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FIGURE 8. Examination of the functional linkage between PC-PLC and
DGKa. Effects of D609 and DGK5-siRNA-1 on high glucose-induced increases
of PA molecular species in C2C12 myoblasts were compared. A, the suppres-
sion of DGK52 expression by DGK8-siRNA-1 was confirmed by Western blot
analysis using the anti-DGK8 antibody. B, 30:0-, 32:0-, and 34:0-PA in the glu-
cose-unstimulated or glucose-stimulated cells treated with DMSO (control),
D609, or D609 and DGK&-siRNA-1 were detected using the LC/ESI-MS
method. The results are presented as the percentage of the value of PA
molecular species in glucose-unstimulated cells. The values are presented as
the mean = S.D. (n = 5). ¥** p < 0.005 (no stimulation versus glucose stimu-
lation). #, p < 0.05; ##, p < 0.01; ###, p < 0.005 (without D609 versus with
D609). 1, p < 0.05; T11, p < 0.005 (control siRNA versus DGK&-siRNA-1). Cand
D, co-immunoprecipitation of PC-PLC activity with DGK8&2. C, immunoprecipi-
tation (/P) of DGK&2 using the anti-DGK8 antibody was confirmed by Western
blot analysis using the anti-DGK® antibody. D, PC-PLC activity in the precipi-
tates was measured using the Amplex Red® PC-PLC assay kit. The values are
presented as the mean ® S.D. (n = 4). *** p < 0.005. When the assay was

performed in the absence of alkaline phosphatase, the activity was not.

detectable.

taining arachidonic acid (e.g. 38:4(18:0/20:4)-D@G) derived from
PI turnover (7, 19, 20). However, high glucose stimulation did
not increase the amount of 38:4-PA (Figs. 1 and 2), which
mainly consisted of 18:0/20:4-PA (Table 1). Moreover,
DGKS-siRNAs and DGK82 overexpression failed to affect the
“amounts of 38:4-PA in response to high glucose stimulation
(Figs. 2 and 4). These results indicate that DGK8 does not phos-
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phorylate 38:4-DG derived from PI turnover in a glucose-de-
pendent manner.

DGKS did not exhibit selectivity against 16:0/16:0 (32:0)- or
16:0/18:1 (34:1)-DG in vitro (Fig. 5). Therefore, we hypothe-
sized that DGKS8 exerts substrate selectivity in C2C12 cells
through accessing a DG pool containing 30:0-, 32:0-, and 34:0-
DG, and not via its intrinsic preference. There are three DG
supply pathways, i.e. 1) de novo synthesis including acetyl-CoA
carboxylase (30, 31), 2) the PLD/PA phosphatase route (32),
and 3) PC hydrolysis by PC-specific PLC (33). Treatment with

the PC-PLC inhibitor D609, but not inhibitors of acetyl-CoA

carboxylase and PLD, strongly inhibited the high glucose stim-
ulation-responsive production of 30:0-, 32:0-, and 34:0-PA (Fig.
7A). Moreover, RNA silencing of DGK& failed to further inhibit
the glucose-dependent increases in 30:0-, 32:0-, and 34:0-PA in
the presence of D609 (Fig. 8B). Furthermore, PC-PLC was co-
immunoprecipitated with DGK82 (Fig. 8D). Taken together,
these results strongly suggest that 30:0-, 32:0-, and 34:0-DG
phosphorylated by DGK®82 in response to acute high glucose
exposure are generated, at least in part, by PC hydrolysis cata-
lyzed by PC-PLC (Fig. 9).- )

The role of sphingomyelin synthase as a potential PC-PLC

~ was indicated (36). We cannot rule out the possibility that

DGK&2 partly utilizes sphingomyelin synthase-dependent DG.

" However, it is likely that DGK&2 phosphorylates DG species

generated, at least in part, by PC-PLC because the co-immuno-
precipitates with DGK$&2 contained PC-PLC activity.

The molecular identity of PC-PLC remains unclear (35). In
this study, DGK8 was revealed to directly or indirectly associate
with PC-PLC. With the pulldown of PC-PLC activity with
DGK82, there may be an opportunity to identify the unidenti-
fied PC-PLC enzyme by proteomics approaches. Therefore,
DGKé2 may serve as a good tool to search for the PC-PLC
molecule.

D609 attenuated high glucose-dependent increases in vari-
ous C30-C34 DG species (Fig. 7C). However, D609 strongly
inhibited only the high glucose stimulation-responsive produc-
tion of 30:0-, 32:0-, and 34:0-PA (Fig. 74). Intriguingly, this
inhibitor statistically reduced the amounts of 30:0-, 32:0-, and

34:0-DG in the absence of high glucose (Fig. 7B). Therefore, it is .

likely that, in response to acute high glucose stimulation (5
min), DGK82 mainly utilizes these DG species supplied from
the PC-PLC pathway in a high glucose-independent manner.
Moreover, DGK82 can generate 30:1-, 32:1-, and 34:1-PA, in
addition to 30:0-, 32:0-, and 34:0-PA. (Figs. 2 and 4). Although
D609 moderately attenuated 30:1-, 32:1-, and 34:1-PA genera-
tion (Fig. 7A), this inhibitor did not affect the amounts of 30:1-,
32:1-, and 34:1-DG in the absence of high glucose stimulation
(Fig. 7B). However, D609 substantially inhibited high glucose-
dependent increases for 30:1-, 32:1-, and 34:1-DG (Fig. 7C).
These results suggest that DGKS_Z can utilize 30:1-, 32:1-, and
34:1-DG that are supplied from the PC-PLC pathway in a high
glucose-dependent manner.

Recently, Shulga ez al. (37) and Lowe et al. (38) reported that
DGKS positively regulated lipid synthesis, including DG and
PA, during adipocyte differentiation. However, unlike for acute
high glucose stimulation, a significant preference against DG
and PA was not found. The increases were, at least in part, a
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FIGURE 9. Model for the metabolism pathway utilized by DGKG&. IR, insulin receptor; /RS, insulin receptor substrate.

result of promoting the de novo synthesis of fatty acids. How-
ever, in this study, an inhibitor of acetyl-CoA carboxylase
TOFA did not decrease glucose-stimulated PA production (Fig.
6A4). Because differentiation is a long term event, the difference
between acute high glucose stimulation in C2C12 myoblasts
" and adipocyte differentiation may be due to distinct supply
pathways and/or fatty acid conversion during long term culture
through the remodeling pathway (Lands’ cycle) (39).

Chibalin et al. (15) previously reported that the transcription
of DGKS3 and the levels of DGKS protein were also reduced in
skeletal muscle from type II diabetes patients. Moreover, in
DGKS haploinsufficient mice (DGK8*/7), the accumulation of
DG, which was caused by decreases in total DGK activity and
DGKS protein levels in skeletal muscle, increased phosphory-
lation of PKC& and suppressed protein expression of the insulin
receptor and insulin receptor substrate-1 for insulin signaling,
resulting in the aggravation of type II diabetes (15). Another
study reported that the accumulation of DG molecular species
with palmitic acid (16:0) is involved in insulin resistance (40). It
is generally accepted that saturated fatty acids including pal-
mitic acid induce insulin resistance (41-43). In this study,
MS/MS analysis demonstrated that 30:0-, 30:1-, 32:0-, 32:1-,
34:0-, and 34:1-PA commonly contained palmitic acid (16:0),
and suggests that DGKS mainly consumes 30:0-, 30:1-, 32:0-,
32:1-, 34:0-, and 34:1-DG containing palmitic acid (16:0) sup-
plied from the PC-PLC pathway for glucose uptake in skeletal
muscle in a glucose-dependent manner. Acute high glucose-
and DGKé-dependent increases in 30:0-, 30:1-, 32:0-, 32:1-,
34:0-, and 34:1-PA were relatively minor changes (20-30%
increases) when compared with the total amounts of each PA
species (Figs. 1 and 2). DGKS, which was temporarily activated
within 5 min (16), showed a distinct punctate localization pat-
tern in C2C12 cells (17). Therefore, a possible explanation of
these findings is that these DGK8-dependent minor changes of
DG/PA species in temporally and spatially restricted regions
play a role in modulating insulin signaling. However, further
studies are required to elucidate the relationship between the
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specific DG species accumulation in type II diabetes patients
and the PC-PLC-DGKS pathway disclosed here.

In summary, the present study strongly suggests that DGK8
preferentially consumes palmitic acid (16:0)-containing DG
species such as 30:0-, 30:1-, 32:0-, 32:1-, 34:0-, and 34:1-DG, but
not arachidonic acid (20:4)-containing DG species derived
from the phosphatidylinositol turnover, in glucose-stimulated
C2C12 myoblasts (Fig. 9). Moreover, an unexpected linkage
between PC-PLC and DGKS emerged. The route “PC — PC-
PLC — DG -»DGK ~>PA” proposed here (Fig. 9) is a novel DG
metabolic pathway. This new pathway is proposed to play an
important role in glucose uptake in skeletal muscle and to be
involved in the pathogenesis of type 2 diabetes.
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Heat shock factor 1 accelerates hepatocellular carcinoma development by activating
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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 these with
HSF1 control cells. Reduced tumorigenesis in HSF1 KD cells
appeared atiributable 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 IB kinase vy, a positive regu-
lator of nuclear factor-xB, was also observed in HSF1 KD cells
and. HSF17~ mouse hepatocytes. Furthermore, expression of
bel-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-kB, 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 (13-15). These effects are often
attributable to HSF1-dependent mechanisms (16). Thus, as a master
regulator of cellular processes, the roles of HSF1 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, HSF1 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-
thosis 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-B) 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-xB 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-ERK1/2, MAPK
kinase (MEK), phospho-MEK, phosphor- efficiently activated epidermal
growth factor receptor (EGFR), cyclin DI, cde2, CDK4, phospho-IkBa,
IkB kinase gamma (IKKy), IKK[, 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 (nRNAs) 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 Curcinogenesis 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 HSFI-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 SIRNA 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 HSFI 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 K'YN2 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 (29). 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/scidlc]l [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 (NTH) 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 106 HSF1
control (n = 12) and HSF1 KD (1 = 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 mg/kg; Wako, Osaka,
Japan) (24).

Patients 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 I. 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 [A). To further elucidate the functional role of
HSF1 in HCC, we established HSF1 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 [B).
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 (Figure IE), 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 clinicopathélogical variables in HCC

Parameter Total © HSF1 P BAG3 P
High Low High Low
n=115 n=111 n=112 n=114
230 <30 225 <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 - 447 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 39 0.22
Multiple (22) 58 37 21 33 25
TNM stage .
Tand 1T 139 . 62 77 0.017*% 63 76 0.11
Il and IV 87 : 53 34 49 38
BCLC stage ) ) .
A ‘ 81 27 . 54 <0.001* 2 49 0.065
B 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 a 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, Barceléna 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 HSFI™~ 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, MEK 1/2
and ERK1/2, EGFR protein levels were significantly decreased in
HSF17 hepatocytes and HSF1 KD compared with controls, whereas
other proteins were unchanged (Figure 2A 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 1/2 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-a, 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 HSFI in HCC growth. (A) Expression of HSF1 in the eight indicated HCC cell lines was determined by western blot analysis, using f-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
HSFI1 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 HSF! control cells in SCID mice after
orthotopic implantation (upper panel). Orthotopic tumor volume was measured. Data are expressed as mean = SEM (HSF1 control, 7 = 12; HSF1 KD, n = 12).
*P <0.05. Bars: SEM (lower left panel). HE and immunohistochemical stammg 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.

HSFI 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 I, available at Carcinogenesis
Online). Immunoblot analysis showed that BAG3 protein expres-
sion was reduced in HSF17~ hepatocytes and HSF1 KD cells
relative to the respective controls (Figure 4A and B). Meanwhile,
activation of IKK and NF-xB 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-a (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-kB activity (33). Regarding the NF-xB pathway, NF-xB 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-«B 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-xB-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-o-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
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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 IKKYy 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 IKKy
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.

HSF1 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 5B. The characteristics of
patients in this analysis are shown in Table I. 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 HSF1 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 SD) 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 = 0015, logrank test) (Figure SE). Multivariate Cox regression .
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Fig. 3. Antiapoptotic effect of HSF1 in HCC cells and hepatocytes. (A) TUNEL staining was performed in tumors of HSF1 control and HSF1 KD cells from
orthotopic implanted mice (left panel). TUNEL-positive cells were counted in tumors of HSF1 control and HSF1 KD cells. *P < 0.05. Bars: SEM (right panel).
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TNF-a. (D) Protein expressions of caspase 3, HSF1 and $-actin in TNF-a-treated HSF1 control and KD cells were determined by western blot analysis. (E)
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analysis identified high HSF1 expression (hazard ratio: 2.07; P = 0.04) may support the growth of tumors are not well understood. Here, we
as an independent prognostic factor for overall survival (Table 11). have demonstrated that HSF1 has detrimental effects on liver tumor
: growth. We also proposed that the antiapoptotic effect of HSF1 may
Discussion play arole in HCC tumor growth.
To clarify the mechanisms underlying this effect, we investigated
As a master regulator of the heat shock response, HSF1 enhances associations between HSF1 and the NF-kB signaling pathway.
organism survival and longevity in the face of environmental chal- ~ Although, in a previous study, heat shock blocked the degradation
lenges. However, HSF1 can also act to the detriment of organisms - . of IxB (36) and nuclear translocation of NF-xB, the recent litera-
by supporting malignant transformation (34). As reported previ- ture has reported that the presence of constitutively active HSF1
ously, loss of HSF1 negatively impacts tumorigenesis driven by p53 does not block TNF-a-induced activation of the NF-xB pathway
or Ras mutations (8,16). Since HSF1 does not act as a classic onco- or expression of a set of NF-kB-dependent genes (37). The current
gene, the increased resistance to proteotoxic stress induced by HSF1 study established HSF1 KD cells and showed that HSF1 was neces-
was suggested to support tumor initiation and growth by enabling sary for TNF-o-induced NF-xB activation. We analyzed the func-
cells to accommodate the genetic alterations that accumulate during tion of BAG3 as a candidate for the molecule connecting HSF1 with
malignancy (35). However, the specific mechanisms by which HSF1 NF-xB activation. BAG3 has reportedly been characterized by the
277
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Fig. 4. HSF1 is involved in TNF-o-mediated NF-xB activation. (A) HSF1 control and KD cells were treated with TNF-o. (30 ng/ml), lysed at the indicated times,
gel separated and immunoblotted with antibodies against the indicated proteins. (B) HSF1 WT and HSF~" hepatocytes treated with TNF-a (30ng/ml), Iysed at
the indicated times, gel separated and immunoblotted with antibodies against the indicated proteins. (C) HSF1 control and KD cells were treated with TNF-o.
(30ng/ml) with or without MG-132, lysed at 24 h, gel separated and immunoblotted with antibodies against indicated proteins. (D) Relative mRNA levels for
BAGS3, IKKYy and HSP70 in HSF1 control and KD cells determined by real-time PCR. Data are expressed as mean + SEM (n = 4 per group). *P < 0.05. Bars:
SEM. (E) Relative mRNA levels for antiapoptosis-related gene in HSF1 control and KD cells as determined by real-time PCR. Data are expressed as mean +

SEM (n = 4 per group). *P < 0.05. Bars: SEM. CYLD, cylindromatosis.

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-xB 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 Bcl-X;
and c-IAP (41), which binds directly to and inhibits the effect of cas-
pases. This study showed that inactivation of NF-xB 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
expression was determined in paired samples of human non-neoplastic liver and HCC by western blot, using -actin as a ¢ontrol. N, non-cancerous liver;
T, tumor. (B) Representative HSF1 and BAG3 staining of HCC and surrounding tissue. (C) Correlation of HSF1 overexpression with overall survival rates
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 cIAP1 and cylindromatosis, which are known to be regulated by
NF-xB activation, were apparently unaffected. Whether gene expres-
sion regulated by NF-xB 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 IKKYy 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 IKKYy, 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
HSF! 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 JNK and ERK signaling in HSF1-~ MEF cells was caused
in part by the reduced expression of EGFR (33). We showed a slight
decrease in expression of EGFR among HSFI-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-xB and MAPK activation in HCC hepatocytes and
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Table II. Multivariate analysis with a Cox proportional hazards regression model

Characteristic Univariate analysis Multivariate analysis Hazard ratio (95% CI)
Age (260 years) © 022 0.15

Gender (male) 0.92 0.53

HCYV status (positive) 0.28 0.82

Cirrhosis (positive) 0.15 0.066

Tumor size (250 mm) <0.01* 0.011* ‘ 2.21(1.18-4.12)
No. of tumor nodule (multiple) <0.01% <0.01* 2.67 (1.38-5.62)
Tumor differentiation (poor) <0.01* " 0.031% 2.34(1.33-4.11)
Capsular formation (absence) 0.18 0.36

Vascular invasion (presence) 0.062 0.10

TNM stage (IIT + IV versus I + II) <0.01* 0.020* 2.35(1.14-4.82)
AFP (>20ng/ml) 0.18 0.36

HSF1 expression (high) 0.018%* 0.040% 2.07 (1.22-3.50)
BAGS3 expression (high) : 0.043* 0.056

AFP, aIpha-fetoproteih; ClI, confidence interval; HCV, hepatitis C virus; TNM, tumor node metastasis.

#Significant P value.

HCC cells; accordingly, HSF1 deficiency inhibited the develop-
ment of HCC. Furthermore, clinicopathological analysis demon-
strated a significant correlation between HSF1 or BAG3 protein
levels and prognosis. Our results demonstrate the importance of
HSF1 in human HCCs and suggest inhibition of HSF1 as a'novel
strategy to target that subset of HCC patients in whom this protein
is overexpressed.

Supplementary material

Supplementary Materials and methods, Table I and Flcures 1 and 2
can be found at http://carcin.oxfordjournals.org/
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Abstract ‘

Background Hepatitis C virus (HCV) is one of the major
causes of liver cancer. The single nucleotide polymor-
phlsms within the JFNL3 gene, which encodes interferon
(IFN)-A3, are strongly associated with the response to
pegylated IFN-o (PEG-IFN-a) plus ribavirin (RBV) ther-
apy in chronic hepatitis C (C-CH) patients. However, the
roles of IFN-A; in chronic HCV infection are still elusive.
In this study, we aimed to identify clinical and immuno-
logical factors influencing IFN-A; and evaluated whether
serum IFN-A; levels are involved or not involved in the
response to PEG-IFN-a plus RBV therapy.
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Methods We enrolled 119 C-CH patients with HCV
genotype 1 infection who underwent 48 weeks of PEG-
IFN-a plus RBV therapy. As controls, 23 healthy subjects
and 56 patients with non-HCV viral hepatitis were exam-
ined. Serum IFN-A; was quantified by chemiluminescence
enzyme immunoassay, and 27 cytokines or chemokines’
were assayed by the multiplexed BioPlex system. ,
Results  Serum IFN-A; levels were higher in C-CH

. patients or acute hepatitis E patients than in healthy vol-

unteers. Such levels did not differ between the IFNL3
genotypes. In C-CH patients, serum IFN-A; was positively
correlated with aspartate aminotransferase, alanine ami-
notransferase, o-fetoprotein, histological activity, fibrosis
index, IFN-y-inducible protein 10,.and platelet-derived
growth factor. Multivariate analysis showed that IFNL3
single nucleotide polymorphisms, fibrosis score, and mac-
rophage inflammatory protein loo were involved in the
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sustained viral clearance in PEG-IFN-o plus RBV therapy;
however, serum IFN-A3 levels were not involved.
Conclusion Serum IFN-A3 levels are increased in C-CH
patients regardless of the IFNL3 genotype. IFN-A5 is a
biomarker reflecting the activity and fibrosis of liver dis-
ease, but is not correlated with the responsiveness to PEG-
IFN-o plus RBV therapy.

Keywords Hepatitis C virus - IL-28B - Interferon-Az -
Chemokine - Pegylated interferon-ot plus ribavirin

Abbreviations
APRI Aspartate aminotransferase platelet ratio
index

ALT Alanine aminotransferase

AST Aspartate aminotransferase

B-CH Chronic hepatitis B

C-CH Chronic hepatitis C

FIB-4 Fibrosis-4

HBV Hepatitis B virus

HCC Hepatocellular carcinoma

HCV Hepatitis C virus

HIV Human immunodeficiency virus

HV Healthy volunteer

IFN Interferon

IP-10 Interferon-y-inducible protein 10

MIP Macrophage inflammatory protein

PDGF-BB  Platelet-derived growth factor BB

PEG-IFN-o.  Pegylated interferon-o. v

RANTES Regulated on activation, normally T cell
expressed, and secreted

RBV Ribavirin

SNP Single nucleotide polymorphism

SVR Sustained virological response

Introduction

Hepatitis C virus (HCV) is one of the leading causes of liver
cirrhosis and hepatocellular carcinoma (HCC), with nearly
170 million people infected worldwide [1]. A combination
therapy with pegylated interferon (IFN)-o (PEG-IFN-ot) and
ribavirin (RBV) has been used for chronic hepatitis C (C-
CH) patients as the standard of care, achieving sustained
virological response (SVR) in 42-52 % of genotype 1
patients [2]. Even in the coming era of all oral and IFN-free
regimens for the treatment of C-CH patients [3-5], PEG-
IFN-o plus RBV therapy could hold promise for elderly
patients with advanced fibrosis and high risk of HCC.
Genome-wide association studies, including ours, have
demonstrated that single nucleotide polymorphisms (SNPs)
upstream of the promoter region within the /FNL3 gene

@ Springer

(also known as JL28B), which encodes a type IIT IFN (JFN-
Aa), are strongly associated with the response to PEG-IFN-
o plus RBV therapy in C-CH patients [6-9]. Although such
significant impact of the /FNL3 genotype on the outcome
of the combination therapy is well acknowledged, the
biological and clinical roles of IFN-A4 in chronic HCV
infection are still elusive. Furthermore, it is controversial if
patients with the IFNL3 major genotype are capable of
producing larger amounts of IFN-A; than those with the
minor genotype.

The IFN-A family consists of several subtypes, such as
IEN-A; (IL-29), IFN-A, (IL-28A), and IFN-A; (JL-28B),
which are biologically active for the suppression of HCV
replication [10, 11]. On initial exposure to HCV, primary
human hepatocytes in vitro produced IFN-A and subse-
quently induced antiviral IFN-stimulated genes [12]. It is
thus rational to consider that the more IFN-A family
members are produced in the exposed hosts, the more
likely they are to protect the hosts from HCV virulence in
the primary infection. However, in chronically HCV-
infected patients, it has not been proven that such a sce-
nario could be applicable for the outcome of the disease.

To gain insight into the role of IFN-A; in chronic HCV
infection, we aimed to clarify the factors influencing serum
IFN-A5 levels, including IFNL3 genotype, clinical param-
eters, and various cytokines and chemokines. For applica-
tion in clinical practice, we evaluated whether serum IFN-
s levels are associated or not associated with the response
to PEG-IFN-a plus RBV therapy for C-CH patients.

Materials and methods

Study subjects

One hundred nineteen Japanese patients with C-CH
(genotype 1b and high viral load) were enrolled in the
study. All patients were negative for hepatitis B virus
(HBV) and human immunodeficiency virus (HIV) and did
not have any other chronic liver diseases, such as alcoholic,
autoimmune, and fatty liver disease. The presence of HCC
was ruled out by ultrasonography or computed tomography
examinations. The patients had been followed at the
National Center for Global Health and Medicine Kohnodai
Hospital, the National Hospital Organization Nagasaki
Medical Center, Shin-Kokura Hospital, and Musashino
Red Cross Hospital. They were treated with PEG-IFN-oiy,
(subcutaneously once a week; 1.5 pg/kg body weight) or
PEG-IFN-0,, (180 pg once a week) plus RBV
(600-1,000 mg daily depending on body weight) for
48 weeks according to the guidelines of the Japan Society
of Hepatology [13]. Virological response to the combina-
tion therapy was defined according to the practical
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guidelines of the American Association for the Study of
Liver Diseases [14]. All patients attained adherence to
PEG-IFN-a plus RBV therapy exceeding 80 % of the
" estimated total dose. Liver biopsy was performed before
the start of the therapy. Histological activity and fibrosis
were determined according to the METAVIR scoring
system [15]. Serum samples were collected from the
" patients before PEG-IFN-a plus RBV treatment started and
were stored at —80 °C. In some patients, the samples were
obtained 24 weeks after the cessation of the therapy (at the
end of follow-up).

As controls, serum was obtained from 23 healthy sub-
jects without HCV, HBV, and HIV infection (male-to-
female ratio, 5:5, mean age -+ standard deviation,
45 4 12 years). In the comparison of serum IFN-A levels
between C-CH patients and patients with other types of
liver diseases, 11 patients with chronic HBV infection
(three HBeAg-positive patients and eight HBeAg-negative
patients) were examined as well. They were not treated
with IFN or nucleot(s)ide analogues for HBV infection. In
addition, we compared serum IFN-A; levels among patients
with acute viral hepatitis of various causes, such as acute
hepatitis A, acute hepatitis B, or acute hepatitis E, the
diagnosis of which was determined by serological exam-
inations at Teine Keijinkai Hospital and Kurume Univer-
sity Hospital. The serum samples were obtained from the
patients at the time of active liver inflammation [alanine
aminotransferase (ALT) levels more than two times the
upper limit of the normal range]. As representatives for
noninvasive fibrosis markers, the fibrosis-4 (FIB-4) score
and the aspartate aminotransferase (AST) platelet ratio
index (APRI) were calculated as reported previously [16,
17]. ‘

The study protocol conformed to the ethical guidelines
" of the 1975 Declaration of Helsinki and was approved by
the Institutional Review Board at the National Center for
Global Health and Medicine (approval ID and date,
NCGM-G-001379-00, March 14, 2013) and the ethical
committee of each institute. Written informed consent was
obtained from all patients. '

IFNL3 genotyping

The subjects were evaluated for SNPs near the /FNL3 gene
(rs8099917) using the Invader Plus assay (Invader Chem-

istry, Madison, WI, USA) as previously reported [18]. The .

TT, TG, and GG genotypes were determined accordingly.
Measurement of serum IFN-A3
Serum levels of IFN-A; were evaluated by the newly

developed chemiluminescence enzyme immunoassay Sys-
tem as reported previously [19]. The system enables one to

quantify serum IFN-A; specifically without any overlap
from IFN-A; and IFN-A,. The threshold of the assay is
10 pg/mL and its range is 10-1,000 pg/mL.

Simultaneous measurement of multiple chemokines
and cytokines

To quantify multiple chemokines and cytokines simulta-
neously in the limited volume of the samples, we used the
BioPlex 3D system (BioPlex Pro Human GI 27Plex; Bio-
Rad, Hercules, CA, USA) for the study. In this system, 27
chemokines and cytokines were measurable, such as basic
fibroblast growth factor, eotaxin, granulocyte colony
stimulating factor, granulocyte-macrophage colony stim-
ulating factor, IL-1PB, IL-1 receptor antagonist, IL-2, IL-4,
IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12, IL-13, IL-15, TL-
17, IFN-y, IFN-y-inducible protein 10 (IP-10), monocyte
chemotactic protein 1, macrophage inflammatory protein
(MIP)-10, MIP-1B, platelet-derived growth factor BB
(PDGF-BB), regulated on activation, normally T cell
expressed, and secreted (RANTES), TNF-o, and vascular
endothelial growth factor. The detection range and
thresholds are given in Table S1. For the measurement of
IP-10, ELISA (R&D Systems, MN, USA) was performed
as well.

Statistical analyses

Continuous variables were compared between groups using
the Wilcoxon signed-rank test and the Mann-Whitney
U test, and categorical data were compared using the 3 test
or Fisher’s exact test. The correlations between cytokines,
chemokines, and clinical markers were evaluated by
Spearman’s correlation coefficient. A p value below 0.05
was considered to be significant. Logistic regression was
used for multivariate analyses. All statistical analyses were
performed with PRISM and SPSS.

Results

Serum IFN-A; levels are increased in patients
with chronic HCV infection

The clinical backgrounds of C-CH patients are shown in
Table 1. First, we compared serum IFN-A; levels among
patients with C-CH or chronic hepatitis B (B-CH) and
uninfected healthy volunteers (HVs). Such levels in the
C-CH group were significantly higher than those in the
B-CH group or the HV group (Fig. 1a). The levels in the -
B-CH group were increased, but the significance of this
was much less than in the C-CH group (Fig. 1a). When we
compared serum IFN-A; levels in B-CH patients between
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Table 1 Clinical backgrounds of the patients with chronic hepatitis C
virus (HCV) infection

Factors Values
Number 119 (69 male, 50 female)
Age (years) 56.5 4 10.1
WBC (/mm”) 5,120 + 1,575
Hb (g/dL) 144 + 1.5
Plt (x10*/mm?) 17.7 £ 52
TP (g/dL) 75405

Alb (g/dL) 42 +04
AST (U/L) 54.7 4+ 38.3
ALT (U/L) 71.5 542
T-bil (mg/dL) 0.8+ 03
T-chol (mg/dL) 176.6 &= 37.0
AFP (ng/mL) 9.7 & 134
HCV RNA (log 1U/mL) 6.3 £ 0.6
Activity (AO/A1/A2/A3) 1/68/33/2
Fibrosis (F1/F2/F3/F4) 48/36/16/4
IFNL3 rs8099917 (TT/non-TT) 100:19

Alb albumin, AFP o-fetoprotein, ALT alanine aminotransferase, AST

aspartate aminotransferase, #b hemoglobin, Plr platelets, T-bil total
bilirubin, T-chol total cholesterol, TP total protein, WBC white blood
cells

HBeAg-positive and HBeAg-negative patients, we found
no difference between them (2.5 4 0.9 pg/mL vs
1.8 &£ 1.7 pg/mL, respectively). Next, we compared serum
IFN-A; levels between patients with the JFNL3 TT geno-
type and those with the TG/GG (non-TT) genotype in the
- C-CH group. Although some patients in the TT group
showed relatively higher levels of TFN-A; than those in the
non-TT group, this difference between the TT and non-TT
groups did not reach significance (Fig. 1b). Third, we
compared serum IFN-A; levels before and after the com-
bination therapy in the relevant cases. In patients who
successfully eradicated HCV (SVR), serum IFN-A; levels
were significantly decreased at 24 weeks after the therapy.
In contrast, such levels did not change in those patients
who failed to eradicate HCV (transient virological response
and no virological response groups, respectively) (Fig. 1c).
Fourth, we compared serum IFN-A3 levels among patients
with various causes of acute viral hepatitis. Unfortunately,
serum samples from acute hepatitis C patients were not
available in this study. The IFN-A; levels in the acute
hepatitis E group were higher than those in the HVs
(Fig. 1d). The IFN-A; levels in the acute hepatitis B group
tended to be higher than those in the HVs; however, sta-
tistical analysis was not performed because of the limited
number of samples (N = 2). No significant difference was
observed between the acute hepatitis A and HV groups.
These results indicate that serum IFN-A; levels are
* increased in patients with C-CH or acute hepatitis E.
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Serum IFN-A; levels may be related to liver
inflammation or fibrosis in patients with C-CH

To explore the clinical significance of IFN-A; in chronic
HCV infection, we simultaneously examined 27 chemo-
kines and cytokines in serum by means of the BioPlex
system, which allows one to measure multiple factors at
high sensitivity in a small volume of samples (10 pL per
sample). In comparison with the results for HVs, we found
that the levels of some chemokines in the C-CH group were
higher than those in the HV group, such as IP-10, MIP-1q,
MIP-1B3, RANTES, and PDGF-BB (Figs. 2, S1).

Next, we examined whether serum IFN-A; levels are
correlated or not correlated with clinical parameters or
immunological markers in the C-CH group. The IFN-A;
levels were weakly and positively correlated with AST,
ALT, and o-fetoprotein levels and histological activity
(Table 2). These results indicate that the increase of serum
IEN-A; levels in patients with C-CH is related to liver
inflammation. The FIB-4 score and the APRI are repre-
sentatives of noninvasive markers of liver fibrosis. The
levels of serum IFN-A; were positively correlated with the
APRI, but not with the FIB-4 score (Table 2). With regard
to the chemokines displaying higher values in the C~-CH
group, the levels of TP-10 and PDGF-BB were positively
correlated with the IFN-A; levels (Table 2). Such chemo-
kines are reported to be involved in the early stage of liver
fibrosis [20-22]. Thus, serum levels of IFN-A; may be
related to the fibrotic markers as well. To clarify the
mechanisms causing the increase of serum IFN-A; levels in
B-CH patients, we examined the correlations between
serum IFN-A3 levels and clinical markers and fibrosis
indices. Serum IFN-A; levels were correlated with the
levels of AST (r = 0.64, p = 0.03) and total cholesterol
(r = —0.76, p = 0.03), FIB-4 score (r = 0.65, p = 0.03),
and APRI (r = 0.76, p = 0.007) (Table S2). In addition,
serum IFN-A; levels tended to be higher in HBV-positive
patients with liver cirrhosis or HCC (3.0 & 3.1 pg/mL in
liver cirrhosis patients and 4.1 & 4.7 pg/mL in HCC
patients, respectively) (Fig. S2). These results show that

~serum IFN-A; levels are related to liver inflammation and

fibrosis not only in C-CH patients but also in B-CH
patients. :

Pretreatment serum IFN-A; is not related to SVR
to PEG-IFN-o plus RBV therapy in patients with C-CH

Because the IFNL3 genotype is a strong predictor of the
efficacy of PEG-IFN-o plus RBV therapy for C-CH, we
sought to examine the clinical value of serum IFN-A; in
patients who underwent the combination therapy. In a
comparison of the clinical and immunological factors
between the SVR and non-SVR groups, univariate analysis

- 256 -



J Gastroenterol

>

IFN-A3 (pgfmL)

C-CH B-CH HV

C =
£
SVR =
3
=
3
Before +24w
:é? 80
TVR 5 60
o
‘i}’ 40 -
T 2 —— =
= 0 - =
Before 24w
-
—d
[S 80 -
“NVR % 60 /j:,:/
E 40 ——
= 20 e —
w 0
Before 24w

Fig. 1 Serum interferon-A; ([FN-A3) levels are increased in patients
with chronic hepatitis C virus infection or acute hepatitis E virus
infection. a Serum IFN-A; levels in patients with chronic hepatitis C
(C-CH; N = 119), patients with chronic hepatitis B (B-CH; N = 11),
and healthy volunteers (HV; N =23) were quantified by the
chemiluminescence enzyme immunoassay (CLEIA) method as
described in “Materials and methods.” One asterisk p < 0.05, two
asterisks p < 0.01, three asterisks p < 0.0001 by the Mann—Whitney
U test. b Serum IFN-A; levels in the C-CH group were compared
between the patients with the IFNL3 TT (rs8099917) genotype
(N = 100) and those with non-TT (TG/GG) genotype (N = 19).
¢ Serum IFN-A; levels in C-CH patients were compared before and

revealed that AST, IFNL3 genotype, fibrosis score, and
MIP-1a were associated with the SVR (Table 3). However,
serum IFN-A; or IP-10 levels were not different between
the SVR and non-SVR groups (Table 3). Subsequently,
multivariate analysis including such factors of significance
(p < 0.05 by univariate analysis) showed that JFNL3 SNPs,
fibrosis score, and MIP-1ae were involved in the SVR
(Table 3). These results suggest that serum IFN-A; fails to

be a predictive marker for SVR in PEG-IFN-a plus RBV

therapy.
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24 weeks after the pegylated interferon-o plus ribavirin therapy. SVR
sustained virological response (N = 21), TVR transient virological
response (N = 10), NVR nonvirological response (N =5), one
asterisk p < 0.05 by Wilcoxon’s signed-rank test. d Serum IFN-};
levels in acute hepatitis patients of various causes were quantified by
CLEIA as described in “Materials and methods.” All samples were

 collected from patients whose alanine aminotransferase levels were
" two times higher than the upper limit of the normal range. HV healthy

volunteers (N = 23), A-AH acute hepatitis A patients (N = 34), B-AH
acute hepatitis B patients (N = 2), E-AH acute hepatitis E patients
(N = 9), two asterisks p < 0.0001 by the Mann—Whitney U test

Discussion

In this study, we demonstrated that serum IFN-A; levels
were higher in patients with C-CH than in uninfected or
HBV-positive patients, the levels in whom did not differ
regardless of the IFNL3 genotype. Serum IFN-A; levels
were correlated with clinical and immunological markers
of liver inflammation and fibrosis, suggesting that the
production of IFN-A; may be regulated by not only the
presence or absence of HCV but also by the status of liver
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Fig. 2 The levels of several
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disease. It is well acknowledged that JFNL3 genotype is a
strong predictor of SVR in PEG-IFN-« plus RBV therapy
for C-CH [7-9]. However, serum IFN-A; fails to be a
surrogate marker for /JFNL3 genotype in the combination
therapy.

On primary HCV infection, IFN-A is produced by
hepatocytes that subsequently induce antiviral IFN-stimu-
lated genes [23]. Parallel reduction of serum IFN-A; levels
in C-CH patients who attained SVR by PEG-IFN-o plus
RBV treatment indicates that the presence of HCV is
involved in the production of IFN-A;. In addition to
hepatocytes, dendritic cells or macrophages are capable of

producing IFN-A in response to HCV [24]. For sensing

HCV, hepatocytes and BDCA3" dendritic cells mainly
utilize Toll-like receptor 3 and retinoic acid inducible
gene I, and plasmacytoid dendritic cells utilize Toll-like
receptor 7 [24, 25]. It is yet to be clarified which cells—
hepatocytes or dendritic cells—have stronger potential to
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secrete IFN-A at the single-cell level. However, it is
rational to consider that serum IFN-A5 levels in patients are
determined by the sum of IFN-A; sporadically released
from both types of cells. Therefore, it is plausible that the
amount of IFN-A released from hepatocytes or dendritic
cells is influenced by the environment of the producers,
such as inflammation and fibrosis. A positive correlation
observed between serum IFN-A; levels and AST levels,
FIB-4 score, and APRI in B-CH patients may support such
a possibility. In this study, serum IFN-A; levels in the
B-CH group were higher than those in HVs. However, this
difference was slim compared with the difference between
the C-CH group and HVs, suggesting that the difference in
their genome structure, either RNA or DNA virus, may
_ influence IFN-A; production by infected cells. Of interest is
the finding that serum IFN-)A;3 levels were higher in patients
with acute hepatitis E than in patients with acute hepatitis
A. Tt is reported that dendritic cells localized in the
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Table 2 Correlation of interferon-A; (IFN-A;) with clinical or
immunological parameters in patients with chronic hepatitis C

. Factors CC with IFN-A3 D
Age (years) -~0.10 : -
WBC (/mm®) ~0.05 : -
Hb (g/dL) 0.07 -
Plt (x10¥mm?) - —0.09 -
TP (g/dL) 0.07 -
Alb (g/dL) ~001 =
AST (U/L) 0.34 <0.0001
ALT (U/L) 034 - <0.0001
T-bil (mg/dL) 0.03 -
T-chol (mg/dL) -0.22 0.02
AFP (ng/mL) 0.30 0.001

" HCV RNA (log 1U/mL) —~0.05 -
Fibrosis score - 0.07 -
Histological activity score 0.25 0.01
FIB-4 score 0.10 -
APRI 0.29 ’ 0.001
1P-10 (pg/mL) 0.53 <0.0001
MIP-1a (pg/mL) —0.08 ' -
MIP-1B (pg/mL) ~0.18 -
RANTES (pg/mL) 0.26 -
PDGE-BB (pg/mL) 0.40 <0.0001

Alb albumin, AFP a-fetoprotein, ALT alanine aminotransferase, APRI
aspartate aminotransferase platelet ratio index, AST aspartate amino-
transferase, CC correlation coefficient by Spearman’s analysis, FIB-4
fibrosis-4, Hb hemoglobin, HCV hepatitis C virus, [P-10 interferon-y-
inducible protein 10, MIP-1o macrophage inflammatory protein la,
MIP-1B macrophage inflammatory protein 1B, PDGF-BB platelet-
derived growth factor BB, Plr platelets, RANTES regulated on activa-
tion, normally T cell expressed, and secreted, T-bil total bilirubin, T-
chol total cholesterol, TP total protein, WBC white blood cells

intestine are capable of producing IFN-A in response to
rotavirus to protect the host from infection [26]. Although
both hepatitis E virus and hepatitis A virus are RNA
viruses that are transmissible by the enterofecal route, the
difference in serum IFN-A; levels suggests that there are
distinct mechanisms of recognition of hepatitis E virus and
hepatitis A virus by the hosts. Further investigation is
needed to disclose which pattern recognition receptors are
utilized in hepatocytes or immune cells for the recognition
of such viruses to produce IFEN-A.

The regulatory mechanisms of transcription and trans-
lation of IFN-A; have not been well documented. The
IFNL3 SNPs (rs8099917) are located 8.9 kb upstream of the
promoter region of the IFNL3 gene [8, 9, 11]. Because of
such localization, it is less likely that the genetic variation
. has some impact on the transcriptional level of JFNL3. With
regard to the relationship between the JFNL3 genotype and
its transcripts, controversial results have been reported thus
far. Some groups reported that IFN-A; messenger RNA

levels in peripheral blood mononuclear cells were higher in
patients with the JFNL3 major genotype than in those with
the minor genotype [9]. In contrast, others showed that in
hepatocytes such levels were comparable regardless of
IFNL3 SNPs. In the search for some genetic factors influ-
encing IFNL3 transcription, Sugiyama et al. [27] reported
the existence of variable-length TA repeats in the promoter
of the IFNL3 gene. Other investigators showed that a certain
structure of the 3’ untranslated region in the IFNL3 gene is
involved in the durability/stability of the gene [28]. Nev-
ertheless, the contribution of such factors is not enough to
fill in the gap, suggesting that certain other regulatory fac-
tors for IFNL3 are still to be revealed.

Reports concerning serum IFN-A in C-CH patients are
limited. Langhans et al. [29] showed that serum levels of
IFN-A, which includes IFN-A; and IFN-A3, were higher in
patients with the JFNL3 major genotype than in those with
the minor genotype. One of the limitations of their study
seems to be the lack of specificity for the measurement of
IFN-A;. Since the homology of IFNL2 (which encodes
IFN-),) and IFNL3 is quite high, it is difficult to quantify
specifically IFN-A; by excluding contamination by IFN-A,.
To exclude such a possibility, we used the newly developed
chemiluminescence enzyme immunoassay for IFN-As,
which enables one to quantify IFN-A; without any influ-
ence from IFN-A;, in the range from 0 to 1,000 pg/mL. By
means of this system, we found that serum levels of IFN-A5
are not statistically different between patients with the
IFNL3 major genotype and those with the minor genotype.

On primary HCV exposure, the significance of IFN-A
family members as an antiviral protein is evident. How-
ever, such impact of IFN-); in chronically HCV-infected
patients is 'still elusive. Langhans et al. [29] reported that
serum IFN-A levels in patients who had spontaneously
cleared HCV were higher than in patients with chronic
HCV infection, implying that a higher level of IFN-A
somewhat contributed to HCV eradication. In this study,
we aimed to clarify the significance of IFN-A; in patients
with chronic HCV infection with different approaches.
Firstly, we searched for the factors influencing serum IFN-
A3 quantity by correlation analysis with clinical markers

- and multiple cytokines/chemokines. We found that AST,

ALT, and o-fetoprotein levels and histological activity
were positively correlated with serum IFN-A; levels. In
addition, -one of the noninvasive fibrosis markers, APRI,
was weakly correlated with serum IFN-X; levels. Among
the chemokines examined in this study, serum IFN-A; was
positively correlated with IP-10 and PDGF-BB. IP-10
(CXCL10) is induced in HCV-infected hepatocytes as one
of the IFN-stimulated genes, and attracts CXCR3-positive
T cells and natural killer cells and subsequently activates
inflammation. IP-10 is also reported to be involved in the -
early stage of liver fibrosis [30, 31]. A similar fibrotic
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