR), cyclin DI, cdc2, CDK4, phospho-IxBa,
IxB kinase gamma (IKKY), IKKf, caspase-3 and Bcl-X; (Cell Signaling
Biotechnology, Danvers, MA); anti-HSP90, HSP72, 3-actin and proliferating
cell nuclear antigen (PCNA) (Santa Cruz Biotechnology, Santa Cruz, CA);
anti-EGFR (Millipore, Billerica, MA); anti-HSP70/HSP72 (Enzo Life science,
NY); and anti-BAG3 (Abcam, Cambridge, UK).

Biochemical and immunohistochemical analyses

Protein lysates were prepared from tissues and cultured cells, separated by
sodium dodecyl sulfate—polyacrylamide gel electrophoresis, transferred onto
Immobilon membranes (Millipore) and analyzed by immunoblotting. Total
cellular RNA was extracted using Trizol reagent (Invitrogen, Carlsbad, CA),
then ¢cDNA was synthesized using SuperScript II (Invitrogen), and expres-
sion of specific messenger RNAs (mRNAs) was quantified using real-time
PCR and normalized against glyceraldehyde-3-phosphate dehydroge-
nase mRNA expression. Details of real-time PCR conditions and primer
sequences are available in Supplementary Materials and methods, available
at Carcinogenesis Online. Immunohistochemical staining was performed on
formalin-fixed, paraffin-embedded tissue sections using immunoperoxidase
methods, as described previously (15). For array analysis. we used the Human
WG-6 BeadChip-kit (Illumina, San Diego, CA) in accordance with the instruc-
tions from the manufacturer (details are given in Supplementary Materials and
methods, available at Carcinogenesis Online).

Establishment of HSF1-knockdown cells

A HSF1 small hairpin RNA (shRNA) plasmid and negative con-
trol plasmid were purchased from SABiosciences (QIAGEN, Valencia,
CA). The shRNA sequences targeting HSFl were from position
5-CAGGTTGTTCATAGTCAGAAT-3" as in the nucleotide sequence
of HSF1. As a negative control, a shRNA was designed with the sequence
5-GGAATCTCATTCGATGCATAC-3". Transfection was achieved using
Oligofectamine reagent (Invitrogen) according to the instructions from the
manufacturer. To establish stable knockdown cell lines, shRNA plasmids
were transfected into KYN2 cells and cultured in the presence of puromycin
(Sigma-—Aldrich, St Louis, MO).

Cell proliferation and bromodeoxyuridine assay

Cell proliferation in response to HSF1 silencing was determined by trypan
blue exclusion assay. DNA synthesis was determined by bromodeoxyuridine
assay according to the instructions from the manufacturer (Roche Diagnostics,
Basel, Switzerland). The result was expressed as a percentage of the maximum
absorbance at 450nm, based on three independent experiments. Cells were
counted using a Coulter Counter (Beckman Coulter, Pasadena, CA).

Apoptosis assay

Assessment of apoptosis was performed by measuring the intensity of the sub-
G, peak. For the sub-G, peak, HSF1 control KYN2 cells or HSF1-knockdown
(HSF1 KD) KYN2 cells were tumor necrosis factor alpha (TNF-a) treatment
for 24 h. Cells were treated with propidium iodide and then the sub-G, peak
was analyzed with a fluorescence-activated cell sorting (FACS) flow cytometer
(FACSCalibur; Becton Dickinson, San Jose, CA). Terminal deoxynucleotidyl
transferase-mediated deoxyuridine triphosphate nick-end labeling (TUNEL)
assay was performed in accordance with the manufacturer’s instructions
(ApopTag kit; Intergen, Burlington, MA).

Animals

HSF1-deficient (HSF-) mice have been described previously (24). C57BL/6
wild-type (WT) mice were purchased from CLEA Japan (Tokyo, Japan)
for use in the experiments, with primary hepatocytes isolated using a colla-
genase perfusion method as described in a previous report (26). For orthotopic
implantation, C.B-17/Icr-scid/scidicl [severe combined immune-deficient
mice (SCID)] mice were obtained from CLEA Japan. All mice were main-
tained in filter-topped cages on autoclaved food and water at the University
of Hokkaido and the Institute for Adult Diseases, Asahi Life Foundation,
according to National Institutes of Health (NIH) guidelines. All experimental
protocols were approved by the ethics committee for animal experimentation
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at Hokkaido University and Asahi Life Foundation. Orthotopic implantation
of KYN2 cells and KYN2 transfectants were performed as described previ-
ously (30). Briefly, mice were inoculated orthotopically with 5 x 10° HSFI
control (n = 12) and HSF1 KD (n = 12) cells in 100 pl of phosphate-buffered
saline, injected into the liver. Mice were killed 6 weeks after inoculation and
autopsies were performed immediately. In the lipopolysaccharide (LPS)/p-
galactosamine (GalN)-induced liver injury model, mice were injected intra-
peritoneally with LPS (20 lg/kg; Sigma) and GalN (1000 mgrkg; Wako, Osaka,
Japan) (24).

Fatients and tissue samples

For immunohistochemical analysis, a total of 226 adult patients with HCC who
underwent curative resection between 1997 and 2006 at Hokkaido University
Hospital were enrolled in this study. A preoperative clinical diagnosis of HCC
was required to meet the diagnostic criteria of the American Association for
the Study of Liver Diseases. Briefly, inclusion criteria were as follows: (i)
distinctive pathological diagnosis, (ii) no preoperative anticancer treatment
or distant metastases, (iii) curative liver resection (exclusion of extrahepatic
tumor spread/metastasis) and (iv) complete clinicopathological and follow-up
data. The study protocols were approved by the institutional review board and
performed in compliance with the Helsinki of Declaration. Written informed
consent was obtained from as many of the patients who were alive as possi-
ble (deceased cases were approved for use without written informed consent).
Histological diagnosis was made according to World Health Organization cri-
teria. The main clinicopathological features are presented in Table 1. During
follow-up, clinical evaluations and biochemical tests were performed every
1-3 months. Patients underwent triphasic computed tomography of the liver
every 2-3 months.

Statistical analysis

Data are expressed as mean =+ standard error of the mean (SEM). Significant
differences were detected using non-parametric testing. Correlations between
protein expression and clinicopathological features of the specimens were
assessed, and the resulting data were analyzed using the % test and Fisher’s
exact test. Cumulative survival rate was calculated from the first date of treat-
ment using the Kaplan—Meier life-table method. Differences were evaluated by
log-rank testing. Independent factors for survival were assessed with the Cox
proportional hazard regression model. Differences between the two groups
were analyzed using the log-rank test. Statistical analyses were performed
using Stat View software (version 5.0; SAS Institute, Cary, NC). Values of
P <0.05 were considered significant.

Results

Effect of HSF1 on tumor growth

We first investigated expression of HSF1 in cultured HCC cell lines.
HSF1 expression was detected in all eight HCC cell lines analyzed.
KYN2 cells showed significantly higher expression of HSF1 than
other cell lines (Figure 1A). To further elucidate the functional role of
HSF1 in HCC, we established HSF1I KD KYN2 cells by expressing
the shRNA against HSF1 or control shRNA. To evaluate the effects
of HSF1 on cell growth, we measured cell numbers at several time
points and found that the growth of HSF1 KD cells was significantly
inhibited compared with control cells (HSF1 control) (Figure 1B).
Cell cycle regulators including PCNA, cyclin D1, cdc2 and CDK4
were suppressed in HSF1 KD cells compared with HSF1 control cells
(Figure 1C). These results indicate that HSF1 enhances HCC cell
growth. Concordantly, HSF1 KD reduced DNA synthesis as meas-
ured by bromodeoxyuridine incorporation (Figure 1D).

To evaluate the effects of HSF1 on HCC in vivo, orthotopic xeno-
grafts were established by HSF1 control and HSF1 KD KYN2 cells
in nude mice. Maximum primary tumor diameters and tumor volumes
were significantly decreased in HSF1 KD xenografts compared with
HSF1 control ones (Figurc 1E), suggesting that HSF1 accelerated
HCC tumor growth in vivo. We confirmed that the tumor of HSF1 KD
cells showed significantly lower expression of HSF1 and PCNA than
the tumor of HSF1 control cells (Figure 1E).

We performed gain-of-function experiments for HSF1 in vitro. No
apparent changes in cell growth were seen with overexpression of
HSF1 in HCC cell lines with low HSF1 expression (Supplementary
Figure 1, available at Carcinogenesis Online), whereas cell growth
was reduced in HSF1 KD experiments, as above. Based on these
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Table I. HSF1, BAG3 expression and clinicopathological variables in HCC

Parameter Total HSF1 P BAG3 P
High Low High Low
n=115 n=111 n=112 n=114
230 <30 >25 <25
Age (years)
260 126 66 60 0.69 59 67 0.42
<60 100 49 51 53 47
Sex
Male 185 95 90 0.86 94 91 0.49
Female 41 20 21 18 23
Etiology
HBsAg(+)/HCV(-) 85 45 40 0.70 39 46 0.67
HBsAg(-)/HCV(+) 84 43 41 44 40
HBsAg(+)/HCV(+) 6 4 2 2 4
HBsAg(—)/HCV(-) 51 23 28 27 24
Cirrhosis
Presence 121 64 57 0.59 62 59 0.59
Absence 105 51 54 50 55
Tumor size (cm)
<5 149 67 82 0.017* 66 83 0.035%
25 77 48 29 46 31
No. of tumor nodules
Solitary 168 78 90 0.032* 79 89 0.22
Multiple (22) 58 37 21 33 25
TNM stage
Tand II 139 62 77 0.017* 63 76 0.11
I and IV 87 53 34 49 38
BCLC stage
A 81 27 54 <0.001* 32 49 0.065
B i 108 64 44 58 50
C 37 24 13 22 15
Differentiation
Well 36 11 25 0.010%* 10 26 0.014%*
Moderate 143 74 69 75 68
Poor 47 30 17 27 20
Capsular formation )
Presence 184 95 89 0.73 91 93 1.0
Absence 42 20 22 21 21
Vascular invasion
Present 37 24 13 0.073 22 15 0.21
Absent 189 91 98 90 99
Serum AFP level
<20 117 53 64 0.086 52 65 0.14
>20 109 62 47 60 49

AFP, alpha-fetoprotein; BCLC, Barcelona Clinic Liver Cancer; HCV, hepatitis C virus; TNM, tumor node metastasis.

*Significant P value.

findings, we concluded that HSF1 expression is a necessary condition
for cell growth, but it is not a sufficient condition. We, therefore, did
not further investigate gain of function of HSF1.

Impaired EGF-mediated MEK/ERK activation in HSF1 KD cells
and HSF1~"~ hepatocytes

Activation of the MEK/ERK pathway regulates many important cel-
lular processes in carcinogenesis. To further elucidate the function of
HSF1 on tumor growth, we investigated the cascade of MAPK. In WT
hepatocytes and HSF1 control cells, EGF, a potent activator of MAPK,
efficiently activated EGFR, MEK1/2 and ERK1/2 (Figure 2A). In
contrast, activation of EGFR, MEK1/2 or ERK1/2 was significantly
decreased in HSF-knockout mice (HSF) hepatocytes and HSF1 KD
cells (Figure 2A and B). Regarding protein levels of EGFR, MEK1/2
and ERK1/2, EGFR protein levels were significantly decreased in
HSF1~ hepatocytes and HSF1 KD compared with controls, whereas
other proteins were unchanged (Figure 2ZA and B). This result was
consistent with the previous report (31). Immunohistochemical stain-
ing revealed that HSF1 control tumor showed strong phosphorylated
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ERK /2 levels, whereas almost no ERK 1/2 activation was observed in
HSF1 KD tumors (Figure 2C).

Role of HSF1 in TNF-a-induced apoptosis

Since tumor growth inhibition is caused mainly by increased cell
death and decreased cellular proliferation, we compared numbers
of apoptotic cell deaths in HSF1 control and HSF KD xenografts
using the TUNEL assay. Significantly more apoptotic tumor cells
were found in HSF1 KD tumors than in HSF1 control tumors
(Figure 3A). Next, we examined whether HSF1 was involved in
apoptosis in vitro. FACS analysis showed very few apoptotic cells in
HSF KD or HSF control in the absence of any stimuli. In contrast,
treatment with TNF-qa, a potent inducer of apoptosis, caused more
extensive apoptotic cell death in HSF1 KD cells (23.9%) than in
HSF control cells (8.7%) (Figure 3B). Furthermore, we also con-
firmed increased TNF-a-induced apoptosis in HSF KD cells as
determined by TUNEL assay and caspase-3 activation (Figure 3C
and D). To examine whether HSF1 is required for TNF-a-induced
liver apoptosis in vivo, we used an LPS/GalN liver injury model
that depends on TNF-a-mediated apoptosis (32). At 7h LPS/GalN
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Fig. 1. Role of HSF1 in HCC growth. (A) Expression of HSF1 in the eight indicated HCC cell lines was determined by western blot analysis, using f3-actin

as a control. (B) Cell growth of HSF1 control KYN2 cells and HSF1 KD KYN2 cells was measured by counting the number of cells. One representative
experiment from three experiments is shown. Data are plotted as mean + SEM. (C) Expression of cell-cycle-related protein in HSF1 control KYN2 cells and
HSF1 KD KYN2 cells, as determined by western blot analysis. (D) Cells were pulsed with BrdU (10 mmol/l) for 4h. Optical density values are expressed as
a percentage relative to the group expressing control. *P < 0.05. Bars: SEM. (E) Growth appearance of HSF1 KD and HSF1 control cells in SCID mice after
orthotopic implantation (upper panel). Orthotopic tumor volume was measured. Data are expressed as mean = SEM (HSF1 control, n = 12; HSF1 KD, n = 12).
*P < 0.05. Bars: SEM (lower left panel). HE and immunohistochemical staining for HSF1 and PCNA (original magnification: x40): lower right panel. BrdU,

bromodeoxyuridine; HE, hematoxylin and eosin.

administration, HSF~~ exhibited marked alanine aminotransferase
elevation (Figure 3E), severe histological liver damage and hepato-
cyte apoptosis compared with WT mice (Figure 3E). This was also
in accordance with the notable depression of HSF1 inducing apop-
tosis in vitro.

HSF1 is involved in TNF-a-mediated NF-xB activation

Regarding the association between HSF1 and antiapoptosis, expres-
sion of bcl-2-associated athanogene domain 3 (BAG3) was report-
edly reduced in HSF1 KD cells compared with control cells (7,11).
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In addition, microarray array analysis showed that BAG3 was dra-
matically downregulated in HSF1 KD cells compared with HSF1
control cells (Supplementary Table 1, available at Carcinogenesis
Online). Immunoblot analysis showed that BAG3 protein expres-
sion was reduced in HSF17 hepatocytes and HSF1 KD celis
relative to the respective controls (Figure 4A and B). Meanwhile,
activation of IKK and NF-kB pathway represents one of the most
important antiapoptotic signals. In addition, BAG3 is also reported
to control proteasomal degradation of IKKy, the regulatory subunit
(also called NF-xB essential modulator) of the IKK complex, and
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Fig. 2. EGF-mediated MEK/ERK activation is impaired in HSF1 KD

cells and HSF1™~ hepatocytes. (A) HSF1 control and KD cells were

treated with EGF (10ng/ml), lysed at the indicated times, gel separated

and immunoblotted with antibodies against indicated proteins. (B) HSF1

WT and HSF~~ hepatocytes were treated with TNF-o. (30ng/ml), lysed in
indicated times, gel separated and immunoblotted with antibodies against
indicated proteins. (C) Representative phosphorylated ERK (p-ERK) staining
of orthotopic tumors of HSF1 control and KD cells (original magnification:
x40). N, non-cancerous liver; T, tumor.

NF-«B activity (33). Regarding the NF-xB pathway, NF-kB activa-
tion by TNF-a was decreased in HSF1 KD cells compared with
the control cells (Figure 4A). In contrast, without any treatment,
basal NF-«kB activity was very weak and no differences were appar-
ent between HSF1 control cells and HSF1 KD cells (Figure 4A).
Consistent with this, microarray analysis showed no apparent dif-
ferences in the expression of typical NF-kB-regulated genes. We
also performed NF-xB pathway analysis and found that the pathway
was not overrepresented by the microarray results (Supplementary
Figure 2, available at Carcinogenesis Online). Next, we investigated
whether HSF1 is involved in TNF-a-mediated NF-xB activation
and found that phosphorylated Ixk-B (p-IxB), a marker of NF-xB
activation, was significantly decreased in HSF~~ hepatocytes and
HSF1 KD cells compared with their controls. As expected, IKKy
protein levels were dramatically reduced in HSF17~ hepatocytes
and HSF1 KD cells compared with their controls (Figure 4A and
B). To investigate whether decreased IKKY protein was degraded
via proteasome, we used the proteasomal inhibitor, MG-132, and

276

found that protein levels of IKKYy in HSF1 KD cells recovered with
the inhibitor, whereas protein expression of BAG3 was unchanged
(Figure 4C). Although mRNA levels of BAG3 were significantly
downregulated in HSF1 KD cells compared with HSF1 control
cells, mRNA levels of IKKy were not changed (Figure 4D). HSP70
mRNA and protein levels were similar between HSF1 control and
HSF1 KD cells (Figure 4A-D). These results suggest that HSF1
positively regulated BAG3 expression, which stabilized the IKKYy
protein necessary for NF-xB activation. Immunohistochemical
staining revealed that downregulation of HSF1 dramatically
reduced BAG3 levels in HSF1 KD xenografts compared with the
HSF1 control xenografts.

We performed real-time PCR analysis of the putative NF-xB-
regulated antiapoptotic genes. The levels of A20, cellular inhibitor
of apoptosis 2 (c-IAP2) RNA expression were decreased in HSF1
KD cells by TNF-a-mediated compared with HSF1 control cells,
whereas cylindromatosis, cIAP1 were unchanged (Figure 4E). These
results suggest that HSF1 plays an important role in tumor growth
via MAPK-mediated cellular proliferation and NF-xB-mediated
antiapoptosis.

HSFI and BAG3 were frequently overexpressed in human HCCs

To analyze the involvement of HSF1 in HCCs, we examined expres-
sion levels of HSF1 in human primary HCCs. Immunoblot analy-
sis showed that levels of HSF1 in HCC tissues were significantly
higher than in non-cancerous liver tissues in 5 of 10 samples (50%)
(Figure 5A). We tested 226 samples from tumor tissues of patients
with HCCs by immunohistochemistry. The median percentage of pos-
itive cells was 30% (range: 0-90.0%) and we divided patients into two
groups of high expressers and low expressers based on the percentage
of HSF1-positive cells using a cutoff level of 30%, representing the
median value of HSF1. We found that 50.9% (115/226) of tumor sam-
ples showed high HSF1 expression. Typical examples of high HSF1
expression samples are shown in Figure 3B. The characteristics of
patients in this analysis are shown in Table L. Significant differences
were apparent between high and low HSF1 expression groups in terms
of tumor size (P = 0.017), tumor node metastasis stage (P = 0.017),
Barcelona Clinic Liver Cancer stage (P < 0.001), number of tumor
nodules (P = 0.032) and histological grade (P = 0.010) (Table 1), but
no significant correlations were observed between HSF1 expression
and other clinicopathological variables such as etiology or cirrhosis
(Table I). Furthermore, patients with tumors showing HSF1 over-
expression displayed significantly shorter overall survival (median:
75.2 months) compared with patients whose tumors showed HSF1
low expression (median: 136.0 months; P = 0.004, log-rank test)
(Figure 5C). These findings suggest that overexpression of HSF1 was
frequently observed in human HCCs, particularly in tumors exhibit-
ing aggressive features.

To explore the pathological relationship between HSF1 and BAG3 in
HCC samples, we performed immunohistochemical analysis for BAG3
in 226 HCC samples, which were also analyzed for HSFI immunohis-
tochemistry. The median percentage of positive cells was 25% (range:
0-85.0%) and we divided them into two groups—high expressers
and low expressers—based on the percentage of BAG3-positive cells
using a cutoff level of 25%, representing the median value of BAG3.
Representative examples of immunohistochemical reactivity for BAG3
are shown in Figure 5B. Expressions of BAG3 protein were significantly
increased in HCC specimens, whereas no or only low BAG3 expres-
sion was seen in adjacent non-cancerous tissue. BAG3 expression cor-
related significantly with histological grade (P = 0.014), and tumor
size (P = 0.035), but no significant correlations were observed between
BAG3 expression and other clinicopathological variables (Table I).
Furthermore, a positive correlation between expressions of HSF1 and
BAG3 was found in HCC (P < 0.05; Figure 5D) and patients with
tumors showing BAG3 overexpression displayed significantly shorter
overall survival (median: 84.0 months) compared with those patients
whose tumors showed BAG3 low expression (median: 134.2 months;
P = 0.015, log-rank test) (Figure SE). Multivariate Cox regression
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analysis identified high HSF1 expression (hazard ratio: 2.07; P = 0.04)
as an independent prognostic factor for overall survival (Tabie I1).

Discussion

As a master regulator of the heat shock response, HSF1 enhances
organism survival and longevity in the face of environmental chal-
lenges. However, HSF1 can also act to the detriment of organisms
by supporting malignant transformation (34). As reported previ-
ously, loss of HSF1 negatively impacts tumorigenesis driven by p53
or Ras mutations (8,16). Since HSF1 does not act as a classic onco-
gene, the increased resistance to proteotoxic stress induced by HSF1
was suggested to support tumor initiation and growth by enabling
cells to accommodate the genetic alterations that accumulate during
malignancy (35). However, the specific mechanisms by which HSF1
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may support the growth of tumors are not well understood. Here, we
have demonstrated that HSF1 has detrimental effects on liver tumor
growth. We also proposed that the antiapoptotic effect of HSF1 may
play a role in HCC tumor growth.

To clarify the mechanisms underlying this effect, we investigated
associations between HSF1 and the NF-xB signaling pathway.
Although, in a previous study, heat shock blocked the degradation
of IxkB (36) and nuclear translocation of NF-xB, the recent litera-
ture has reported that the presence of constitutively active HSF1
does not block TNF-a-induced activation of the NF-kB pathway
or expression of a set of NF-kB-dependent genes (37). The current
study established HSF1 KD cells and showed that HSF1 was neces-
sary for TNF-o-induced NF-kB activation. We analyzed the func-
tion of BAG3 as a candidate for the molecule connecting HSF1 with
NF-xB activation. BAG3 has reportedly been characterized by the
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interaction with a variety of partners (Raf-1, steroid hormone recep-
tors and HSP70) and is involved in regulating a number of cellular
processes, particularly those associated with antiapoptosis (38). This
molecule was expressed in response to stressful stimuli in a number
of normal cell types and appears constitutively in a variety of tumors
(33,39), and gene expression is regulated by HSF1 (40). In addi-
tion, knockdown of BAG3 protein decreased IKKYy levels, increas-
ing tumor cell apoptosis and inhibiting tumor growth (33). Based
on these considerations, we investigated whether attenuating HSF1
would enhance IKKy protein expression, and data with MG-132
show that proteasomal degradation of IKKy is enhanced in HSF1
KD cells. In addition, knowledge of the role BAG3 plays in prevent-
ing the proteasomal turnover of certain proteins suggests that the loss
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of BAG3 in HSF1 KD cells may be responsible for the enhanced
turnover of IKKy in this setting.

NF-xB activation is a master regulatory step in antiapoptosis.
Several mechanisms have been reported regarding this antiapoptotic
effect of NF-kB activation (41). NF-xB exerts its prosurvival activity
primarily through the induction of target genes, the products of which
inhibit components of the apoptotic machinery. These include Bel-X;.
and c-IAP (41), which binds directly to and inhibits the effect of cas-
pases. This study showed that inactivation of NF-kB promoted apop-
totic effects against TNF-a in HSF17~ hepatocytes and HSF1 KD
HCC cells. Real-time PCR analyses indicated that expression levels
of apoptosis-related genes such as A20 and c-IAP2 were decreased by
inhibition of NF-xB activation, whereas apoptosis-related genes such
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Fig. 5. Overexpression of HSF1 protein in human HCCs and pathological relationship between HSF1 and BAG3 in HCC samples. (A) HSF1 protein
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of patients. (D) Relationship between BAG3 and HSF1 expression in HCC. Scatterplot of BAG3 versus HSF1 with regression line displaying a correlation
according to Spearman’s correlation coefficient (P < 0.01). (E) Correlation of BAG3 overexpression with overall survival rates of patients.

as clAPI and cylindromatosis, which are known to be regulated by
NF-xB activation, were apparently unaffected. Whether gene expres-
sion regulated by NF-«B activity differs between inducible and basal
activation remains to be determined.

Regarding the relationship between HSF1 and HCC development,
HSF1-deficient mice recently revealed dramatically reduced numbers
and sizes of tumors compared with WT controls when tumors were
induced by the chemical carcinogen, diethylnitrosamine. The same
study suggested that the presence of extensive pathology associated
with severe steatosis by diethylnitrosamine was prevented by HSF1
deletion and may be associated with reduced HCC development (42).
On the other hand, ablation of IKKY in liver parenchymal cells caused
spontaneous development of HCC in mice, with tumor development
preceded by steatohepatitis (43). Based on these observations, we
assume that reductions in diethylnitrosamine-induced HCC develop-
ment among HSF1-deficient mice may be associated with reduced
expression of IKK'y, the reduction of which caused the steatosis.
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BAG3 is a critical regulator of apoptosis in HSF1-deficient hepato-
cytes and HSF1 KD HCC cells. Moreover, the relationship between
HSF1 and BAG3 has been shown not only in cell cultures and
mouse models, but also in human HCC tissue samples; a correlation
between HSF1 expression and BAG3 expression was found in HCC.
Clinicopathological features and biological results provide a mecha-
nistic link between HSF1 and HCC development via BAG3.

As for the ERK signal, a previous study demonstrated that impair-
ment of INK and ERK signaling in HSF17~ MEF cells was caused
in part by the reduced expression of EGFR (33). We showed a slight
decrease in expression of EGFR among HSF1-deficient hepatocytes
and HSF1 KD cells. On the other hand, the level of reduced activa-
tion of ERK, as a downstream molecule of EGFR, was larger than
expected. However, the detailed mechanisms by which HSF1 regu-
lates MAPK need further investigation.

In conclusion, we found that HSF1 deficiency significantly
diminished NF-kB and MAPK activation in HCC hepatocytes and
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