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ARTICLE INFO ABSTRACT

Article history: Patients with long-lasting hepatitis C virus (HCV) infection are at major risk of hepatocellular carcinoma (HCC).
Received 8 September 2014 Iron accumulation in the livers of these patients is thought to exacerbate conditions of oxidative stress. Transgen-
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ic mice that express the HCV core protein develop HCC after the steatosis stage and produce an excess of hepatic
reactive oxygen species (ROS). The overproduction of ROS in the liver is the net result of HCV core protein-
induced dysfunction of the mitochondrial respiratory chain. This study examined the impact of ferric nitrilacetic
acid (Fe-NTA)-mediated iron overload on mitochondrial damage and ROS production in HCV core protein-
expressing HepG2 (human HCC) cells (Hep39b cells). A decrease in mitochondrial membrane potential and
ROS production were observed following Fe-NTA treatment. After continuous exposure to Fe-NTA for six days,
cell toxicity was observed in Hep39b cells, but not in mock (vector-transfected) HepG2 cells. Moreover,
mitochondrial iron (*°Fe) uptake was increased in the livers of HCV core protein-expressing transgenic mice.
This increase in mitochondrial iron uptake was inhibited by Ru360, a mitochondrial Ca®*+ uniporter inhibitor.
Furthermore, the Fe-NTA-induced augmentation of mitochondrial dysfunction, ROS production, and cell toxicity
were also inhibited by Ru360 in Hep39b cells. Taken together, these results indicate that Ca?* uniporter-
mediated mitochondrial accumulation of iron exacerbates hepatocyte toxicity caused by the HCV core protein.
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Introduction

Hepatitis C virus (HCV) infection is a major cause of chronic liver dis-
ease. About 120-200 million people are infected with HCV, increasing
their risk of developing chronic hepatitis, cirrhosis, and eventually
hepatocellular carcinoma (HCC) (Ikeda et al,, 1998; Nishioka et al.,
1991). The HCV genome is approximately 9.6 kb in size and encodes a
polyprotein of ~3000 amino acids. The large HCV polyprotein is cleaved
by host and viral proteases to generate at least ten smaller proteins, in-
cluding four structural proteins (one core protein, two envelope pro-
teins, and the E1, E2, and p7 ion channels) (Bukh et al,, 1995) and six

Abbreviations: HCV, hepatitis C virus; HCC, hepatocellular carcinoma; ROS, reactive ox-
ygen species; Fe-NTA, ferric nitrilacetic acid; JC-1, 5,5’,6,6'-tetrachrolo-1,1/,3,3'-
tetraethylbenzimidazoly-carbocyanine iodide; CCCP, carbonyl cyanide-m-chlorophenyl
hydrazine; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; HPF,
hydroxypheny! fluorescein; ANT, adenine nucleotide translocator; HRP, horseradish
peroxidase; DMEM, Dulbecco's Modified Eagle's Medium; CL, chemiluminescence; TTBS,
Tris-buffered saline/0.05% Tween 20; BSA, bovine serum albumin; Hep39b, HCV core
protein-expressing HepG2; Hepswx, vector-transfected HepG2.

* Corresponding author at: Faculty of Pharmaceutical Sciences, Teikyo Heisei University,
4-21-2 Nakano, Nakano-ku, Tokyo 164-8530, Japan. Fax: +81 3 5860 4237.
E-mail address: t.horie@thu.acjp (T. Horie).

http://dx.doi.org/10.1016/j.taap.2014.12.004
0041-008X/© 2014 Elsevier Inc. All rights reserved.

non-structural proteins (NH2-NS2, NS3, NS4A, NS4B, NS5A, and NS5B-
COOH) (Bartenschlager and Lohmann, 2000). These proteins participate
in viral replication and also influence cellular functions of the host.
Oxidative stress is commonly observed following HCV infection and
is caused by increased levels of cellular reactive oxygen species (ROS) or
by changes in cellular antioxidant capacities (Choi and Ou, 2006;
Oberley, 2002; Otani et al., 2005). In particular, HCV core protein is
known to be closely associated with the mitochondria and causes the
increase in host ROS production, lipid peroxidation (Lau et al., 1998;
Moriya et al, 2001; Okuda et al,, 2002) and mitochondrial Ca?* uptake.
HCV core protein also reduces GSH and NADPH concentrations and mi-
tochondrial complex [ activities. These undertakings ultimately disrupt
mitochondrial membrane permeability and trigger mitochondrial dys-
function (Wang et al., 2010; Wang and Weinman, 2006). As mitochon-
drial function is the master regulator of cellular energy and apoptotic
cell death, mitochondrial injury can culminate in metabolic deficits
and steatohepatitis, further exacerbating cell injury and dysfunction.
Due to the relationship between chronic HCV infection and the de-
velopment of HCC, numerous studies have attempted to identify the
HCV proteins that are responsible for hepatocarcinogenesis. These stud-
ies indicate that the HCV core protein can promote the immortalization
of primary human hepatocytes (Ray et al., 2000), whereas the non-
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structural proteins NS3 and NS4B can transform NIH 3T3 cells, either
individually or in combination with Ha-ras (Park et al., 2000). Iron over-
load in the liver, which is associated with the genetic disorder heredi-
tary hemochromatosis, has been thought to increase the risk of HCC
by about 200-fold (Bonkovsky et al,, 1997; Kowdley, 2004). For exam-
ple, the livers of patients afflicted with HCV are characterized by the el-
evated expression of transferrin receptor 1 and hepcidin, both of which
stimulate iron uptake into hepatocytes (Bonkovsky et al.,, 1997; Hayashi
et al, 1994). In contrast, iron depletion (in the form of dietary iron re-
striction and/or phlebotomy) can improve hepatic inflammation and
lower serum aminotransferase activity in HCV patients (Hayashi et al,,
1994). Thus, a major precipitating factor for the pathogenesis of HCV-
related liver disease has been attributed to the augmentation of oxida-
tive stress following iron accumulation, However, no underlying cellular
mechanism has yet been elucidated.

This study investigated the effect of iron exposure on mitochondrial
dysfunction, ROS production and cell toxicity in human hepatoma cells
stably expressing the HCV core protein (Hep39b cells). The underlying
mechanism responsible for mitochondrial iron accumulation in
Hep39b cells and in the livers of HCV core protein-expressing transgenic
mice was also examined.

Materials and methods

Chemicals and reagents. Ferric nitrate nonahydrate, nitrilotriacetic
acid (NTA), 5,5,6,6'-tetrachrolo-1,1/,3,3’-tetraethylbenzimidazoly-
carbocyanine iodide (JC-1), carbonyl cyanide-m-chlorophenyl hydra-
zine (CCCP) and G418 disulfate were from Sigma Aldrich (St. Louis,
MO). MitoTracker® Red was from Invitrogen (Carlsbad, CA). **FeSO4
was from Perkin-Elmer (Waltham, MA). Ru360 was from Merck
Millipore Japan (Tokyo, Japan). MTT [3-(4,5-dimethylthiazol-2-yl1)-2,5-
diphenyltetrazolium bromide] was from Wako Pure Chemical Indus-
tries, Ltd. (Osaka, Japan). Hydroxyphenyl fluorescein (HPF) was from
Sekisui Medical Co., Ltd. (Tokyo, Japan). Adenine nucleotide translocator
(ANT) goat polyclonal IgG, CCDC109A goat polyclonal IgG and horserad-
ish peroxidase (HRP)-conjugated anti-goat IgG were from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). All chemicals and solvents were
of analytical grade.

Preparation of Fe-NTA. The Fe-NTA complex was prepared as described
by Awai et al. (1979). Briefly, ferric nitrate was dissolved in 1 N HCl to
form a 50 mM solution, and NTA was dissolved in 1 N NaOH to form a
150 mM solution. Equal volumes of the two solutions were mixed just
before the experiment, and the pH was adjusted to 7.4 with NaHCOs.

Assessment of cytotoxicity. Cytotoxicity was assessed by the MTT assay.
Briefly, Hep39b and Hepswx cells were seeded into 96 well culture
plates at a density of 8.4 x 10> cells/well and were exposed to various
concentrations of Fe-NTA the following day, the medium was replaced
with fresh medium containing the same component every 24 h. In
some conditions, cells were treated with 20 M Ru360, a mitochondrial
Ca?™ uniporter inhibitor, for 1 h prior to Fe-NTA exposure. After six
days, the cell culture medium was replaced by 50 ul MTT solution
(5 mg/ml MTT in phenol red-free Dulbecco’s Modified Eagle's Medium
(DMEM)), and the cells were incubated for 2 h at 37 °C. To dissolve
the reduced MTT crystals, 200 pl isopropanol was added. The absor-
bance of the dye was measured at a wavelength of 570 nm, and the
turbidity of the cells (background absorbance) was measured at a refer-
ence wavelength of 630 nm. The absorbance of the controls (Hepswx
and Hep39b) was set at 100%, and cytotoxicity was calculated as the ab-
sorbance of the experimental sample relative to that of the control.

Assessment of ROS production. ROS production was first assessed by
chemiluminescence (CL) analysis. Briefly, cells were seeded into
35 mm glass-bottomed dishes at a density of 2.5 x 10° cells/dish and ex-
posed to 300 UM Fe-NTA the following day, the medium was replaced

with fresh medium containing the same component every 24 h. In
some cases, cells were treated with Ru360 for 1 h prior to Fe-NTA
treatment. After five days, the cell culture medium was replaced with
phenol red-free DMEM containing Fe-NTA and Ru360, and the dish
was protected from light. The following day, spontaneous CL was mea-
sured using a single photoelectron counting system (CLD-10; Tohoku
Electronic Industrial Co., Ltd., Sendai, Japan), as described previously
(Maeda et al., 2010). Emission was expressed in counts/10 min/mg
protein.

ROS production was also assessed using HPF as a fluorescent probe
for the selective detection of hydroxyl radicals. Briefly, cells were seeded
into 35 mm glass-bottomed dishes, as described for CL analysis. After
7 days, the cell culture medium was replaced with modified Hanks' bal-
anced salt solution (HBSS) containing 10 mM HEPES, 1 mM Mg(Cl,,
2 mM CaCl, and 2.7 mM glucose (pH 7.4). Next, 10 pM HPF and
20 nM MitoTracker® Red (a fluorescent probe for the mitochondria)
were added, and cells were incubated for 15 min at 37 °C. Images of
HPF and MitoTracker® Red staining were obtained using a laser scan-
ning confocal microscope (FV300; Olympus Optical Co., Ltd., Tokyo,
Japan). The wavelengths (excitation/emission) for the detection of
HPF (green) and MitoTracker® Red (red) were 488 nm/515 nm and
579 nm/599 nm, respectively.

Assessment of mitochondrial membrane potential. Measurement of mito-
chondrial membrane potential was performed using the JC-1 stain, a li-
pophilic cation fluorescent dye that accumulates in the mitochondria. At
alow mitochondrial membrane potential, the JC-1 dye exists as a mono-
meric molecule and fluoresces green, whereas at a higher membrane
potential the JC-1 dye forms polymeric aggregates and fluoresces red.
A fall in the mitochondrial membrane potential is therefore indicated
by a decrease in the ratio of red signal to green signal.

Cells were cultured in 96 well black culture plates at a density of
8.4 x 10? cells/well and exposed to various concentrations of Fe-NTA
the following day, the medium was replaced with fresh medium con-
taining the same component every 24 h. After six days, the culture me-
dium was replaced with 200 pl JC-1 solution (10 pg/ml JC-1 in HBSS),
and cells were incubated in the dark for 30 min at 37 °C. After washing
twice with HBSS, the absorbance of the cells in each well was immedi-
ately measured using a fluorescence plate reader with the excitation
and emission wavelengths set at 490 nm and 530 nm (green)/590 nm
(red), respectively.

Animals. The production of transgenic mice expressing the HCV core
protein has been described previously (Moriya et al., 2001). Briefly, the
HCV core protein gene was placed downstream of a transcriptional reg-
ulatory region from the hepatitis B virus and introduced into C57BL/6
mouse embryos (Clea Japan, Tokyo, Japan). All of the animals were treat-
ed humanely in accordance with the guidelines issued by the National
Institute of Health and all procedures described below were approved
by the animal care committee of Chiba University.

Isolation of mouse liver mitochondria. The mouse liver mitochondrial
fraction was prepared according to a previously described method
(Masubuchi et al,, 2002). Livers were isolated from two mice and placed
in ice-cold buffer containing 250 mM sucrose, 10 mM HEPES-KOH, and
0.5 mM EGTA (pH 7.4). Livers were cut into small cubes with scissors in
the same buffer and homogenized five times with a Potter homogenizer.
The homogenates were diluted to 0.25 g liver/ml and were centrifuged
at 770 x g for 5 min at 4 °C. The resulting supernatant was decanted and
further centrifuged at 9800 x g for 10 min. The pellet was resuspended
to yield a concentration of 0.5 g liver/ml in buffer containing 250 mM
sucrose, 10 mM HEPES-KOH and 0.3 mM EGTA (pH 7.4), and centri-
fuged at 4500 x g for 10 min. The pellet was resuspended to yield a con-
centration of 1 g liver/ml in the same buffer and centrifuged at 2000 x g
for 2 min, followed by further centrifugation at 4500 x g for 8 min. The
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final pellet was then resuspended in buffer containing 250 mM sucrose
and 10 mM HEPES-KOH (pH 7.4) and used for further experiments.

Mitochondrial iron uptake. All experiments were conducted in a 30 °C
water bath. After pre-incubation of the mitochondria in buffer contain-
ing 225 mM sucrose, 10 mM KCl, 5 mM MgCl,, 5 mM KH,POy, and
20 mM Tris-HCl (pH 7.4) for 1 min, Ru360 was added at a final concen-
tration of 10 LM, 3°FeS0,, was added after 1 min, and the >°Fe remaining
in the mitochondria after 10 min was measured using a gamma counter.

Western blotting analysis. The mouse liver mitochondrial fraction (10 pg
protein) was subjected to electrophoresis on a 12.5% polyacrylamide
slab gel containing 0.1% sodium dodecyl sulfate and transferred onto
an Immobilon-P Transfer Membrane filter (Millipore Corporation,
Billerica, MA). The membrane was blocked for 1 h at room temperature
with Tris-buffered saline/0.05% Tween 20 (TTBS) containing 3%
bovine serum albumin (BSA) and probed overnight at 4 °C with the
CCDC109A goat polyclonal IgG (1:200) against the Ca?* uniporter and
the ANT goat polyclonal IgG (1:1000). The membrane was then incubat-
ed for 1 h at room temperature with donkey anti-goat IgG-HRP
(1:3333). All antibodies were diluted in TTBS containing 0.1% BSA. Im-
munoreactive bands were detected using a LAS-1000 imaging system
(Fuji Film, Tokyo, Japan) and an enhanced CL system (GE Healthcare,
Little Chalfont, Buckinghamshire, UK).

Statistical analysis. All data are represented as the mean + the standard
error (S.E.). Data were statistically analyzed by using one-way ANOVA
followed by the Bonferroni test for multiple comparison. For compari-
son among two groups, two-tailed Student’s t-test was adopted.
Differences between means at the level of P < 0.05 were considered
significant.

Results
Iron-induced cytotoxicity in HCV core protein-expressing HepG2 cells

The iron uptake system is perturbed in HCV-infected hepatocytes
due to elevated expression of transferrin receptor 1. However, because
of its hydrophobicity, Fe-NTA is taken up into the cell in a transferrin re-
ceptor 1-independent manner by passive diffusion. Fe-NTA is then con-
verted into free Fe’* by several types of esterases. Therefore, Fe-NTA
was used in the current study to control for intrinsic differences in active
iron uptake between HCV core protein-expressing HepG2 cells (Hep39b
cells) and vector-transfected HepG2 cells (Hepswx cells). After treat-
ment with Fe-NTA for six days, cytotoxicity was assessed using the
MTT assay. Concentration-dependent cytotoxicity of Fe-NTA against
Hep39b cells was observed. By contrast, no cytotoxicity was observed
against control Hepswx cells at Fe-NTA concentrations of less than
1000 puM (Fig. 1). These data indicate that HCV core protein expression
affects the susceptibility of hepatocytes to Fe-NTA-induced iron
cytotoxicity.

Effect of iron accumulation on ROS production in HCV core
protein-expressing versus control hepatocytes

To directly measure free radical formation, we took advantage of
methodology for measuring spontaneous CL and compared the levels
of CL in HCV core protein-expressing Hep39b and control Hepswx
cells (Fig. 2a). As shown in Fig. 2a, spontaneous CL was significantly
higher in Hep39b cells by approximately 156% compared with that in
Hepswx cells (6015 versus 3856 arbitrary units; P < 0.01). In the pres-
ence of 300 uM Fe-NTA, iron-induced CL was also significantly higher
in Hep39b cells relative to Hepswx cells (2.61-fold versus 1.54-fold in-
crease; P <0.01 and P < 0.001, respectively) (Fig. 2a).
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Fig. 1. [ron-induced cytotoxicity in control versus HCV core protein-expressing hepato-
cytes. Hepswx (dashed line) and Hep39b (solid line) cells were exposed with Fe-NTA
(30, 100, 300, 500 and 1000 pM) for six days. Hepatotoxicity was determined using
the MTT assay. Viability was calculated as the absorbance of the experimental sample
relative to that of the controls (without Fe-NTA treatments). Values are the mean =+ the
S.E. *P < 0.05 and **P < 0.01, significantly different from the control (without Fe-NTA).
*#P < 0.05 and **P < 0.01, significantly different from respective control cells (Hepswx)
(n = 6).

Effect of iron accumulation on mitochondrial ROS production

Mitochondria are a major source of ROS production, Therefore, we
next examined the production of mitochondrial hydroxyl radicals by
free iron catalyzation (i.e., the Fenton reaction). Since increased produc-
tion of ROS was observed in Hep39b cells in the presence of Fe-NTA, we
next examined mitochondrial ROS production by double staining with
MitoTracker® Red (red), a fluorescent probe for the mitochondria, and
HPF (green), a fluorescent probe for the selective detection of hydroxyl
radicals. As shown in Fig. 2b, a strong fluorescent signal derived from
HPF was observed in Hep39b cells in the presence of Fe-NTA. This
fluorescence overlapped with that generated by MitoTracker® Red
(Fig. 2b). The fluorescent signal derived from HPF in overlapped area
was significantly higher in Hep39b cells by approximately 200% com-
pared with that in Hepswx cells (Fig. 2c). These data indicate that mito-
chondrial hydroxyl radical production was increased in the presence of
the HCV core protein and Fe-NTA.

Effect of HCV core protein on mitochondrial membrane potential

The HCV core protein is known to inhibit mitochondrial respiratory
complex I activity (Korenaga et al., 2005). Inhibition of complex I
leads to ROS formation due to premature electron leakage from the
complex. Therefore, we next examined the effect of Fe-NTA on mito-
chondrial membrane potential in Hep39b celis by using JC-1, a lipophilic
cationic dye that selectively enters the mitochondria and reversibly
changes color from green to red as the membrane potential increases.
Fig. 3 demonstrates that the mitochondrial membrane potential was de-
creased in HCV core protein-expressing Hep39b cells compared with
control Hepswx cells. The decrease in membrane potential was signifi-
cantly increased following exposure to Fe-NTA (300 and 1000 pM) for
six days (Fig. 3).

Mitochondrial free iron uptake in HCV core protein-expressing versus
control hepatocytes

Because mitochondrial hydroxyl radical production was increased in
the presence of Fe-NTA (Fig. 2), the uptake of free iron into isolated mi-
tochondria was next examined. To ensure a sufficient quantity and qual-
ity of the mitochondria for this experiment, mitochondria were isolated
from the liver of HCV core protein-expressing transgenic and wild-type
(control) mice. Fig. 4 shows that the concentration of mitochondrial free
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Fig. 2. Iron-induced mitochondrial ROS production is enhanced in HCV core protein-expressing hepatacytes. (a) Hepswx and Hep39b cells were exposed to Fe-NTA (300 M) for six days.
ROS production was determined using a CL analyzer. Detected counts were normalized by protein content of cell lysate. Values are given as the mean = the S.E. **P <0.01 and /P < 0.01,
significantly different from respective control (n = 3-4). (b} Hepswx and Hep39b cells were pretreated with HPF (green) and MitoTracker® Red (red). Mitochondrial ROS production was
determined by the strength of yellow fluorescence in the merged pictures. The scale bar represents 100 pm. (¢) Analysis of merged fluorescence microscopy images was done by Image].
Integrated density of merged area was automatically selected and fluorescence intensity of HPF was calculated within the merged area of 200-300 cells.

iron (°°Fe? ") was significantly increased in the mitochondria derived
from the transgenic versus the control mouse liver (62.2 4 4.2 versus
79.5 + 2.1 pmol/mg protein, respectively; P < 0.05), whereas the pas-
sive diffusion of **Fe* into the mitochondria (estimated by *°Fe? ™ up-
take at 4 °C) was 31.1 4 3.2 pmol/10 min/mg protein in Hepswx cells,
and 29.2 + 1.8 pmol/10 min/mg protein in Hep39b cells (not signifi-
cantly different). Moreover, **Fe?* uptake into the transgenic and con-
trol mitochondria was attenuated to the same level by Ru360 (48.2 +
4.1 versus 47.5 + 1.2 pmol/mg protein, respectively) (Fig. 4). These
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Fig. 3. The iron-induced reduction in mitochondrial membrane potential is increased by
the expression of HCV core protein. Hepswx and Hep39b cells were exposed to Fe-NTA
for six days. Mitochondrial membrane potential was estimated fluorometrically. Values
are given as the mean =+ the S.E. *P < 0.05, **P < 0.01 and **P < 0.01, significantly different
from respective control (n = 6).

data indicate that calcium uniporter plays a role in free iron uptake
into the mitochondria and that the activity of the Ca?* uniporter is in-
creased by the HCV core protein.

Effect of Ru360 on Fe-NTA-induced ROS production and cytotoxicity

We next examined the effect of Ru360 on Fe-NTA-induced ROS pro-
duction and cytotoxicity in Hep39b versus Hepswx cells. As shown in
Fig. 5a, in the absence of Fe-NTA, Ru360 had no effect on ROS production
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Fig. 4. Mitochondrial iron uptake is augmented by the expression of HCV core protein and
inhibited by Ru360. Mitochondria were isolated from wild-type and HCV core protein
transgenic (Tg) mice and exposed to *°FeS0,4 with/without Ru360. Free iron uptake was
measured in the isolated mitochondria and the free iron uptake amount was normalized
by mitochondrial protein content. The dashed line represents the passive diffusion into
the mitochondria. Values are given as the mean = the SE. **P < 0.01 and *P < 0.05, signif-
icantly different from respective control (n = 3-8).
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in Hepswx cells and Hep39b cells. On the other hand, Ru360 significantly
suppressed Fe-NTA (300 uM)-induced ROS production in Hep39b but
not Hepswx cells (Fig. 5a). Moreover, cytotoxicity following exposure
to (300, 600, 800 and 1000 M) Fe-NTA for six days was also specifically
inhibited by Ru360 treatment in Hep39b cells (Fig. 5b).

Expression of the Ca®* uniporter in isolated mitochondria

Given that mitochondrial free iron uptake is enhanced in HCV core
protein-expressing Hep39b cells (Fig. 4), we next examined the expres-
sion of the Ca®+ uniporter in the mitochondria isolated from the liver of
HCV core protein-expressing transgenic mice relative to control mice.
As shown in Fig. 6, mitochondrial expression of the uniporter was
similar in transgenic versus control mice, as assessed by Western blot
analysis.
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Fig. 6. Expression of mitochondrial Ca>* uniporter in the livers of HCV core protein-
expressing transgenic versus wild-type mice. Mitochondria were isolated from the livers
of wild-type (controt) and HCV core protein-expressing transgenic (Tg) mice. The expres-
sion levels of the Ca%™* uniporter and ANT (loading control) were determined by Western
blot analysis. Mitochondrial proteins (10 ug) were loaded into each lane of the gel. The
band density of the uniporter was normalized to the band density of ANT. Values are
given as the mean =+ the S.E. n.s.: not significantly different (n = 3).

Discussion

The accumulation of iron into the liver of HCV core protein-
expressing transgenic mice fed a normal diet is similar to that observed
in chronic HCV patients (Farinati et al,, 1995; Kato et al.,, 2001). On the
other hand, the expression level of hepcidin, which regulates iron me-
tabolism by inhibiting iron absorption from the intestine and the hepat-
ic portal system, is reportedly decreased in the liver of HCV patients and
full-length HCV genome-expressing transgenic mice, but not in the liver
of HCV core protein-expressing transgenic mice (Moriya et al., 2010;
Muckenthaler, 2008). Therefore, although the precise regulation of
iron transport into the mitochondria is essential for heme biosynthesis,
hemoglobin production, and Fe-S clustering, the mechanism(s) behind
mitochondrial iron homeostasis is not yet fully understood.

Previous work from our group revealed elevated ROS generation in
HCV core protein-expressing transgenic mice (Moriya et al., 2001).
Moreover, our previous work, along with that of others (Korenaga
etal., 2005), showed that the core protein interacts with the outer mito-
chondrial membrane and impairs the mitochondrial respiratory chain
in the normal mouse liver via inhibition of complex I activity (unpub-
lished data). Inhibition of respiratory chain complexes ultimately leads
to the overproduction of ROS via electron leakage from the mitochon-
dria. Therefore, we hypothesized that the inducible mitochondrial iron
transport system exacerbates hepatic toxicity caused by the HCV core
protein.

This study employed Fe-NTA to exclude intrinsic differences in iron
uptake into HCV core protein-expressing Hep39b cells and vector-
transfected Hepswx cells. In addition, we demonstrated that HCV core
protein-induced alterations in mitochondrial ROS production and mem-
brane potential were augmented in the presence of iron (Figs. 2 and 3).
These data may indicate that iron-dependent mitochondrial dysfunc-
tion was amplified via the Fenton reaction, which produces potent reac-
tive free radicals (i.e., hydroxyl radicals) (Fig. 7).

Iron is absolutely essential for the sustenance of all forms of life due
to its unusual ability to serve as both an electron donor and acceptor. On
the other hand, free iron is also potentially toxic, which is related to its
ability to donate and accept electrons within the cell. Free iron catalyzes
the conversion of hydrogen peroxide into free radicals, which can cause
damage to the mitochondria and cellular structures. For this reason, the
iron homeostasis is strictly regulated, and the impairment of iron ho-
meostasis is related to several diseases. In patients with HCV, hepatic
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Fig. 7. Proposed mechanism of mitochondrial iron accumulation and hepatic cytotoxicity caused by the HCV core protein. The HCV core protein induces mitochondrial ROS production by
inhibiting mitochondrial complex 1. In addition, it is suggested that the HCV core protein stimulates mitochondrial iron uptake through the mitochondrial Ca** uniporter. The excess iron
then leads to mitochondrial ROS production and mitochondrial/cellular malfunction/disorder when the HCV core protein is expressed.

and serum free iron concentrations are ~7-fold higher (12.5 mmol/g
liver and 134 mg/dl, respectively) than those of a normal individual
(Farinati et al.,, 1995; Kageyama et al., 1998; Olynyk et al., 1995; Silva
et al., 2005). In this study, significant hepatotoxicity was observed at
30 pM Fe-NTA in HCV core protein-expressing Hep39b cells (Fig. 1).
Therefore, a physiologically relevant concentration of iron (30 puM),
which is not sufficient to induce cell toxicity by itself, was synergistic
with the toxic actions of the core protein (Fig. 1). This interplay was sim-
ilarly revealed by the synergy between iron and the core protein in in-
ducing mitochondrial dysfunction and ROS production (Figs. 2 and 3).

This study further demonstrated that mitochondrial free iron uptake
was partially mediated by the Ca®* uniporter. The Ca®* uniporter was
selectively inhibited by Ru360 and exhibited an increased capacity to
uptake iron into HCV core protein-expressing liver mitochondria versus
normal liver mitochondria (Fig. 4). However, the expression of the
uniporter was unaltered in core protein-expressing transgenic mice
relative to normal mice (Fig. 6). Li et al. (2007) reported that the activity
of the Ca?™* uniporter was up-regulated in the presence of the core
protein: The in vitro incubation of mouse liver mitochondria with HCV
core protein (100 ng/mg) increased the Ca®™ entry rate by ~2-fold.
The Ca®™ uniporter is located in the inner mitochondrial membrane
and transports not only Ca?* but also other metal cationic ions
(e.g., Fe*T) into the mitochondrial matrix space in a mitochondrial
membrane potential-dependent fashion (Bernardi, 1999).

Iron uptake was significantly suppressed to the same level by Ru360
in the mitochondria isolated from both core protein-expressing trans-
genic and normal mice (Fig. 4). Moreover, as free iron uptake into the
mitochondria was still observed at 4 °C for both types of the mitochon-
dria, about half of the iron (Hepswx; 31.1 £+ 3.2 pmol/10 min/mg
protein, Hep39b; 29.2 & 1.8 pmol/10 min/mg protein) was estimated
to enter into the mitochondria by passive diffusion (Fig. 4, dashed
line). These data indicate that the up-regulation of iron uptake in the
mitochondria isolated from transgenic mice was mediated by the HCV
core protein-induced stimulation of Ru360-sensitive Ca?* uniporter
transport activity. However, the mechanism by which the core protein
alters the function of the mitochondrial uniporter is still unclear,
especially given that the core protein binds to the outer mitochondrial
membrane, and the uniporter is located in the inner mitochondrial
membrane. It is known that mitochondrial calcium uniporter possibly

forms multi-molecular complex (Raffaello et al., 2012). Mitochondrial
calcium uniporter function could be altered by the effect on essential
regulator and/or protein involved in the assembly of the channel. In
this regard, though our current study demonstrated that HCV core pro-
tein had no effect on Ca** uniporter expression (Fig. 6), it is possible
that other mechanisms are involved in the HCV core protein-induced
stimulation of Ca?* uniporter transport activity. Further study should
be addressed in the future.

Interferon-a has been used as monotherapy for chronic hepatitis C,
yet only about 40-50% of hepatitis C patients experience an initial bio-
chemical response to the cytokine. Interestingly, high iron accumulation
in chronic HCV carriers is related to a poor response to interferon
therapy (Walters et al,, 1973). In addition, some investigators have sug-
gested that iron removal therapy (via phlebotomy or food therapy
(i.e., restriction of an iron rich-diet)) can attenuate liver damage in
hepatitis C patients by still unknown mechanisms (Hayashi et al.,
1994; Kato et al.,, 2007). The current study showed that the HCV core
protein-induced mitochondrial iron uptake is responsible for exacerbat-
ing mitochondrial dysfunction and ROS production, which finally seems
to lead to hepatocyte toxicity (Fig. 7). Based on these results, we suggest
that inhibition of the mitochondrial Ca®* uniporter may provide a new
therapeutic approach to treat liver disease in HCV patients.
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SUMMARY

Endoplasmic reticulum (ER) stress has been implicated in the pathogenesis of viral hepatitis, insulin re-
sistance, hepatosteatosis, and nonalcoholic steatohepatitis (NASH), disorders that increase risk of hepato-
cellular carcinoma (HCC). To determine whether and how ER stress contributes to obesity-driven hepatic
tumorigenesis we fed wild-type (WT) and MUP-uPA mice, in which hepatocyte ER stress is induced by plas-
minogen activator expression, with high-fat diet. Although both strains were equally insulin resistant, the
MUP-uPA mice exhibited more liver damage, more immune infiltration, and increased lipogenesis and, as
a result, displayed classical NASH signs and developed typical steatohepatitic HCC. Both NASH and HCC
development were dependent on TNF produced by inflammatory macrophages that accumulate in the
MUP-uPA liver in response to hepatocyte ER stress.

INTRODUCTION

Hepatocellular carcinoma (HCC) is the fifth most common
cancer worldwide and a leading cause of cancer deaths.
More than 90% of HCC develops in the context of chronic liver
disease, with hepatitis B virus (HBV) or hepatitis C virus (HCV)
infections being the main causes. However, 30%-40% of
Western HCC patients do not exhibit viral infections (El-Serag,
2011). Most of these patients are obese with manifestations of
the metabolic syndrome and suffer from nonalcoholic steato-
hepatitis (NASH), a severe form of nonalcoholic fatty-liver dis-
ease (NAFLD) (Cohen et al., 2011). Indeed, obesity increases
male HCC risk by up to 4.5-fold (Calle et al., 2005) and also in-
creases HCC risk in viral hepatitis (Chen et al., 2008). Because

the prevalence of obesity has been increasing worldwide, its
association with hepatocarcinogenesis has attracted much
attention. In previous studies, we have shown that feeding
mice exposed to the hepatic carcinogen diethylnitrosamine
(DEN) with high-fat diet (HFD) strongly enhanced HCC devel-
opment (Park et al.,, 2010). Although low-grade liver inflam-
mation associated with tumor necrosis factor (TNF) and inter-
leukin-6 (IL-6) expression contributes to obesity-promoted
HCC development in this model, it should be noted that
wild-type (WT) mice do not develop NASH, even after DEN
administration and prolonged HFD feeding. It is therefore not
clear whether the mechanism identified in DEN-treated mice
has much bearing on NASH-driven human HCC (Toffanin
et al., 2010).

' Significancé :

ER stress is often observed in cancer, but its role in tumongenesxs has not been explored ER stress -also ‘occurs .in
premalignant liver. diseases, including NASH, which progress to HCC, a highly aggressive and common cancer. Our work.
demonstrates that, when combined with hypemutntlon ER stress of liver parenchymal cells results in NASH-like disease
that spontaneously progresses to HCC through an mﬂammatory mechamsm dependent on TNF and !KB kmase s1gnahng
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In considering possible mechanisms through which obesity
may promote HCC development, we decided to study the poten-
tial contribution of ER stress because obesity (Hotamisligil, 2010;
Ozcan et al., 2008) and HBV/HCV infections (Malhi and Kaufman,
2011) result in liver ER stress, which promotes hepatosteatosis
(Rutkowski et al., 2008). Furthermore, several ER stress markers
are elevated in NASH-affected livers (Puri et al., 2008), and it was
suggested that ER stress causes ballooning degeneration of the
hepatocytes, a classical sign of NASH (Caldwell et al., 2010). To
this end, we placed MUP-uPA mice, which express high amounts
of urokinase plasminogen activator (UPA) specifically in the hepa-
tocytes and therefore undergo transient ER stress (Sandgren
et al., 1991; Weglarz et al., 2000), and WT mice on a HFD.
Whereas the WT mice developed simple steatosis and no HCC,
the MUP-uPA mice developed NASH-like disease that spontane-
ously progressed to HCC, whose development was dependent
on TNF production by inflammatory liver macrophages and TNF
receptor 1 (TNFR1)-1kB kinase B (IKKB) signaling in hepatocytes.
Qur results suggest that NASH and progression to steatohepatitic
HCC may be prevented or ameliorated by anti-TNF drugs.

RESULTS

HFD Induces NASH Signs and Spontaneous HCC in
MUP-uPA Mice

WT and MUP-uPA mice were placed on a HFD (60% of calories
were fat derived), starting at 6 weeks of age. Body weight and
glucose intolerance did not differ between the two strains (Fig-
ures STA and S1B available online). As reported (Weglarz
et al., 2000}, the serum alanine aminotransferase (ALT) level in
MUP-uPA mice on a normal-chow diet (low-fat diet [LFD]) was
markedly elevated at 5 weeks of age but rapidly declined, prob-
ably due to the replacement of dying hepatocytes with new cells
in which uPA expression was extinguished (Sandgren et al.,
1991; Weglarz et al., 2000) (Figure S1C). However, HFD feeding
maintained high serum ALT throughout the observation period
(Figure 1A\), even though it did not restore uPA expression (Fig-
ure S1C). By contrast, in WT mice the HFD substantially elevated
the ALT after only 32 weeks, and it reached a level similar to
MUP-uPA mice at 40 weeks. Examination of the liver histology
revealed hepatocyte damage, evidenced by tissue clearing, in
5-week-old MUP-uPA mice, but this had almost disappeared
at 24 weeks on the LFD, except for mild inflammation and spotty
necrosis (Figure 1B). As reported (Park et al., 2010), HFD-fed WT
mice showed pronounced steatosis but little inflammation by
24 weeks (Figure 1B). At that time, HFD-fed MUP-uPA mice ex-
hibited extensive immune infiltration into the liver and numerous
ballooning hepatocytes, both of which are important diagnostic
features of human NASH (Brunt, 2001). Furthermore, HFD-fed
MUP-uPA mice showed pericellular and bridging fibrosis,
resembling the pattern in human NASH (Figure 1C; Figure S1D).
This was accompanied by the increased expression of type 1
collagen a1 mRNA (Figure S1E).

Terminal deoxynucleotidy! transferase-mediated deoxyuri-
dine triphosphate nick-end labeling (TUNEL) staining showed
that both apoptotic (nuclear fragmentation) and necrotic (diffuse
cytoplasmic staining) cell death were significantly increased in
HFD-fed MUP-uPA livers and that, as a result, the numbers of
Kie7-positive proliferating hepatocytes and K19-positive cells
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were also elevated (Figure 1D). The expression of cyclin D1
was also increased (Figure S1F). Thus, HFD-fed MUP-uPA
mice exhibit continuous hepatocyte death and compensatory
proliferation, a critical process in hepatocarcinogenesis (Maeda
et al., 2005).

HFD-fed MUP-uPA mice developed small tumors on the fiver
surface by 32 weeks of age and large tumors at 40 weeks (Fig-
ure 2A; Figures S2A and S2B), when 78.6% (11/14 mice) of
HFD-fed MUP-uPA mice had tumors larger than 2 mm and
35.7% (5/14 mice) had tumors larger than 10 mm. Histologically,
30% of tumors larger than 2 mm were HCCs, similar to human
steatohepatitic HCC, a histotype describing NASH-related
HCC with ballooning cancer cells and inflammatory cell infiltra-
tion (Salomao et al., 2012), although some displayed a classical
thick trabecular pattern, whereas the remaining 70% were either
typical or steatohepatic adenomas (Figure 2B; Figures S2C and
S$2D). Cancer cells were highly proliferative and frequently posi-
tive for « fetoprotein (AFP) with marked p62 aggregation (Fig-
ure S2E), a sign of impaired autophagy frequently observed in
human HCC (Inami et al., 2011). Several oncogenic mediators,
such as extracellular signal regulated-kinase (ERK), signal trans-
ducer and activator of transcription 3 (STAT3), and c-Jun N-ter-
minal kinase (JNK), as well as cyclin D1, the liver oncogenes
Yes-associated protein 1 (YAP) and Myc, and the cancer stem
cell markers epithelial cellular adhesion molecule (EpCAM) and
CD44, were activated or upregulated (Figures S2F-S2H). By
contrast, 30% of LFD-fed MUP-uPA mice displayed a few tiny
nodules in the liver even at 40 weeks of age, corresponding to
simple hyperplasia (Figure S2C). Although 1 of 11 LFD-fed
MUP-uPA mice developed a small 3 mm tumor, the tumor was
also classified as hyperplasia, which is not proliferative and is
AFP negative (Figures S2C and S2l). In WT mice, neither the
LFD nor HFD induced any liver tumors by 40 weeks. Of note,
HFD-fed MUP-uPA mice showed microscopically visible foci of
p62- and YAP-positive cells already at 24 weeks (Figure S2J).
These foci may contain progenitors to the tumors detected at
32-40 weeks. Thus, HFD feeding of MUP-uPA mice induced
complete NASH-like pathological features with continuous he-
patocyte death and compensatory proliferation, and eventually
led to spontaneous HCC and adenoma development, which
were not seen in the LFD-maintained mice.

ER Stress Enhances Lipogenesis and Aggravates
Steatohepatitis

Although the mechanism responsible for hepatocyte death in
young MUP-uPA mice is not entirely clear, their hepatocytes
are ER stressed (Sandgren et al., 1991). Indeed, several ER
stress markers, including C/EBP homologous protein (CHOP),
glucose-regulated protein 78 (GRP78), spliced X-box binding
protein 1 (sXBP1), phosphorylated elF2« (p-elF2q), phosphory-
lated inositol-requiring enzyme 1a (p-IRE1a), and phosphory-
lated JNK (p-JNK), were elevated in 5-week-old MUP-uPA
mice compared to WT (Figure 3A; Figure S3A). Whereas in
16-week-old MUP-uPA mice most markers declined, paral-
leling the decline in uPA expression, HFD-fed MUP-uPA
mice maintained strong elF2a and JNK phosphorylation and
CHOP expression (Figure 3B; Figure S3A). In WT mice, HFD
feeding induced only a slight elevation in p-elF2a and
CHOP mRNA, with no effect on CHOP protein (Figure 3B). Using
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24 weeks

24 weeks

immunohistochemistry (IHC), we confirmed the level of nuclear
CHOP in the hepatocytes of 5-week-old MUP-uPA mice, which
was sustained at 16 weeks of age only in the HFD-fed MUP-uPA
mice (Figure 3C). Tribble3 (TRB3) and death receptor 5 (DR5),
two molecules capable of inducing cell death, were highly upre-
gulated in MUP-uPA mice, especially after HFD feeding (Fig-
ure S3B). After 24 weeks of the HFD, expression of the DR5
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Figure 1. HFD-Fed MUP-uPA Mice Display
Classical NASH Signs

(A) Serum ALT in LFD- or HFD-fed WT and MUP-
UPA mice was measured at indicated ages. HFD
feeding was initiated at 6 weeks. Data are means +
SD (n = 3-5 per group). *p < 0.05.

(B) H&E staining of liver sections from 5-week-old
mice on the LFD and 24-week-old mice kept on the
LFD or HFD (scale bar, 100 um). The bottom two
panels show the infiltration of immune cells in HFD-
fed MUP-uPA mouse livers (left, portal area; right,
liver parenchyma).

(C) Sirius Red staining of liver sections described in
(B) (scale bar, 100 pm).

(D) TUNEL and IHC analyses of Ki67 and K19 in
24-week-old mice that were kept on the LFD or
HFD (scale bar, 100 pm). Yellow and white arrows
indicate apoptotic and necrotic cells, respectively.
Bar graphs show the numbers of apoptotic and
necrotic celis and Ki67-positive cells per 200X
field. Data are means + SD (n = 5 per group). *p <
0.05.

See also Figure 1.

ligand TNF-related apoptosis-inducing
ligand (TRAIL) was ailso elevated in the
MUP-uPA liver. Electron microscopy
(EM) revealed distended and dilated ERs
in HFD-fed MUP-uPA mice (Figure S3C).
Thus, whereas ER stress appears to be
induced by uPA expression in 5-week-
old MUP-uPA mice, it declines due to
transgene extinction. However, feeding
these mice with HFD rekindles the stress
response and induces several cell-death
mediators that are not expressed in
HFD-fed WT mice. To determine whether
ER stress can cause ballooning degener-
ation and hepatocyte death, we injected
HFD-fed WT mice with the protein-glyco-
sylation inhibitor and ER-stress elicitor
tunicamycin. This treatment led to rapid
(36 hr) induction of ballooning degenera-
tion, hepatocyte apoptosis, and ALT
release only in the HFD-fed mice (Figures
S3D-83F). The white appearance of the
liver from HFD-fed mice treated with tuni-
camycin suggested that the liver had
become more steatotic.

These results are consistent with the
ability of ER stress to cause liver steatosis
(Rutkowski et al., 2008). Indeed, Oil Red O
(ORO) staining showed mild spontaneous

lipid accumulation in 5-week-old MUP-uPA mice, which dimin-
ished by 16 weeks of age under the LFD (Figure 3D). However,
HFD feeding induced more extensive lipid accumulation in the
MUP-uPA than in the WT mice. Liver triglycerides (TGs) and
cholesterol were also elevated (Figure 3E). Decreased liver lipid
export due to the suppression of apolipoprotein B (apoB)
expression/secretion and increased lipogenesis were suggested
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Figure 2. NASH to HCC Progression in

LFD

MUP-uPA Mice
(A) Representative images of livers from 32- and

HFD
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w

200x
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to be involved in ER stress-induced steatosis (Ota et al., 2008;
Qiu et al., 2011; Rutkowski et al., 2008). Because apoB carries
TGs and cholesterol from the liver elsewhere, we examined
serum TGs and cholesterol and liver apoB mRNA. There were
no differences in apoB mRNA among the four groups (Fig-
ure S$3G), and the serum TGs and total cholesterol were similarly
elevated in HFD-fed WT and MUP-uPA mice (Figure S3H), sug-
gesting that liver lipid export was not fully impaired in MUP-uPA
mice. Next, we examined the mRNAs of lipogenic regulators.
Although sterol regulatory element-binding protein 2 (SREBP2)
mRNA was slightly increased and peroxisome proliferator-acti-
vated receptor « (PPARa) and CCAAT/enhancer-binding protein
o, (¢/EBPa) mRNAs were slightly decreased in the 5-week-old
MUP-uPA mice compared to the WT mice, these trends were
not seen in the 16-week-old mice (Figure S3l). Expression of
PPARy was decreased in the 16-week-old MUP-uPA mice but
not in the 5-week-old mice. Therefore, the enhanced lipogenesis
in MUP-uPA mice could not be explained by the differential
expression of these molecules. However, among lipogenic reg-
ulators, SREBP1 is controlled not only by synthesis but also by
cleavage and subsequent nuclear translocation (Goldstein
et al.,, 2006), which are stimulated by ER stress (Kammoun
et al.,, 2009). Indeed, the SREBP1 precursor abundance was
decreased in the 5-week-old MUP-uPA livers, and mature nu-
clear SREBP1 was elevated (Figure 3F). HFD feeding further
accelerated SREBP1 processing in the MUP-uPA mice but
also induced some SREBP1 processing in the WT mice. The
mRNA expression of the SREBP1 target fatty-acid synthase

40-week-old mice that were kept on the LFD or
HFD.

(B) Representative H&E staining of tumor sections
from 40-week-old HFD-fed MUP-uPA mice. The
left two panels show trabecular HCC, and the right
two panels show steatohepatitic HCC (scale bar,
100 pm).

See also Figure S2.

(FAS), was increased in the 5-week-old
and HFD-fed MUP-uPA mice (Figure 3G).
Consistent with elevated lipogenesis, gas
chromatography determination of the he-
patic fatty-acid (FA) composition revealed
a significant increase in C16:0 palmitic
acid (PA) and longer-chain FA in MUP-
UuPA mice compared to WT mice, which
was further enhanced by HFD feeding
(Figure 3H). Excess lipid accumulation
leads to oxidative stress due to mitochon-
drial H,O, production, which can induce
cell death (Anderson et al., 2009). Accord-
ingly, the HFD-fed MUP-uPA mice dis-
played strong dihydroethidium (DHE)
staining of hepatocytes and a decrease
in liver reduced glutathione (GSH):
oxidized glutathione (GSSG) ratio (Figures
3l and 3J). Oxidative stress in HFD-fed MUP-uPA mice may
contribute to CHOP expression, JNK activation; lipotoxic hepa-
tocyte death, and oncogenic mutations.

The IRE1a-XBP1 pathway has been reported to regulate the
hepatic lipid metabolism via the XBP1-mediated induction of
lipogenic enzymes and regulated IRE1-dependent mRNA decay
(RIDD) (Lee et al., 2008; So et al., 2012). Although expression of
the XBP1 target gene ERdj4 was upregulated in the 5-week-old
and HFD-fed MUP-uPA mice, there were no differences in
expression of diacylglycerol O-acyltransferase 2, a lipogenic
enzyme regulated by XBP1 but not by SREBP1 (Figure S3J).
RIDD-mediated downregulation of angiopoietein-like protein 3
(Angptl3) and carboxylesterase 1 (Ces1) mMRNAs can induce hy-
polipidemia and hepatosteatosis due to decreased lipid secre-
tion from the liver. Although expression of Angptl3 mRNA was
decreased in 5-week-old MUP-uPA mice (Figure S3J), there
were no differences in serum TGs and total cholesterol levels be-
tween the 5-week-old WT and MUP-uPA mice and in Angptl3
mRNA expression recovered in 16-week-old MUP-uPA mice
(Figures S3H and S3J). These results suggest that the IRE1-
«-XBP1 pathway does not play a major role in NASH develop-
ment in MUP-uPA mice.

Chemical Chaperons and GRP78 Atienuate Lipotoxicity
and Lipogenesis in MUP-uPA Mice

To examine whether ER sitress enhances lipotoxicity in MUP-
UPA hepatocytes, we incubated WT and MUP-uPA hepatocytes
with PA. After 24 hr, lipotoxic cell death was seen in both WT and
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MUP-uPA hepatocytes but was more extensive in the latter (Fig-
ure 4A). PA increased CHOP expression and SREBP1 matura-
tion in WT hepatocytes, but these effects were more pronounced
in MUP-uPA hepatocytes, which expressed both proteins prior
to PA addition (Figure 4B). To examine the contribution of ER
stress to these phenomena, we treated hepatocytes with the
chemical chaperons 4-phenylbutyrate (4-PBA) and tauro-urso-
deoxycholic acid (TUDCA), which reduce ER stress (Ozcan
et al., 2006). Both compounds attenuated PA-induced cell
death, but their prosurvival effect was more pronounced in
MUP-uPA hepatocytes (Figure 4A). CHOP induction and
SREBP1 maturation upon PA treatment were also reduced by
4-PBA (Figure 4B). Overexpression of the ER protein chaperon
GRP78 in MUP-uPA hepatocytes also inhibited SREBP1 matura-
tion and PA-induced cell death (Figures 4C and 4D), further sup-
porting the role of ER stress in both phenomena. PA treatment
activated JNK, but consistent with previous results that ER
stress has only a partial role in JNK activation by PA (Holzer
et al., 2011), the effect was restricted to WT hepatocytes and
4-PBA treatment only partially reduced JNK phosphorylation
(Figure 4B). Nonetheless, the JNK inhibitor D-JNKi protected
both cell types from PA-induced death (Figure 4E).

We examined the effect of TUDCA on NASH development.
We initiated daily intraperitoneal (i.p.) injections of TUDCA
(250 mg/kg) or phosphate-buffered saline (PBS; vehicle control)
to the HFD-fed MUP-uPA mice at 16 weeks of age. After 4 weeks,
hepatosteatosis and hepatocyte ballooning were attenuated
(Figure 4F) and serum ALT and hepatic TGs and cholesterol
were significantly reduced (Figures 4G-4l). Hepatocyte death
and reactive oxygen species (ROS) accumulation were also
suppressed (Figures S4A and S4B). TUDCA treatment also in-
hibited CHOP expression and SREBP1 maturation in livers of
the HFD-fed MUP-uPA mice (Figure S4C). We also found that
in vivo overexpression of GRP78 using an adenovirus vector
attenuated hepatic steatosis in the HFD-fed MUP-uPA mice (Fig-
ures S4D and S4E). However, due to enhanced adenovirus
toxicity in MUP-uPA mice, we could not assess the effect on
NASH and HCC development. Nonetheless, the results suggest
that increased lipotoxicity caused by a positively reinforced cy-
cle of ER stress, oxidative stress, and lipogenesis aggravates
fatty liver disease in HFD-fed MUP-uPA mice.

Given the pronounced expression of CHOP in MUP-uPA mice
and its postulated role in apoptosis (Malhi and Kaufman, 2011),
we crossed MUP-uPA mice to Chop“™ mice, in which CHOP
was deleted in hepatocytes. Despite efficient CHOP ablation,
there was no reduction in liver damage, JNK and elF2« phos-
phorylation, or GRP78 expression in young Chop?"®/MUP-
UPA mice (Figures S4F and S4G). Correspondingly, CHOP
ablation did not inhibit HCC development (Figure S4H). In fact,
CHOP ablation increased tumor multiplicity without affecting
tumor size, ER stress markers, or NASH severity (Figures S41-
S4K), results that stand in marked contrast to the protective
effect of whole-body Chop ablation in DEN-induced hepatocar-
cinogenesis (DeZwaan-McCabe et al, 2013). CHOP was
strongly expressed in some tumors and preneoplastic lesions
of HFD-fed MUP-uPA mice but not in Chop?"™P/MUP-uPA
mice, and the number of TUNEL-positive cells tended to be
reduced in the tumor tissues of Chop“"**/MUP-uPA mice (Fig-
ures S4L and S4M), suggesting that hepatocyte CHOP is not

positively involved in NASH progression and HCC development,
similar to what was observed in whole-body Chop™ mice on a
methionine-choline-deficient (MCD) diet (Soon et al., 2010).
Nonetheless, CHOP may play a tumor-suppressive role by
inducing apoptosis of initiated hepatocytes.

THNF from Liver Macrophages Promotes Lipogenesis and
NASH and HCC Development

Next, we examined the involvement of inflammatory cytokines in
hepatosteatosis and steatohepatitis. In 24-week-old mice, TNF
and IL-1B, but not [L-6, mRNAs were elevated in HFD-fed
MUP-uPA livers (Figure 5A). TNF production was confirmed by
ELISA (Figure 5B) and immunofluorescence (IF) analysis local-
ized it to F4/80-positive macrophages, whose number was
elevated in HFD-fed MUP-uPA mouse livers (Figure 5C). The in-
crease in macrophage infiltration and TNF expression was in-
hibited by TUDCA treatment (Figures S5A and S5B), suggesting
that it is stimulated, in part, by hepatocyte ER and oxidative
stress.

To investigate the role of TNF in NASH progression and HCC
development, we generated TNF receptor 1 (TNFR1)-deficient
MUP-uPA (Tnfr1~/"/MUP-uPA) mice. At 5 and 40 weeks of
age, there were no differences in liver injury and body weights
between the MUP-uPA and Tnfr1™/~/MUP-uPA mice (Figures
55C-S5F). We placed these mice on the HFD from 6 to 40 weeks
of age, and assessed the liver histology and tumorigenesis.
Body-weight gain at 40 weeks of age was similar between
MUP-uPA and Tnfr1~"~/MUP-uPA mice (Figure S5F), but tumor
development was substantially reduced upon TNFR1 ablation
(Figures 5D and 5E). Importantly, hepatocyte ballooning, ALT
release, liver TGs, and cholesterol, as well as SREBP1 and
JNK activation, were reduced in the Tnfr1~/~/MUP-uPA mice
(Figures 5F-5). Therefore, TNFR1 signaling perpetuates NASH
pathogenesis and HCC progression.

TNFR1 Signaling Directly Promotes Tumor Growtih

To determine whether TNFR1 signaling promotes HCC develop-
ment by acting in HCC progenitor cells (HcPCs), whose isolation
we recently described (He et al., 2013), we transplanted HcPCs
from DEN-treated WT or Tnfri™~ mice into MUP-uPA mice,
which were placed on the LFD or HFD (Figure 6A). The expression
of the HcPC marker CD44 was comparable between WT and
Tnfr1~'~ HcPCs (Figure S6A). After 5 months, nontransplanted
MUP-uPA mice did not have any tumors larger than 2 mm,
even after HFD feeding, whereas HcPC-transplanted mice devel-
oped multiple HCC nodules (Figure 6B). The HFD feeding did not
affect the number of tumors (which was determined by the num-
ber of transplanted HcPCs); however, it significantly increased
the tumor size in mice transplanted with WT HcPCs but not in
mice receiving Tnfr1™'~ HcPCs (Figures 6B and 6C). Thus,
although TNFR1 signaling is dispensable for HcPC induction by
DEN, it strongly stimulates tumor growth in a cell-autonomous
manner. Control experiments confirmed that TNFR1 was deleted
in HCC cells but not in nontumor liver tissues (Figure S6B). In
addition, there were no differences in NASH-like pathology and
TNF expression in the background liver harboring either WT or
Tnfr1™~ HcPCs (Figures S6C-S6G). To further investigate the
role of TNF signaling in these effects, we treated WT HcPC-trans-
planted MUP-uPA mice with the TNF antagonist etanercept
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under HFD feeding. Etanercept treatment significantly sup-
pressed HCC growth (Figure S6H). We also transplanted WT
HcPCs into Tnfr!™/~/MUP-uPA hosts and found that the HFD
still led to increased tumor size, albeit to a lesser extent than
the 2-fold effect seen in MUP-uPA hosts (Figure S6l).

We assessed cell proliferation and apoptosis in HcPC-derived
tumors. No significant effects on apoptosis were observed, but
the HFD enhanced cell proliferation in tumors formed by WT
HcPCs, and this effect was diminished upon TNFR1 ablation
{Figure 6D). Cyclin D1 expression and phosphorylation of ERK,
STAT3, JNK, and ribosomal protein S6 (S6) were enhanced by
HFD feeding in WT HcPC-derived tumors (Figure 8E; Figure S6J).
Apart from S6 phosphorylation, these responses were abolished
upon TNFR1 ablation. TNFR1 in HcPCs was also required for
nuclear factor k B (NF-xB) activation in tumors that developed
in HFD-fed MUP-uPA mice (Figure 6F) and IKKpB ablation in
HcPC prevented, HFD-enhanced tumor growth (Figure 6G).
Thus the TNF-TNFR1-IKKB-NF-xB pathway is an important
mediator of HCC growth in HFD-fed mice.

TNFR1 Signaling Promotes Tumor-Associated
Inflammation

Some of the signaling effectors that are activated in HFD-fed
mice are not directly regulated by TNFR1. We postulated that au-
tocrine or paracrine signaling may mediate some of the observed
responses and analyzed tumors generated by WT and Tnfr1 -
HcPCs more closely. In HFD-fed mice, both WT and Tnfr1 ™/~
HCCs were composed of steatotic cells, but immune infiltration
was less extensive in Tnfr1 ™~ HCCs (Figure 7A). Real-time PCR
and IHC analysis indicated that macrophage and B cell markers
were significantly increased by the HFD in WT but not in Tnfr1 =/~
HCCs (Figures 7B and 7C). In addition, mRNAs for numerous in-
flammatory cytokines, chemokines, and growth factors were up-
regulated by the HFD in WT but not in Tnfr1 ™/~ HCCs (Figure S7).
IF analysis confirmed that expression of chemokine (C-C motif)
ligand 7 (CCL7), which attracts macrophages and monocytes,
was increased by the HFD in WT but not in Tnfr1 =/~ HCCs (Fig-
ure 7D). Thus, TNFR1 signaling in HCC cells promotes tumor-
associated inflammation, which can account for ERK and
STAT3 activation in malignant cells.

DISCUSSION

ER stress and the unfolded protein response (UPR) are upregu-
lated in many cancers and may be associated with drug resis-

tance and adaptation to the transformed state (Wang et al.,
2010). Elevated ER stress was also detected in precancerous
conditions that precede HCC development, including HBV and
HCV infections (Malhi and Kaufman, 2011) and NASH (Farrell
etal, 2012; Tilg and Moschen, 2010). However, until recently, re-
searchers have not examined whether the ER stress response,
which contributes to insulin resistance and hepatic steatosis
(Hotamisligil, 2010), stimulates HCC development. Our results
indicate that transient ER stress does not trigger hepatocarcino-
genesis in MUP-uPA mice that are kept on a LFD but that it elicits
a more sustained stress response that also includes extensive
oxidative stress when combined with hypernutrition. This
response leads to spontaneous NASH development and pro-
gression to HCC, whose features closely resemble steatohepa-
titic HCC in NASH patients. Our studies suggest several potential
mechanisms related to ER stress and HFD feeding that coop-
erate to induce HCC development. First, by stimulating hepatos-
teatosis (lipid droplet accumulation), HFD sustains a modest
degree of ER stress in MUP-uPA mice, which otherwise would
be switched off upon extinction of uPA expression. Second,
ER stress promotes SREBP1 activation, enhancing lipogenesis
and increasing the degree of hepatic steatosis beyond what is
achieved by HFD alone. Third, ER stress and steatosis increase
ROS production in hepatocytes to cause oxidative stress and its
sequelae, which include genomic instability, oncogenic muta-
tions, and/or gene-copy-number changes. Fourth, ER and
oxidative stress increase the sensitivity of hepatocytes to lipo-
toxic death, thereby releasing inflammatory mediators that
attract and activate monocytes/macrophages. Fifth, TNF and
other mediators produced by activated inflammatory macro-
phages stimulate compensatory hepatocyte proliferation and
expand HCC progenitors. TNF further reinforces the inflamma-
tory microenvironment and induces expression of chemokines
(CCL2, CCL7, and chemokine [C-X-C motif] ligand 13
[CXCL13]) and growth factors/cytokines (IL-1B, IL-6, TNF itself,
lymphotoxin, and hepatocyte growth factor [HGF]) both by
HcPCs and surrounding cells. The concerted action of these fac-
tors contributes to the development of NASH-like pathology, and
NASH contributes to HCC progression. Mutually reinforcing ER
stress and hepatosteatosis (Malhi and Kaufman, 2011) are
needed to set this pathogenic cascade in motion.

The requirement for two hits (hepatosteatosis and ER stress)
for the induction of HCC development in MUP-uPA mice resem-
bles that which has been proposed to drive NASH development,
a pre-HCC condition, in humans (Day and Jarmes, 1998; Tilg and

Figure 3. ER Stress Enhances Lipogenesis and Promotes Steatohepatitis
(A and B) Immunoblot (IB) analysis of ER stress markers in livers of 5-week-old WT and MUP-uPA mice (A) and 16-week-old WT and MUP-uPA mice kept on the

LFD or HFD (B).

(C) IHC analysis of CHOP in livers of 5-week-old mice on the LFD and 16-week-old mice kept on the LFD or HFD (scale bar, 100 pm).

(D) Oil Red O staining of mouse livers described in (C) (scale bar, 100 um).
(E) TG and cholesterol content of mouse livers described in (C).

(F) IB analysis of unprocessed precursor SREBP1 (P-SREBP1) in whole liver extract and mature SREBP1 (M-SREBP1) in liver nuclei of mice described in (A)

(upper panels) and (B) (lower panels).
(G) Real-time PCR analysis of liver FAS mRNA.

(H) Hepatic FA composition in 16-week-old mice kept on the LFD or HFD, analyzed using gas chromatography. *p < 0.05, compared with LFD-fed WT mice.

#p < 0.05, compared with HFD-fed WT mice.

(I and J) ROS accumulation in 16-week-old mice that were kept on the LFD or HFD. Images of DHE staining (scale bar, 100 pm) (I} and GSH:GSSG ratio (J) are

shown. All bar graphs represent means = SD (n = 3 per group). *p < 0.05.
See also Figure S3.
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Figure 4. Chemical Chaperons Attenuate Lipotoxicity and Liver Damage in MUP-uPA Mice

(A) Primary hepatocytes from WT and MUP-uPA mice were incubated with 300 uM PA for 24 hr with or without 500 uM TUDCA or 1 mM 4-PBA. Cell viability was
assessed using Cell Counting Kit-8 assay. Data are means + SD of triplicate wells. *p < 0.05.

(B) Primary hepatocytes from WT and MUP-uPA mice were incubated with 200 uM PA with or without 4-PBA as in (A). CHOP expression, SREBP1 maturation,
and JNK phosphorylation were assessed using IB.

(C and D) Effect of GRP78 overexpression. MUP-uPA hepatocytes were infected with adenoviruses encoding LacZ or GRP78 and then incubated with PA.
SREBP1 maturation (C) and cell viability (D) were assessed as in (B).

(E) Hepatocytes from WT and MUP-uPA mice were incubated with 300 uM PA for 24 hr with or without 10 pM D-JNKI, and cell viability was assessed. Data are
means = SD of triplicate wells. *p < 0.05.

(F-) Effect of TUDCA on NASH in HFD-fed MUP-uPA mice. The 16-week-old HFD-fed MUP-uPA mice were i.p. injected with TUDCA (250 mg/kg) or the vehicle,
and after 4 weeks of daily treatment, liver histology (scale bar, 100 umy) (F), serum ALT (G), liver TGs (H), and liver cholesterol (I) were evaluated. Bar graphs are

means = SD (n = 5 per group). *p < 0.05.
See also Figure S4.

Moschen, 2010). Although simple steatosis (not NASH) is an
extremely common disorder affecting nearly 30% of the US pop-
ulation, only 10%-20% of these patients develop NASH. In the
absence of known genetic factors, it was proposed that NASH
development depends on multiple secondary hits, which may
include microbiota-related factors, food additives, dysbiosis,
IL-6 and TNF from adipose tissue, mitochondrial dysfunction,
and oxidative or ER stress (Farrell et al., 2012; Tilg and Moschen,
2010). Although these are considered secondary hits, they may
act as pre-existing risk factors prior to hepatosteatosis caused
by a HFD. Nonetheless, in humans, unlike MUP-uPA mice, it
has been extremely difficult to detect the presence of such risk
factors because they do not lead to overt liver damage (elevated

338 Cancer Cell 26, 331-343, September 8, 2014 ©2014 Elsevier |

ALT) prior to development of a steatotic liver due to hypernutri-
tion. Given its presence in other pre-HCC conditions (Malhi
and Kaufman, 2011), we focused our study on the role of ER
stress. Remarkably, feeding a HFD to MUP-uPA mice resulted
in steatohepatitis that closely resembled human NASH, and
two of the main pathological features, ballooning degeneration
and hepatocyte death, were also rapidly induced by the admin-
istration of tunicamycin to HFD-fed mice. By itself, short-term
administration of tunicamycin did not damage the liver, but due
to toxicity that may be associated with long-term use, we did
not examine whether tunicamycin induces NASH and HCC in
HFD-fed WT mice. Notably, NASH-like disease in MUP-uPA
mice is associated with the same metabolic alterations linked

nc.
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Figure 5. TNFR1 Signaling Promotes Tumor Growth

(A) Relative inflammatory cytokine mRNA in livers of 24-week-old mice kept on the LFD or HFD determined by real-time gPCR. Data are means + SD (LFD-fed WT,
n = 3; others, n = 5 per group). *p < 0.05.

(B) TNF protein in livers from (A) was measured using ELISA. Data are means = SD. *p < 0.05.

(C) Double IF analysis of F4/80 (green) and TNF (red) of liver sections from (A) (scale bar, 100 um). Nuclei were labeled with DAPI (blue).

(D-G) Effect of TNFR1 ablation on NASH and tumorigenesis in HFD-fed MUP-uPA mice. MUP-uPA and Tnfr1™/~/IMUP-uPA mice were fed the HFD from 6 to
40 weeks of age. Representative images of livers (D), tumor numbers and maximal sizes (E), H&E staining of nontumor areas (scale bar, 100 um) (F), and serum
ALT (G) are shown. Bar graphs represent means = SEM (MUP-uPA, n = 14; Tnfr1 ™'~ /MUP-uPA, n = 11). "p < 0.05.

(H) TG and cholesterol content in nontumor tissue of HFD-fed MUP-uPA and Tnfr1 ~/~/MUP-uPA mouse livers. Bar graphs represent means = SD (n = 7 per

group). *p < 0.05.

() 1B analyses showing effects of TNFR1 ablation on SREBP1 maturation and JNK phosphorylation in nontumor tissue of HFD-fed MUP-uPA mice.

See also Figure S&.

to NASH in humans and is not accompanied by weight loss, as
seen in other NASH models that are based on feeding mice toxic
diets that induce liver damage (Farrell et al., 2012). Furthermore,
the HFD-fed MUP-uPA mouse is currently the only model for
studying obesity-induced HCC development that does not rely
on the administration of liver toxins or carcinogens. The major
NASH-promoting effects of ER stress in this system are
increased lipogenesis, oxidative stress, and susceptibility to lip-
otoxic cell death. ER stress contributes to SREBP activation,
thereby stimulating lipogenesis (Kammoun et al.,, 2009). ER
and oxidative stress also upregulate several cell-death media-
tors, including TRB3 and DRS5, but the exact mechanisms
through which ER stress promotes cell death remain controver-
sial (Xu et al., 2005) and our results indicate that in normal
hepatocytes it is CHOP independent. Although ER stress causes

insulin resistance (Hotamisligil, 2010; Ozcan et al., 2006) and in-
sulin resistance was proposed to contribute to HCC develop-
ment, our results suggest that insulin resistance has no obvious
role in HCC development because it is not higher in MUP-uPA
mice than in HFD-fed WT mice.

A consequence of ER stress and lipotoxic hepatocyte death
that contributes to HCC development is induction of TNF-depen-
dent steatohepatitis. In addition to amplifying liver inflammation
and shaping the inflammatory microenvironment near HcPC
clusters, TNF contributes to hepatosteatosis and liver damage.
Although TNFR1 engagement can trigger apoptosis, it is not
responsible for ER-stress-induced death in lean MUP-uPA
mice, and its contribution to liver damage in HFD-fed mice is
proportional to its effect on lipogenesis and may be indirect.
TNF, however, directly stimulates HCC growth through NF-xB

Cancer Cell 26, 331-343, September 8, 2014 ©2014 Elsevier Inc. 339
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Figure 6. TNFR1 Signaling Promotes Tumor Growth

(A) HcPG isolation from DEN-treated WT and Tnfr1 ~/~ mice and transplantation into MUP-uPA mice. HcPC-transplanted MUP-uPA mice were divided into two
groups that were fed with either the LFD or HFD, and 5 months later tumorigenesis was assessed.

(B) Representative images of nontransplanted and HcPC-transplanted MUP-uPA mouse livers.

(C) Tumor numbers and maximal sizes. Results are means + SEM (n = 10-11 per group). *p < 0.05.

(D) Ki67 IHC and TUNEL staining of tumor areas in livers in (C) (scale bar, 100 um). Bars represent numbers of apoptotic and necrotic cells and Ki67-positive cells

per field. Results are means + SD (n = 6 per group). *p < 0.05.
(E) Tumor tissues from WT or Tnfr1~'~ HcPC-transplanted MUP-uPA mice kept on the LFD or HFD were IB analyzed for phosphorylation of ERK, STATS, UNK, and
$6, and expression of cyclin D1. Data were quantified using Image J software and are presented as means = SD (n = 5-6 per group). *p < 0.05.

(legend continued on next page)
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Figure 7. TNFR1 Signaling in Cancer Cells Promotes Tumor-Elicited Inflammation

(A) H&E analysis of tumors from WT or Tnfr1 ™/~ HcPCs in MUP-uPA mice that were kept on the LFD or HFD (scale bar, 100 um).
(B) Real-time PCR determination of immune cell marker mRNAs in tumor tissues. Data are means + SD (n = 5 per group). *p < 0.05.
(C) IHC analysis of F4/80- and B220-positive cells in tumor tissues in (A) (scale bar, 100 um).

(D) IF analysis of CCL7 expression in tumor tissues (scale bar, 25 um).
See also Figure S7.

activation, but additional downstream TNFR1 effectors, such as
JNK (Sakurai et al., 2008), may also contribute to HCC growth as
well as hepatocyte death. TNF expression is also elevated in hu-
man NASH and anti-TNF therapy may reduce NASH activity
(Schramm et al., 2008).

Although HFD feeding to MUP-uPA mice results in the upregu-
fation of multiple cytokines and growth factors including several
that stimulate HCC development, namely HGF and lymphotoxin
(Haybaeck et al., 2009), anti-TNF therapy inhibited the obesity-
enhanced progression of HcPCs to HCC and TNFR1 ablation
almost completely blocked HCC development. We therefore
suggest that anti-TNF drugs, perhaps in combination with
improved intrahepatic delivery of chemical chaperons, such as
TUDCA, should be evaluated for the inhibition of NASH-to-
HCC progression and the treatment of steatohepatitic HCC
along with more conventional chemotherapy.

EXPERIMENTAL PROCEDURES

Animals
MUP-uPA mice were kindly provided by E.P. Sandgren, University of Wiscon-
sin-Madison (Weglarz et al., 2000). Liver-specific Ikk64™" mice were described

(Maeda et al., 2005). Chop™P mice were generated by crossing Alb-Cre mice
with Chop™ mice, which were developed by R.J.K together with Ira Tabas with
the support of NIH grants DKD88227, DKD42394, and HLD52173. Tnfr1 ™/~
mice were purchased from Jackson Laboratory (Bar Harbor). All animal studies
were performed in accordance with NIH guidelines for the use and care of live
animals and approved by University of California, San Diego (UCSD) Institu-
tional Animal Care and Use Committee, S00218. All mouse lines were either
on a pure C57BL/6 genetic background or crossed into it for at least ten gener-
ations. Studies were conducted on male mice maintained in filter-topped cages
on autoclaved water and a regular chow diet (LFD, composed of 12% fat, 23%
protein, and 65% carbohydrates based on caloric content) or a HFD (composed
of 59% fat, 156% protein, and 26% carbohydrates based on caloric content;
BioServ) according to UCSD and NIH guidelines.

HcPC Isolation and Transplaniation
DEN (Sigma) was i.p. injected into male mice (25 mg/kg) on postnatal day 14.
After 5 months, HcPCs were isolated as described and transplanted into
4-week-old MUP-uPA (He et al., 2013).

Primary Hepatocytes Culiures

Primary hepatocytes were isolated (He et al., 2013) and cultured in William’s E
medium with 10% fetal bovine serum (FBS) on collagen-coated plates. PA
(Sigma) was dissolved in ethanol at 50°C and then diluted in BSA-containing
RPMI-1640 medium that was applied to primary hepatocytes at a final concen-
tration of 200 1M (to analyze signal transduction) or 300 uM (to analyze cell death).

(F) Activation of NF-kB analyzed by p65/RelA IHC in tumor tissues from MUP-uPA transplanted with WT or Tnfr1~/~ HcPCs and kept on the LFD or HFD (scale bar,
25 um). Bars show numbers of nuclear p65 positive cancer cells per 200x field. Data are means = SD {n = 6 per group). *p < 0.05.

(G) Effect of IKKp ablation on HFD-stimulated HcPC progression. HcPCs isolated from DEN-injected liver-specific IkkB2eP were transplanted into MUP-uPA mice
as in (A), and the HcPC-transplanted mice were kept on the LFD or HFD. After 5 months, tumor multiplicity and maximal sizes were determined. Data are means +

SEM (n = 10 per group).
See also Figure S6.
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Hepatic Lipid Profile

Hepatic lipids were extracted using chloroform/methanol (2:1 v/v), and TG and
total cholesterol contents were measured using Triglyceride Reagent Set
(Pointe Scientific) and Cholesterol E (Wako), respectively. FA composition
was analyzed using gas chromatography at SRL, Tokyo.

Biochemical Analyses and Reagents

Immunoblotting and real-time quantitative PCR (qPCR) were described
(Maeda et al., 2005). Antibodies used were against phosphorylated ERK,
ERK1/2, phosphorylated STAT3, STAT3, p-JNK, JNK1/2, phosphorylated
$6, S6, p65, cyclinD1, and YAP (all from Cell Signaling); K19, GRP78, SREBP1,
CHOP, CCL7, p62, and TNFR1 (all from Santa Cruz Biotechnology); p-elF2«
(Upstate); tubulin (Sigma); F4/80 (Molecular Probes); Ki67 (Gene Tex); AFP
(Biocare Medical); TNF (R&D Systems); EpCAM (Abcam); and B220 (BD
PharMingen). TUDCA and 4-PBA were from Calbiochem and Sigma, respec-
tively. The GSH:GSSG ratio was analyzed using the GSSG/GSH Quantification
Kit (Dojindo).

Histology

Livers were fixed in 10% neutral-buffered formalin or 4% paraformaldehyde,
embedded in paraffin, sectioned, stained with hematoxylin and eosin (H&E)
and Sirius Red, and processed for IHC. For frozen-block preparation, tissue
was embedded in Tissue-Tek OCT compound (Sakura Finetek). IHC and IF an-
alyses were described (He et al., 2013). Stained areas were quantitated using
Image J software. Slides were incubated with primary antibodies, followed by
secondary antibodies labeled with Alexa488 or Alexa594 (Molecular Probes).
TUNEL staining was performed using an Apoalert DNA Fragmentation Assay
kit (Clontech). Accumulation of superoxide anions was examined by DHE
staining (Sakurai et al., 2008). Tissue sample preparation and EM analysis
were described (Lee et al., 2012).

Infection of Recombinant Adenovirus

Primary hepatocytes were infected with recombinant adenovirus encoding
B-galactosidase (LacZ) and GRP78 at a titer of 50 plaque-forming units/cell
4 hr after isolation.

Statistical Analyses

Statistical analyses were performed using student’s t test or one-way ANOVA
followed by the Tukey-Kramer test for multiple comparisons. The number of
tumors larger than 2 mm was counted for comparative analyses of tumor
development. A p value < 0.05 indicated statistical significance.
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