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Our earlier study has demonstrated that hepatitis C virus (HCV)-associated cholesterol plays a
key role in virus infectivity. In this study, the structural requirement of sterols for infectivity, buoyant
density and apolipoprotein association of HCV was investigated further. We removed cholesterol
from virions with methyl -cyclodextrin, followed by replenishment with 10 exogenous cholesterol
analogues. Among the sterols tested, dihydrocholesterol and coprostanol maintained the buoyant
density of HCV and its infectivity, and 7-dehydrocholesterol restored the physical appearance

of HCV, but suppressed its infectivity. Other sterol variants with a 3f-hydroxyl group or with
an aliphatic side chain did not restore density or infectivity. We also provide evidence that
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virion-associated cholesterol contributes to the interaction between HCV particles and apolipoprotein
E. The molecular basis for the effects of different sterols on HCV infectivity is discussed.

Hepatitis C virus (HCV) is a major cause of liver diseases,
and is an enveloped, plus-strand RNA virus of the genus
Hepacivirus of the family Flaviviridae. The mature HCV
virion is considered to consist of a nucleocapsid, an outer
envelope composed of the viral E1 and E2 proteins and a
lipid membrane. Production and infection of several
enveloped viruses, such as human immunodeficiency virus
type 1 (HIV-1), hepatitis B virus and varicella-zoster virus
(Bremer et al., 2009; Campbell et al, 2001; Graham et al.,
2003; Hambleton et al., 2007), are dependent on choles-
terol associated with virions. However, except for HIV-1
(Campbell et al., 2002, 2004), there is limited information
about the effects of replacing cholesterol with sterol
analogues on the virus life cycle. We demonstrated the
higher cholesterol content of HCV particles compared with
host-cell membranes, and that HCV-associated cholesterol
plays a key role in virion maturation and infectivity (Aizaki
et al., 2008). Recently, by using mass spectrometry, Merz
et al. (2011) identified cholesteryl esters, cholesterol,

A supplementary table and figure are available with the online version of
this paper.

phosphatidylcholine and sphingomyelin as major lipids
of purified HCV particles.

To investigate further the effect of the structural require-
ment for cholesterol on the infectivity, buoyant density and
apolipoprotein association of HCV, depletion of virion-
associated cholesterol and substitution of endogenous
cholesterol with structural analogues (Fig. la) was used
in this study. HCVcc (HCV grown in cell culture) of the
JFH-1 isolate (Wakita et al., 2005), prepared as described
previously (Aizaki et al, 2008), was treated with 1 mM
methyl B-cyclodextrin (B-CD), which extracts cholesterol
from biological membranes, for 1h at 37 °C. The
cholesterol-depleted virus was then incubated with exo-
genous cholesterol or cholesterol analogues at various
concentrations for 1 h. After removal of B-CD and free
sterols by centrifugation at 38 000 r.p.m. (178000 g) for
2.5h, the treated particles were used to infect Huh7 cells,
kindly provided by Dr Francis V. Chisari (The Scripps
Research Institute, La Jolla, CA, USA), and their infectivity
was determined by quantifying the viral core protein in
cells using an enzyme immunoassay (Ortho-Clinical
Diagnostics) at 3 days post-infection (p.i.). Virus infectiv-
ity, which fell to <20% after B-CD treatment, was
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recovered by addition of cholesterol at 0.01-1 mM in a
dose-dependent manner (Fig. 1b). Among the cholesterol
analogues tested, variants with a 3f-hydroxyl group (4-
cholestenone, cholesteryl acetate, cholesteryl methyl ether
and 5a-cholestane) or variants with an aliphatic side chain
[25-hydroxycholesterol (25-HC), sitosterol and ergosterol]
exhibited no or little effect on the recovery of infectivity of
B-CD-treated HCV (Fig. 1b, lanes i-vii). In contrast,
addition of variants in the structure of the sterol rings
[coprostanol or dihydrocholesterol (DHC)] at 1 mM
restored infectivity to around 50 % compared with non-
treated virus control (Fig. 1b, lanes viii and ix). Other
variants in the ring structure [7-dehydrocholesterol (7-
DHC) and ergosterol, which is also a variant with an
aliphatic side chain as indicated above] did not show any
increase in the infectivity of B-CD-treated virus (Fig. 1b,
lanes x and vii).

We demonstrated previously that HCV-associated choles-
terol plays an important role in the internalization step of
the virus, but not in cell attachment during virus entry
(Aizaki et al, 2008). The effect of virion-associated
cholesterol analogues on virus attachment to cells and

following internalization was determined. HCVcc, treated
with B-CD with or without subsequent replenishment with
sterols, was incubated with Huh7-25-CD81 cells, which
stably express CD81 (Akazawa et al., 2007), for 1 h at 4 °C.
As an internalization assay, the incubation temperature was
shifted to 37 °C post-binding procedure and maintained
for 2 h. The cells were then treated with 0.25 % trypsin for
10 min at 37 °C, by which >90% of HCV bound to the
cell surface was removed (data not shown; Aizaki et al,
2008). Internalized HCV was quantified by measuring the
viral RNA in cell lysates by real-time RT-PCR (Takeuchi
et al, 1999). B-CD treatment or supplementation with
sterols of B-CD-treated HCV had little or no effect on virus
attachment to the cell surface (data not shown). Regarding
virus internalization (Fig. 1c), treatment of HCVcc with
1 mM B-CD resulted in approximately 70 % reduction of
viral RNA. The reduced level of the internalized HCV
recovered markedly to approximately 80% of the
untreated HCVcc level by replenishment with 1 mM
cholesterol. In agreement with the results shown in Fig.
1(b), addition of coprostanol or DHC to the B-CD-treated
virus caused a significant recovery of virus internalization,
suggesting that coprostanol and DHC associated with the

http://virsgmjournals,org

2083

- 574 -



M. Yamamoto and others

virion have the ability to play a role in HCV internalization
into cells, in a manner comparable to cholesterol (Fig. 1c,
lanes viii and ix). No or only a little recovery of virus
internalization was observed by loading with other choles-
terol analogues, such as 4-cholestenone, 5a-cholestane, 25-
HC or 7-DHC (Fig. lc, lanes i, iv, v and x).

To monitor the effect of cholesterol analogues on the
physical characteristics of HCV, we next investigated
buoyant-density profiles by using sucrose density-gradient
centrifugation, in which untreated, B-CD-treated and
sterol-replenished HCVcc were concentrated and layered
onto continuous 10-60 % (w/v) sucrose density gradients,
followed by centrifugation at 35000 r.p.m. (151000 g) for
14 h. Fractions were collected and analysed for the core
protein. Fig. 2 shows that the virus density became higher
after treatment with B-CD and that cholesterol-replenished
virus shifted the density of B-CD-treated HCV to the non-
treated level. Consistent with the result shown in Fig. 1(b),
no effect on restoration of the buoyant densities of HCV
was observed using variants with modifications in either
the 3f-hydroxyl group (4-cholestenone, cholesteryl acetate
and 5a-cholestane) or the aliphatic side chain (25-HC and
sitosterol). In contrast, variants in the sterol ring structure
(coprostanol, DHC and 7-DHC) had an ability to recover
the density of B-CD-treated virus to that of non-treated
virus.

Incorporation efficiency of the sterols into the cholesterol-
depleted HCVcc was further determined by gas chromato-
graphy with flame ionization detection (see Supplementary
Table S1, available in JGV Online). Under the experimental

conditions used, exogenously supplied cholesterol after
B-CD treatment was able to restore cholesterol content in
HCVcc almost to initial levels. When 4-cholestenone,
cholesteryl acetate, 25-HC, DHC or 7-DHC was added to
B-CD-treated HCVcc, virion-associated sterol levels were
146, 157, 68, 96 or 73 %, respectively, of that of the non-
treated control. The proportion of cholesterol analogues to
the total sterols incorporated was >=30% when 4-
cholestenone, cholesteryl acetate, DHC or 7-DHC was
used; however, the proportion in the case of 25-HC was
only 3%. It may be that the hydrophilic modification of
the aliphatic side chain leads to poor association with
HCVecc.

Collectively, exogenous variants with the 3p-hydroxyl
group, such as 4-cholestenone and cholesteryl acetate,
can be incorporated into B-CD-treated HCVcc, but
resulted in no recovery of virus infectivity, indicating the
importance of the 3f-hydroxyl group of cholesterol
associated with the virus envelope in HCV infectivity. In
contrast, two variants with modification in their sterol ring
structures, coprostanol and DHC, have the ability to
substitute for cholesterol. However, 7-DHC, another
variant within the sterol ring, is incorporated readily into
the depleted virion and restores the virus density, HCV
replenished with 7-DHC is not infectious. These facts
suggest that reduced forms of the sterol ring (coprostanol
and DHC) in virion-associated cholesterol can be permit-
ted for maintaining virus infectivity. However, a molecule
with an additional double bond in the ring structure (7-
DHC) seems to fail to exhibit infectivity, presumably
because the change reduces structural flexibility in the
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Fig. 2. Sucrose density-gradient profiles of lipid-modified HCV. Core protein concentration in each fraction of untreated HCVcc
(m), B-CD-treated HCVcc (O) or HCVce replenished with sterols (A) was determined. Corresponding densities of fractions
are shown as a dashed line (@).
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sterol molecule and consequently in the virion structure.
Coprostanol and DHC are cis and frans isomers, which are
often known to have different physical properties. How-
ever, based on their molecular models, these two sterols, as
well as cholesterol, possibly have similar spatial arrange-
ments of the aliphatic side chain, the hydroxyl group and
four-ring region because of their structural flexibility. In
contrast, the spatial arrangement of 7-DHC does not seem
comparable to that of cholesterol. Campbell et al. (2004)
reported that replacement of HIV-1-associated cholesterol
with raft-inhibiting sterols, including coprostanol, sup-
presses HIV-1 infectivity, whereas replacement with raft-
promoting analogues such as DHC and 7-DHC (Megha
et al., 2006; Wang et al., 2004; Xu & London, 2000; Xu
et al, 2001) maintains infectivity, demonstrating the
importance of the raft-promoting properties of virion-
associated cholesterol in HIV-1 infectivity (Campbell et al.,
2004). It is therefore likely that HCV-associated cholesterol
is involved, at least in part, in virus infectivity via a
molecular basis independent of lipid-raft formation.

The density of blood-circulating HCV is heterogeneous,
ranging approximately from <1.06 to 1.25 g ml™", and it is
proposed that low-density virus is associated with very-
low-density lipoprotein (VLDL) and/or low-density lipo-
protein (LDL) (André et al., 2002; Thomssen et al., 1993).
It has recently been demonstrated that the pathway for
VLDL assembly plays a role in assembly and maturation of
infectious HCVcc (Icard et al, 2009). HCVcc with low
density, which is presumably associated with VLDL or
VLDL-like lipoproteins, was found to possess higher
infectivity than that with high density (Lindenbach et al,
2006). This study, as well as our earlier work, indicated that
removal of cholesterol from HCVcc by B-CD increased the
buoyant density of the virus and reduced its infectivity.
Thus, one may hypothesize that the virion-associated
cholesterol plays a role in the formation of a complex
with lipoproteins or apolipoproteins. To address this,
the interaction between apolipoproteins and HCVcc with
or without B-CD treatment was investigated by co-
immunoprecipitation (Co-IP kit; Thermo Scientific).
Virus samples were subjected separately to AminoLink
Plus coupling resin, which was conjugated with a mono-
clonal antibody (mAb) against apolipoprotein E (ApoE) or
apolipoprotein B (ApoB), and incubated at 4 °C for 4 h.
After washing, total RNAs were extracted from the result-
ing resin beads by using TRIzol reagent (Invitrogen),
followed by quantification of HCV RNA as described above
(Takeuchi et al., 1999). As indicated in Fig. 3(a), only a
fraction of HCVcc was precipitated with an anti-ApoB
mAb. In contrast, an anti-ApoE mAb was able to
coprecipitate a considerable amount of the virus. It is of
interest that B-CD-treated HCVcc hardly reacted with the
mAb; however, the cholesterol-replenished virus was found
to recover its reactivity, suggesting a role for virion-
associated cholesterol in the formation of the HCV-
lipoprotein/apolipoprotein complex. The results obtained
are consistent with findings indicating that HCVcc can be

captured with anti-ApoE antibodies, but capture with anti-
ApoB antibodies is inefficient (Chang et al., 2007; Hishiki
et al., 2010; Huang et al, 2007; Jiang & Luo, 2009; Merz
et al., 2011; Nielsen et al., 2006; Owen et al., 2009), as well
as with a recent model of structures of infectious HCV, in
which HCVcc looks like ApoE-positive and primarily
ApoB-negative lipoproteins (Bartenschlager et al, 2011).
We further tested the ApoE distribution in the density-
gradient fractions of HCVcc samples (see Supplementary
Fig. S1, available in JGV Online). With or without
cholesterol depletion, ApoE was detected at a wide range
of concentrations: 1.04 g ml™" (fraction 1) to 1.17 g ml™!
(fraction 9). However, its level in the fractions at
1.10 g ml™" (fraction 5) to approximately 1.17 g ml™*
was moderately decreased in the case of B-CD-treated
virus.
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Fig. 3. Effect of virion-associated sterols on HCV-apolipoprotein
interaction. (a) HCVcc samples with no treatment (NT), B-CD-
treated (B-CD) or replenished with cholesterol (chol) were
incubated with an amine-reactive resin coupling either an anti-
ApoB mAb (ApoB) or an anti-ApoE mAb (ApoE). Control resin that
is composed of the same material as above, but is not activated,
was used as a negative control [Ab (=) control]. (b) B-CD-treated
HCVcc was incubated with cholesterol (chol), DHC, 7-DHC or 4-
cholestenone, followed by immunoprecipitation with the resin
coupling with anti-ApoE mAb. (a, b) HCV RNAs in the
immunoprecipitates were quantified and are indicated as percen-
tages of the amount of input HCVcc RNA. Means+sD of three

samples are shown. Data are representative of three experiments.
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Whether cholesterol analogues could have a comparable
role in HCV association with lipoprotein was examined
further (Fig. 3b). Addition of DHC or 7-DHC, but not 4-
cholestenone, to B-CD-treated HCVcc resulted in the
recovery of coprecipitation of the virus with anti-ApoE.
The results are correlated with the effect of sterols on the
restoration of the buoyant densities of lipid-modified
HCVcc (Fig. 2), suggesting that virion-associated choles-
terol variants with modification in the sterol rings, but not
in either the 38-hydroxyl group or the aliphatic side chain,
may tolerate the interaction between HCV and ApoE-
positive lipoprotein.

Given that 7-DHC restored the association of HCV with
ApoE and virion buoyant density, but did not restore
infectivity, cholesterol and/or its analogues might affect
the ability of virion membranes to fuse with the cell,
independent of ApoE association. As cholesterol is an
important mediator of membrane fluidity, one may
hypothesize that HCV-associated cholesterol is involved
in infectivity through modulation of the membrane
fluidity. It has been reported that, in patients with
Smith-Lemli-Opitz syndrome, a disorder of the choles-
terol-synthesis pathway, cholesterol content decreases and
7-DHC increases in the cell membranes, leading to
alteration of phospholipid packing in the membrane and
abnormal membrane fluidity (Tulenko et al., 2006).

It is now accepted that maturation and release of infectious
HCV coincide with the pathway for producing VLDLs,
which export cholesterol and triglyceride from hepatocytes.
This study revealed roles for the structural basis of virion-
associated cholesterol in the infectivity, buoyant density
and apolipoprotein association of HCV. Although it was
shown that HCV virions in infected patients, so-called
lipo—viro particles, exhibited certain biochemical prop-
erties such as containing ApoB, ApoC and ApoE (Diaz
et al., 2006; Bartenschlager et al., 2011), our studies provide
useful information and the basis for future investigations
toward a deeper understanding of the biogenesis pathway
of infectious HCV particles.
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Inhibition of autophagy potentiates the antitumor effect of the
multikinase inhibitor sorafenib in hepatocellular carcinoma
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Multikinase inhibitor sorafenib inhibits prollferation and angiogenesis: of tumors 'bysuppressing‘ the Raf/MEK/ERK signaling ‘
pathway and VEGF receptor tyrosme kinase. It srgmf‘ icantly prolongs median survival of patlents with advanced hepatocellular

y carcinoma (HCC) but the response is drsease-stabrlrzrng and cytostatlc rather than one of tumor regressron .To examlne the
mechanrsms underlyrng the relative resistance in HCC we mvestrgated the role of autophagy, an evolutronanly conserved self-
digestion pathway, in hepatoma cells in vrtro and in vivo. Sorafemb treatment led to accumulatron of autophagosomes as
ewdenced by converswn from LC3 1 to LC3- 1l observed by rmmunoblot in Huh7, HLF and PLC/PRF/ 5 cells. This mductron was
due to actrvatron of autophagrc ﬂux, as there was further mcrease in LC3-11 expressron upon treatment wrth lysosomal
ll’lhlbltOl’S, clear declme of the autophagy substrate p62, and an mRFP-GFP-LC3 fluorescence change in sorafemb treated
hepatoma cells. Sorafemb rnhrblted the mammalran target of rapamycrn complex 1and its mhlbrtron led to accumulatron of
LC3-I1. Pharmacologrcal rnhrbrtron of autophagrc flux by chloroqume mcreased apoptosis and decreased cell vrabrlrty in_
hepatoma cells. srRNA-medrated knockdown of the ATG7 gene also sensitized hepatoma cells to sorafenib. Fmally, sorafemb
induced autophagy in Huh7 xenograft tumors in nude mice and coadmmlstratron with chloroqume srgmf" cantly suppressed
tumor: growth compared wrth sorafemb alone. In conclusron, sorafenib: admmrstratron mduced autophagosome formation and

~ enhanced autophaglc actrvrty, which conferred a survival advantage to hepatoma cells. Concomltant mhrbntron of autophagy o
may be an attractive strategy for unlockmg the antitumor potentral of sorafemb in HCC : L o

Sorafenib is an orally available multikinase inhibitor recently
approved as the first molecular targeting compound for hepa-
tocellular carcinoma (HCC).! Sorafenib inhibits Raf kinases,
including Raf-1 and B-Raf, which are members of the Raf/
MEK/ERK signaling pathway, and inhibits a number of re-
ceptor tyrosine kinases involved in neo-angiogenesis and tu-
mor progression, such as vascular endothelial growth factor
receptor (VEGFR) 2, platelet-derived growth factor receptor
B and c-Kit. Two randomized, placebo-controlled trials
revealed that sorafenib significantly prolongs the median sur-
vival of patients with advanced HCC but the response is dis-
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ease- stabilizing and cytostatic rather than one of tumor
regression.>” Therefore, a more detailed understanding of the
mechanisms underlying both the antitumor effect and the
primary resistance to this compound may provide insights
that can help to improve the therapeutic outcome in HCC.

Macroautophagy (hereafter referred to as autophagy) is an
evolutionally conserved catabolic process that transports cel-
lular macromolecules and organelles to a lysosomal degrada-
tion pathway. It is regulated by autophagy-related (atg)
genes that control the formation and maturation of a double-
membrane vesicle, autophagosome, which sequestrates cellu-
lar proteins and organelles. Autophagosomes then fuse with
lysosomes to form autolysosomes, in which lysosomal
enzymes digest the sequestered content and inner membrane.
Autophagy is typically induced under starvation, initially con-
sidered to be a survival strategy that recycles cellular compo-
nents to meet energy requirements. Autophagy also occurs at
low basal levels in virtually all cells to perform homeostatic
functions such as turnover of long-lived or damaged proteins
and organelles. On the other hand, autophagy can mediate
cell death under certain conditions probably through over-
activation of self-digestion, which is considered to be Type II
programmed cell death.’ Therefore, autophagy can promote
both cell survival and death depending on the cellular context
and/or initiating stimulus.
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Autophagy has been shown to be involved in cancer devel-
opment and progression in a variety of ways.® Genetic evi-
dence supports a tumor suppressive role of autophagy in can-
cer development. The Beclin 1 autophagy gene is
monoallelically deleted in a subset of human sporadic breast,
ovarian and prostate cancer. Heterozygous disruption of Beclin
I increases the frequency of spontaneous malignancies in
mice.” On the other hand, tumor cells display autophagy or
autophagic cell death under a variety of stress-inducing condi-
tions as well as anticancer therapies.® Therefore, autophagy
promotes or inhibits tumor progression which is also depend-
ent on the cell types and stimuli. Recently, sorafenib has been
reported to induce autophagosome accumulation, as evidenced
by GFP-LC3 markers, in tumor cells.”'" However, its biologi-
cal and clinical significance has not yet been addressed. In the
present study, we examined autophagy of hepatoma cells
treated with sorafenib and demonstrate that sorafenib not
only induces autophagosome formation but also activates
autophagic flux which is an adaptive response to this com-
pound, and that concomitant inhibition of autophagy may be
therapeutically useful for improving the anti-HCC effect.

Material and Methods

Cell lines

Hepatoma cell lines Huh7, HLF and PLC/PRF/5 were cul-
tured with Dulbecco’s modified Eagle medium (DMEM).
Huh7 and HLF were obtained from the JCRB/HSRRB cell
bank (Osaka, Japan) and PLC/PRE/5 was obtained from
ATCC (Manassas, VA). All cell lines were cultured at 37°C
in a humidified atmosphere of 5% CO,.

Western immunoblot

Cells or tissues were lysed and immunoblotted as previously
described.'* For immunodetection, the following antibodies
were used: anti-microtubule-associated protein 1 light chain
(LC3) polyclonal antibody (Ab) (MBL, Nagoya, Japan); anti-
ATG7 polyclonal Ab (MBL); anti-Beclinl polyclonal Ab
(CST, Danvers, MA); anti-p62 polyclonal Ab (MBL); anti-
phospho-ERK polyclonal Ab (CST); anti-phospho-S6K poly-
clonal Ab (CST); anti-phospho-4E-BP1 polyclonal Ab (CST);
anti-phospho-Akt polyclonal Ab (CST).

Transfection with fluorescent LC3 plasmid

Cells were transfected with monomeric red fluorescence pro-
tein (mRFP)-GFP tandem fluorescent-tagged LC3 expression
plasmid (ptfLC3)" using Fugene6 (Roche Applied Science,
Hague Road, IN) according to the manufacturer’s instruc-
tions. At 48 hr after transfection, the medium was changed
to DMEM containing sorafenib or DMSO, and the cells were
further cultured and examined under a BZ8100 fluorescent
microscope (Keyence, Osaka, Japan).

In vitro treatment with sorafenib

Hepatoma cells were transfected with 5 nM Silencer Select
siRNAs (Ambion, Austin, TX) either of ATG7 or negative
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control using RNAIMAX (Invitrogen, Carlsbad, CA) accord-
ing to the manufacturer’s instructions. Forty-eight hours after
transfection, the medium was changed to DMEM containing
sorafenib or DMSO. Cells were further cultured and assayed
for cell viability by WST assay using the cell count reagent
SF (Nacalai Tesque, Kyoto, Japan) and analyzed for apoptosis
using Annexin V-FITC apoptosis detection kit (Biovision,
Mountain View, CA). We defined apoptotic cells as Annexin
V-FITC positive and propidium iodide (PI) negative cells. PI
negative cells were gated and the positive cell rate of Annexin
V-FITC was determined. The supernatant of the cultured
cells was assayed for caspase-3/7 activity using Caspase-Glo
3/7 assay (Promega, Madison, WI) as previously reported.'?
For the treatment with a pharmacological inhibitor of
autophagy, cells were cultured with DMEM containing chlor-
oquine (Sigma-Aldrich, St. Louis, MO) or bafilomycin Al
(Sigma-Aldrich) with sorafenib or DMSO and assayed for
cell viability and caspase-3/7 activity in the same manner.

Electron microscopy

Samples were fixed with 2.5% glutaraldehyde solution buf-
fered at pH 7.4 with 0.1 M Millonig’s phosphate at 4°C for
2 hr, postfixed in 1% osmium tetroxide solution at 4°C for
1 hr, dehydrated in graded concentrations of ethanol and em-
bedded in Nissin EM Quetol 812 epoxy resin. Ultrathin sec-
tions (80 nm) cut on a Reichert ultramicrotome (Ultracut E)
were stained with uranyl acetate and lead citrate, and exam-
ined with a Hitachi H-7650 electron microscope at 80 kV.

Xenograft experiments

To produce a xenograft tumor, 3-5 x 10° Huh7 cells were
subcutaneously injected to Balb/c nude mice. Sorafenib tab-
lets were crushed and orally administered daily with water
containing 12.5% cremophor EL (Sigma-Aldrich) and 12.5%
ethanol, as previously described.'* Chloroquine was dissolved
in PBS and intraperitoneally administered daily. We esti-
mated the volume of the xenograft tumor using the following
formula: tumor volume = 7/6 x (major axis) x (minor
axis)®. Mice were maintained in a specific pathogen-free facil-
ity and treated with humane care with approval from the
Animal Care and Use Committee of Osaka University Medi-
cal School.

Statistical analysis

Data are presented as mean * SD. Comparisons between
two groups were performed by unpaired ¢ test. Multiple com-
parisons were performed by ANOVA with Scheffe post-hoc
test. p < 0.05 was considered statistically significant.

Results

In vitro treatment with sorafenib induces accumulation

of autophagosomes in hepatoma cell lines

To examine the effect of sorafenib on autophagy in human
HCC, we treated the hepatoma cell line Huh7 with sorafenib
in vitro. First, we assessed the expression of LC3, a
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Figure 1. Sorafenib induces accumulation of autophagosomes in hepatoma cells. Western blot showing an increase in LC3-Il in Huh7, HLF
and PLC/PRF/5 hepatoma cells after treatment with sorafenib. Hepatoma cells were treated with 2.5, 5 or 10 uM sorafenib for the indicated
times and analyzed for LC3 expression by western blot. Hepatoma cells treated with DMSQO-containing media for 24 hr are shown as the
control. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

mammalian homolog of yeast atg8, by immunoblot. During
the progress of autophagy, the. cytoplasmic form LC3-I is
converted to the membrane-bound lipidated form LC3-II
which is detected by a mobility shift on electrophoresis.®
When Huh7 cells were treated with 10 uM sorafenib, LC3
conversion was observed as early as 1 hr after the treatment
and gradually increased at later time points (Fig. 1). We
examined the dose-dependency of this response in Huh7 cells
as well. Under 2.5 uM sorafenib treatment, the amount of

LC3-1I did not show an obvious increase, however, the
amount of LC3-I decreased which indicates modest activation
of autophagosome formation. Under 5 and 10 pM sorafenib
treatment, the amount of LC3-II clearly increased. Next, we
investigated the effect of sorafenib on other hepatoma cell
lines, HLF and PLC/PRF/5. Under sorafenib treatment, LC3
conversion was observed at 2 hr after the initiation of treat-
ment and gradually increased until 24 hr in HLF cells and
PLC/PRF/5 cells in the same manner as in Huh7 cells.

Int. J. Cancer: 131, 548-557 (2012) © 2011 UICC
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Figure 2, Sorafenib activates autophagic flux in hepatoma cells. (a). Western blot showing p62 degradation and LC3 lipidation in Huh7
cells and HLF cells treated with sorafenib and/or lysosomal inhibitors. Huh7 cells or HLF cells were treated with or without 10 uM sorafenib
in the presence or absence of 50 pM chloroquine or 100 nM bafilomycin A1 for 12 hr. (b). Photographs of flucrescence microscopy of
punctate fluorescence of a transfected mRFP-GFP-LC3 construct in Huh7 cells after 12-hr treatment with 10 pM sorafenib. Arrows indicate a
typical example of colocalized particles of GFP and mRFP signal, while the arrowhead points to a typical example of a particle with an
mRFP signal but without a GFP signal. C. Photographs from transmission electron microscopy showing autophagic vacuoles including
autophagosomes (arrow) and probably autolysosomes (arrowhead) in Huh7 cells treated with 10 uM sorafenib.

Sorafenib activates autophagic flux in hepatoma cells

To clarify whether the accumulation of autophagosomes
induced by sorafenib is a result of induction of autophago-
some formation or inhibition of autophagosome degradation,
we first measured the amount of p62, a selective substrate of
autophagy, by immunoblot. Activation of the autophagic flux
leads to a decline in p62 expression, and vice versa.'® When
Huh7 cells or HLF cells were treated with sorafenib, the
amount of p62 decreased despite the accumulation of LC3-1I
implying that this accumulation of LC3-II is associated with

Int. J. Cancer: 131, 548-557 (2012) © 2011 UICC

autophagosome degradation (Fig. 2a). In addition, when cells
were treated with both sorafenib and chloroquine, accumula-
tion of LC3-II was further enhanced compared to the sorafe-
nib-treated group, while the levels of p62 expression
increased. We also used bafilomycin Al, which inhibits
fusion of autophagosome and lysosome, and obtained similar
results. Our findings indicate that the LC3-II accumulation
induced by sorafenib resuits from activation of autophago-
some formation but not from just inhibition of the autopha-
gosome degradation steps. Second, we examined the color
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change of mRFP-GFP tandem fluorescent-tagged LC3
(mRFP-GFP-LC3). When Huh7 cells were transfected with
the mRFP-GFP-LC3 expression plasmid ptfLC3 and then
treated with sorafenib, some punctate signals showed both
GFP and mRFP signals but part of the punctate signals
exhibited only mRFP signals (Fig. 2b). Because GFP fluores-
cence but not mRFP fluorescence is attenuated under lysoso-
mal acidic condition,'® this observation supports that autoph-
agy induced by sorafenib proceeds to the lysosomal
degradation phase. Finally, electron microscopy revealed
abundant autophagic vacuoles such as autophagosomes and
probably autolysosomes in sorafenib-treated Huh7 cells, but
scarcely in control cells (Fig. 2c).

Sorafenib selectively inhibits the activity of TORC1

in hepatoma cells

Sorafenib was initially developed as a Raf kinase inhibitor,
however, it can also inhibit other tyrosine kinases such as
VEGR-2, Flt-3 and c-Kit."” The inhibitory effect of sorafenib
on the Raf/MEK/ERK pathway'® or the STAT3 pathway'? is
widely recognized in several types of cancer, but the effect
of sorafenib on the PI3K/Akt pathway and the mTOR path-
way has not been established yet. Because the mTOR path-
way is known as a major regulatory pathway of autoph-
agy,”® we next examined the activity of the mTOR signaling
pathway in Huh7 cells and HLF cells. Sorafenib clearly
inhibited the activity of the mammalian target of rapamycin
complex 1 (mTORCI), which is measured by the dephos-
phorylation of S6K and 4E-BP1 in Huh7 cells and HLF cells
(Fig. 3a). 4E-BP1 is initially phosphorylated at threonine 37
and threonine 46, which promotes subsequent phosphoryla-
tion and decreases electrophoretic mobility.”" With sorafe-
nib administration, the upper band of phosphorylated 4E-
BP1 gradually decreased and shifted to the lower band. At
24 hours after treatment initiation, the lower band dimin-
ished as well, indicating further dephosphorylation of 4E-
BP1 at threonine 37 and 46. On the other hand, sorafenib
treatment increased the phosphorylation of Akt at threonine
308 and serine 473 in these cells. The phosphorylation at
threonine 308 suggests the activation of upstream PI3K
while the phosphorylation at serine 473 suggests the activa-
tion of mTORC2.?* Therefore, sorafenib can be presumed
to possess a selective inhibitory effect on the activity of
mTORC! independent of PI3K and Akt. Administration of
sorafenib clearly inhibited the phosphorylation of ERK as
early as 2 hours after treatment, which is consistent with a
previous report.'® The expression of ATG7 and Beclin 1,
autophagy-related gene products, did not change under sor-
afenib treatment. Next, we treated Huh7 cells with rapamy-
cin or Torin1* to determine the impact of mTORCI activ-
ity on autophagy induction. As expected, the levels of LC3-
II increased upon rapamycin treatment in Huh7 cells (Fig.
3b). A similar result was obtained using another mTOR in-
hibitor, Torinl.

Sorafenib induces autophagy in human hepatoma cells

Inhibition of autophagy by siRNAs or a pharmacological
inhibitor enhanced the apoptotic effect of sorafenib

in vitro

From these results, we considered two possibilities: sorafenib-
induced autophagy may be a mechanism of action of the anti-
tumor effect of sorafenib or a stress-responsive phenomenon
leading to survival of tumor cells in the presence of sorafenib
treatment. To investigate the role of autophagy under sorafe-
nib treatment, we introduced into Huh?7 cells, the siRNA spe-
cific for ATG7. Administration of ATG7 siRNA suppressed
LC3-II expression in DMSO-treated cells and sorafenib-
treated cells, indicating that autophagy is clearly suppressed
under physiological conditions as well as with sorafenib treat-
ment (Fig. 4a). Sorafenib treatment induced apoptosis, as
determined by the elevation of caspase-3/7 activity or by the
increase of Annexin V positive cells, and decreased the viabil-
ity of Huh7 cells (Fig. 4b). Of importance is the finding that
ATG7 knockdown significantly enhanced the sorafenib-
induced apoptosis and decreased cell viability in Huh7 cells.
These observations imply that autophagy plays a protective
role for hepatoma cells under sorafenib treatment and could
be a target for enhancing its antitumor effects. We performed
an ATG7 knockdown experiment using HLF cells as well and
obtained a similar result (Fig. 4c).

Next, we treated Huh7 cells with sorafenib in combination
with the pharmacological autophagy inhibitor chloroquine,
which clearly blocks the downstream autophagic pathway in
hepatoma cells as shown in Figure 2a. Chloroquine itself
induced a modest activation of caspase-3/7 at a high dose
under our experimental conditions (Fig. 5). However, in com-
bination with sorafenib, chloroquine markedly enhanced the
apoptotic effect of sorafenib and reduced cell viability in a
dose-dependent manner. We investigated the effect of chloro-
quine on PLC/PRF/5 cells as well, and obtained a similar result.

Autophagy inhibitor chloroquine enhanced the anti-tumor
effect of sorafenib in a xenograft model

To examine the significance of autophagy in vivo, nude mice
were subcutaneously injected with Huh7 cells to generate
xenograft tumors. To examine whether sorafenib induces
autophagy in the in vivo setting, we administered sorafenib
or vehicle for 7 days to mice bearing xenograft tumors. As
we reported previously,'* sorafenib treatment significantly
suppressed tumor growth compared with the vehicle alone
(data not shown). Consistent with the in vitro finding, xeno-
graft tumors from sorafenib-administered mice displayed
accumulation of LC3-II on immunoblot compared with those
from vehicle-treated mice (Fig. 6a). To examine the therapeu-
tic significance of autophagy inhibition for sorafenib therapy,
mice with Huh7 xenograft were randomly assigned to two
groups when the diameter of the subcutaneous tumor
reached about 1 centimeter: sorafenib administration group
and sorafenib plus chloroquine administration group. Coad-
ministration of chloroquine and sorafenib for 7 days led to
significant suppression of tumor growth compared with

Int. J. Cancer: 131, 548-557 (2012) © 2011 UICC
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Figure 3. Raf/MEK/ERK and Akt/mTOR/S6K pathways in hepatoma cells treated with sorafenib. (a). Western blot showing decrease in ERK,
S6K and 4E-BP1 phosphorylation, increase in Akt phosphorylation and stable expression of Beclin 1 and ATG7 in Huh7 cells and HLF cells
after treatment with 10 uM sorafenib. (b). Western blot showing that rapamycin or Torin1 dephosphorylates both S6K and 4E-BP1 and
increases the expression of LC3-Il in Huh7 cells. Huh7 cells were treated with 100 nM rapamycin or the indicated concentration of Torin1
for 12 hr. Huh7 treated with sorafenib (10 pM, 12 hr) serves as a positive control. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

administration of sorafenib alone (Fig. 6b). Administration of
chloroquine alone did not affect the growth of the tumor.
We performed TUNEL staining and immunohistological
staining of cleaved caspase-3 of the xenograft tumor to exam-
ine the contribution of apoptosis in this xenograft model.
However, nonspecific staining of the xenograft tumors treated
with sorafenib interfered with an accurate evaluation of the
apoptotic change (data not shown).

Discussion

Accumulating evidence indicates that cancer therapies such
as irradiation and administration of cytotoxic drugs and
chemicals induce autophagy and autophagic cell death in a

Int. J. Cancer: 131, 548-557 (2012) © 2011 UICC

variety of tumor cells.® Research has shown that autophagy
induced by these treatments sometimes protects tumor cells
(autophagic resistance) but promotes cell death in other set-
tings (autophagic Type II programmed cell death). For exam-
ple, temozolomide, a DNA alkylating agent,®* and ionizing
radiation®® induce autophagy in malignant glioma cells and a
variety of epithelial tumors, respectively, and this inhibition
enhances antitumor effects. On the other hand, poly(dl:dC)
induces endosome-mediated autophagy leading to cell death
in melanoma cells.”® Arsenic trioxide induces autophagic cell
death in leukemia cells.”” In the present study, we demon-
strated that sorafenib, a recently approved molecular target-
ing drug for HCC, induced autophagy which appeared to
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[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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initiation of the therapy. *p < 0.05. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

promote survival of hepatoma cells and thereby may be a cel-
lular adaptive response related to primary resistance to this
compound.

LC3 lipidation and its association with the isolation mem-
branes have been established as useful signs for autophagy
detectable by immunoblotting and fluorescence microscopy,
facilitating research on autophagy. Previous research has
shown that sorafenib induces GFP-LC3 punctate structure
and LC3-II conversion in tumor cells.”'' However, these
techniques should be analyzed more carefully, because posi-
tive results clearly indicate increased numbers of autophago-
somes but do not always mean upregulation of autophagic
flux.”® For example, treatment with vinblastine or nocodazole
leads to LC3 conversion and produces GFP-LC3 punctate
structures, resulting from blockade of the fusion of autopha-
gosomes and lysosomes but not from autophagy induc-
tion.”** In the present study, we applied several methods
including LC3 turnover assay using a lysosomal inhibitor of
chloroquine or bafilomycin Al, measurement of the amount
of a selective autophagy substrate p62, and observation of the
mRFP-GFP color change using a fluorescent-tagged LC3
probe, to obtain evidence showing that sorafenib not only

Int. ). Cancer: 131, 548-557 (2012) © 2011 UICC

increases the number of autophagosomes but also activates
the autophagic flux.

The underlying mechanisms by which sorafenib induces
autophagy are not completely clear at present. In addition to
the well-known target Raf/MEK/MAPK pathway, sorafenib
clearly inhibited the mTORCI pathway in the present study.
Because mTOR inhibition by rapamycin or Torinl activates
autophagosome formation in hepatoma cells, sorafenib-
induced inhibition of the mTORC1 pathway might be
involved in sorafenib-mediated induction of autophagy.
Recently, a putative tumor-suppressor gene p53 has been
shown to transactivate an autophagy-inducing gene, dram,'
and p53-dependent induction of autophagy has been docu-
mented in response to DNA damage or reexpression of p53 in
p53-negative tumor cells.’? Because the hepatoma cells used in
the present study (Huh7, HLF and PLC/PRF/5) possess mu-
tant p53, sorafenib-induced adaptive autophagy could occur
independently of p53. This finding may be important, because
more than half of advanced HCC cases are p53-defective.”® In
such cases, our observations could be applicable and relevant.

Study of rodent carcinogenesis has revealed that autopha-
gic protein degradation is reduced in HCC.>* In human,
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malignant HCC cell lines and HCC tissue with recurrent dis-
ease display lower autophagic activity with decreased expres-
sion of Beclin 1.>> The autophagic pathway contributes to the
growth-inhibitory effect of TGF-beta in hepatoma cells.”®
Taken together, these findings suggest that defects in autoph-
agy may promote development or progression of HCC, fo-
cusing on the tumor suppressive or antitumor effect of
autophagy in the liver or HCC. In contrast, the present study
clearly showed that autophagy induced by sorafenib protects
hepatoma cells from apoptotic cell death, thus shedding light
on the tumor-promoting effect of autophagy in HCC. Inhibi-
tion of autophagy at both an early step (by ATG7 knock-
down) and a late step (by chloroquine treatment) sensitized
hepatoma cells by converting the autophagic process to an
apoptotic process. Of importance are the findings that sorafe-
nib induced autophagy in a xenograft model and that coad-
ministration of chloroquine and sorafenib led to better sup-
pression of xenograft tumor than sorafenib alone. Although

Sorafenib induces autophagy in human hepatoma cells

further study is needed to elucidate the mechanism(s)
involved in autophagy-mediated protection of tumor cells,
the induced autophagy might degrade the damaged or harm-
ful cellular proteins and organelles to suppress apoptosis and
promote survival of hepatoma cells under sorafenib
treatment.

In conclusion, the present study demonstrates both in
vitro and in vivo that sorafenib induces autophagosome for-
mation and upregulates cellular autophagy in tumor cells,
which is an adaptive response to this drug, and raises the im-
portant possibility that autophagy may be a novel target for
cancer treatment with sorafenib therapy.
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Background & Aims: Hepatocyte apoptosis is a key feature of
chronic liver disease including viral hepatitis and steatohepatitis.
A previous study demonstrated that absence of the Bcl-2 family
protein Mcl-1 led to increased hepatocyte apoptosis and develop-
ment of liver tumors in mice. Since Mcl-1 not only inhibits the
mitochondrial pathway of apoptosis but can also inhibit cell cycle
progression and promote DNA repair, it remains to be proven
whether the tumor suppressive effects of Mcl-1 are mediated
by prevention of apoptosis.

Methods: We examined liver tumor development, fibrogenesis,
and oxidative stress in livers of hepatocyte-specific knockout
(KO) of Mcl-1 or Bcl-xL, another key antagonist of apoptosis in
hepatocytes. We also examined the impact of additional KO of
Bak, a downstream molecule of Mcl-1 towards apoptosis but
not the cell cycle or DNA damage pathway, on tumor develop-
ment, hepatocyte apoptosis, and inflammation.

Results: Bcl-xL KO led to a high incidence of liver tumors in 1.5-
year-old mice, similar to Mcl-1 KO. Bcl-xL- or Mcl-1-deficient liv-
ers showed higher levels of TNF-a production and oxidative
stress than wild-type livers at as early as 6 weeks of age and oxi-
dative DNA damage at 1.5 years. Deletion of Bak significantly
inhibited hepatocyte apoptosis in Mcl-1 KO mice and reduced
the incidence of liver cancer, coinciding with reduction of TNF-
o production, oxidative stress, and oxidative DNA damage in
non-cancerous livers.

Conclusions: Our findings strongly suggest that chronically
increased apoptosis in hepatocytes is carcinogenic and offer
genetic evidence that inhibition of apoptosis may suppress liver
carcinogenesis in chronic liver disease.

Keywords: Bcl-xL; Mcl-1; 8-OHdG.

Received 26 September 2011; received in revised form 19 January 2012; accepted 21
January 2012; available online 10 March 2012

* Corresponding author. Address: Department of Gastroenterology and Hepatol-
ogy, Osaka University Graduate School of Medicine, 2-2 Yamada-oka, Suita, Osaka
565-0871, Japan. Tel.: +81 6 6879 3621; fax: +81 6 6879 3629.

E-mail address: takehara@gh.med.osaka-u.ac.jp (T. Takehara).

Abbreviations: HCC, hepatocellular carcinoma; ALT, alanine aminotransferase; RT-
PCR, reverse-transcription PCR; HO-1, heme oxygenase-1; NQO1, NAD(P)H:qui-
none oxidoreductase 1; 8-OHdG, 8-hydroxy-2'-deoxyguanosine; TUNEL, terminal
deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end
labeling.

ELSEVIER

© 2012 European Association for the Study of the Liver. Published
by Elsevier B.V. All rights reserved.

Introduction

Apoptosis of epithelial cells, as well as infiltration of inflamma-
tory cells or deposits of fibers, is frequently observed in the
chronic diseased liver, which is a high-risk condition for hepato-
cellular carcinoma (HCC) [1]. For example, Fas-mediated hepato-
cyte apoptosis is a mechanism of cell death in chronic hepatitis C
virus infection and hepatitis B virus infection [2,3]. Hepatocyte
apoptosis shows correlation with inflammation and fibrosis in
non-alcoholic steatohepatitis [4]. Cytokeratin 18 neoepitope, a
well-established marker of caspase activity in serum, is elevated
and associated with liver injury in chronic viral hepatitis and
non-alcoholic steatohepatitis [5-7]. Although viral factors and
overt organ inflammation linked to liver cancer development
have been extensively studied {8,9], less information is available
on the involvement of hepatocyte apoptosis in liver cancer
development.

Bcl-xL and Mcl-1 are among the anti-apoptotic members of
the Bcl-2 family, which antagonizes the pro-apoptotic function
of Bak and/or Bax at the mitochondrial outer membrane. We pre-
viously reported that hepatocyte-specific Bcl-xL or Mcl-1 knock-
out (KO) mice showed persistent apoptosis of hepatocytes in
the adult liver and mild fibrotic responses [10,11]. A very recent
study by Weber et al. [12] demonstrated that hepatocyte-specific
Mcl-1 KO mice developed liver tumors in old age. This observa-
tion raised the important possibility that apoptosis in hepato-
cytes could lead to the development of liver cancer. However,
as Mcl-1 has been reported to possess functions other than
anti-apoptosis, such as cell cycle inhibition [13,14] and DNA
damage repair 15,16}, it is difficult to conclude that the pheno-
types observed in Mcl-1 KO are simply ascribable to apoptosis.
Indeed, Mcl-1 KO mice showed not only increased apoptosis but
also increased regeneration in the liver [12]. In the present
study, we demonstrated that hepatocyte-specific Bcl-xL KO mice
also develop liver cancer in old age and that deficiency of
Bak, a downstream effector molecule of Mcl-1 towards the
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Table 1. Incidence of liver tumors in KO mice.

Age (yr) Genotype Tumor incidence

15
Bel-xL** 0% (0/10)
Bel-xL+ 88% (7/8)*
;
Bel-xL*"* 0% (0/4)
Bol-xL* 27% (3/11)
15
Mcl-1 0% (0/22)
Mcl-1+ 100% (16/16)*
1

Mcl-1" Bak**
Mcl-1"- Bak™
*p <0.05 vs. control.

64% (14/22)
0% (0/7)*

mitochondrial pathway of apoptosis, clearly suppresses hepato-
cyte apoptosis and liver carcinogenesis in Mcl-1 KO mice. We also
considered possible mechanisms involving oxidative stress that
underlie elevated malignant transformation in the apoptosis-
prone liver. The present study offers strong support for the
hypothesis that chronically increased apoptosis in hepatocytes
is carcinogenic. It also provides genetic evidence that inhibition
of apoptosis may suppress liver carcinogenesis in chronic liver
disease.

Materials and methods
Mice

Conditional Bcl-xL KO mice (bcl-¥"~"~ Alb-Cre) and Mcl-1 KO mice (mcl-1/ox/flex
Alb-Cre) were previously described [11]. We purchased Bak KO mice (bak~'~) from
the Jackson Laboratory (Bar Harbor, ME). We generated hepatocyte-specific Bak/
Mcl-1 double KO mice (bak~/~ mcl-17x%x Alb-Cre) by mating the strains. They
were maintained in a specific pathogen-free facility and treated with humane
care with approval from the Animal Care and Use Committee of Osaka University
Medical School. Measurement of serum alanine aminotransferase (ALT) level, cas-
pase-3/7 activity and histological analyses have been previously described [11].

Western blot analysis

For immunodetection, the following antibodies were used: anti-Bcl-xL antibody
(Santa Cruz Biotechnology, Santa Cruz, CA), anti-Mcl-1 antibody (Rockland,
Gilbertsville, PA), anti-Bak antibody (Millipore, Billerica, MA), anti-Bax antibody,
anti-ERK antibody, anti-phospho-ERK antibody, anti-p38 antibody, anti-phospho-
p38 antibody, anti-JNK antibody, anti-phospho-JNK antibody, anti-PCNA antibody
(Cell Signaling Technology, Danvers, MA), and anti-beta-actin antibody (Sigma-
Aldrich, Saint Louis, MO).

Real-time reverse-transcription PCR (RT-PCR)

The following TagMan Gene Expression Assays (Applied Biosystems, Foster City,
CA) were used: mouse-AFP (Mm00431715_m1), mouse-glypican-3 (Mm005167
22_m1), mouse-IL-6 (Mm00446190_m1), mouse-TNF-o. (MmO00443258_m1),
mouse-MCP-1 (Mm00441242_m1), mouse-CD68 (MmO03047343_m1), mouse-
CD4 (Mm00442754_m1), mouse-CD8 (Mm01182108_m1), mouse-heme oxygen-
ase-1 (HO-1) (MmO00516005_m1), mouse-NAD(P)H:quinone oxidoreductase 1
(NQO1)(Mm00500821_m1), and mouse-Beta actin (Mm00607939_s1). All expres-
sion levels were corrected with the quantified expression level of beta actin.

JOURNAL OF HEPATOLOGY

Immunohistochemistry

8-Hydroxy-2'-deoxyguanosine (8-OHdG), cleaved caspase-9, PCNA, and ki-67
were labeled in paraffin-embedded liver sections using anti-8-OHdG antibody
(Nikken Seil, Tokyo, Japan), anti-cleaved caspase-9 antibody, anti-PCNA antibody
(Cell Signaling Technology), and anti-ki-67 antibody (Dako, Tokyo, Japan), respec-
tively. Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphos-
phate nick-end labeling (TUNEL) was performed according to a previously
reported procedure [17].

Statistical analysis

Data are presented as mean + SD. Differences between two groups were deter-
mined using the Student’s t-test for unpaired observations. Carcinogenesis rates
were analyzed using the Chi-square test. Multiple comparisons of Bak/Mcl-1 dou-
ble KO mice were performed by ANOVA followed by Scheffe post hoc correction.
Fisher post hoc correction was used for the other multiple comparisons. A p <0.05
was considered statistically significant.

Results
Bcl-xL KO mice develop liver tumors in old age

We previously reported that hepatocyte-specific Bcl-xL KO mice
developed spontaneous hepatocyte apoptosis by the mitochon-
drial pathway (Supplementary Fig. 1A) at as early as 1 month of
age with a gradual increase in the liver fibrotic response from 3
to 7 months [10]. To examine the phenotypes at later time points,
we sacrificed Bcl-xL KO mice and their control littermates at 1 and
1.5 years of age. Macroscopic tumors had developed in the liver
of 27% and 88% of the KO miice, respectively, but not in the control
littermates (Fig. 1A and Table 1). Most of the Bcl-xL KO mice had
multiple tumors and the liver body-weight ratio for Bcl-xL KO
mice was significantly higher than that of the control mice
(Fig. 1B and C). Tumors were histologically defined as well-differ-
entiated HCCs (Fig. 1D). To find out whether the bcl-x gene is
really targeted in the tumors, we performed Western blot analy-
sis for the expression of the Bcl-2 family proteins (Fig. 1E and
Supplementary Fig. 2A). The tumors were confirmed to be defi-
cient for Bcl-xL, excluding the possibility that transformed cells
arising from hepatocytes in which the bcl-x gene was not deleted
had expanded to form tumors. Interestingly, most of these
tumors showed apparently higher levels of Mcl-1 expression than
the wild-type liver or the non-cancerous surrounding tissues.
Reciprocal overexpression of Mcl-1 may explain the possible sur-
vival advantage of these tumors. Tumors in Bcl-xL KO mice
expressed higher levels of a-fetoprotein (Fig. 1F) and frequently
showed activation of ERK and JNK (Fig. 1G), which are observed
in human HCC [18,19].

Liver tumors in Mcl-1 KO mice show similar characteristics to human
HCC

We have previously reported phenotypes of hepatocyte-specific
Mcl-1 KO mice, which display spontaneous hepatocyte apoptosis
by the mitochondrial pathway (Supplementary Fig. 1B) and liver
fibrotic responses at an early age [11]. Since our Mcl-1 floxed
mice differed from those of Weber et al. [12] in origin, we next
examined the development of liver tumors in our hepatocyte-
specific Mcl-1 KO mice. All the Mcl-1 KO mice, but none of the
control littermates, developed liver tumors at 1.5 years of age,
with a significant increase of liver body-weight ratio (Fig. 2A-C
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Fig. 1. Liver tumors in Bcl-xL KO mice. (A-E) Hepatocyte-specific Bcl-xL-deficient mice (Bcl-xL~/~) (N = 8) and their control littermates (Bcl-xL*/*) (N = 10) were sacrificed at
1.5 years of age. (A) Representative macroscopic view of the livers with arrows indicating tumors. (B) Incidence of liver tumors separated by maximum tumor size and
number of tumors. (C) Liver body-weight ratio. (D) Representative histology of liver tumors in Bcl-xL KO mice. (E) Western blot of the Bcl-2 family proteins in tumors (T) and
surrounding non-cancerous livers (NT) of Bcl-xL KO mice and livers of control mice. (F and G) Characteristics of liver tumors in Bcl-xL KO mice. (F) Real-time RT-PCR analysis
of the expression levels of o-fetoprotein (AFP) and glypican-3 mRNA (N=9 or 10 per group). (G) Expression and activation of mitogen-activated protein kinases.

*p <0.05.

and Table 1). As in the case of tumors of Bcl-xL KO mice, liver
tumors that developed in Mcl-1 KO mice were deficient for
Mcl-1 expression and, in most cases, reciprocally overexpressed
Bcl-xL (Fig. 2E and Supplementary Fig. 2B). These tumors
expressed higher levels of o-fetoprotein and glypican-3 (Fig. 2F)
and frequently showed activation of ERK and JNK (Fig. 2G).

Inflammatory response and oxidative stress occur in Bcl-xL- or Mcl-
1-KO livers

To examine the molecular mechanism of tumor development, we
examined gene expression in the livers of 6-week-old Bcl-xL or
Mcl-1 KO mice. Real-time RT-PCR analysis revealed increases of
inflammatory cytokine TNF-o, but not IL-6, and chemokine
MCP-1 in Bcl-xL and Mcl-1 KO livers (Fig. 3A and B), despite overt
histological inflammation (data not shown). Together with an
increase of MCP-1, CD68 expression was significantly higher in
KO livers than in control livers (Fig. 3C and D). In contrast, there
was no difference in the expression of CD4 and CD8 between the
groups. These findings suggest that activation or infiltration of
myeloid-derived cells and production of TNF-a are characteristic
of the Bcl-xL or Mcl-1 KO liver. Together with the previous study
reporting that TNF-o promotes cellular transformation [20], these
results suggest that the increase in TNF-oo may be one of the
mechanisms of tumor development.

Since oxidative stress is also reported to cause carcinogenesis
[21], we examined the expression of HO-1 and NQOT1, inducible
anti-oxidant enzymes, and 8-OHdG in the liver tissues. Real-time
RT-PCR analysis revealed that HO-1 and NQO-1 expressions were
significantly increased in Mcl-1 KO livers at 6 weeks (Fig. 3E). 8-
OHdG staining revealed that there were few 8-OHdG positive
nuclei in both Mcl-1 KO and the control liver at 6 weeks of age.
However, scattered positive nuclei were observed in KO livers at
1.5 years of age, but not in the tumors, and the number of positive
nuclei was significantly higher in KO livers than in control livers
(Fig. 3F and Supplementary Fig. 3). Similarly, the number of 8-
OHJG positive nuclei was significantly higher in Bcl-xL KO livers
at 1.5 years of age than in control livers (Fig. 3G). These results sug-
gest that oxidative stress may occur at as early as 6 weeks of age in
KO livers and that oxidative injury arises at a later time point.

Bak deficiency significantly ameliorates hepatocyte apoptosis and
reduces tumor development in Mcl-1 KO mice

Bak is a proapoptotic Bcl-2 family protein, which is able to olig-
merize to form pores at the outer membrane of mitochondria.
To understand whether inhibition of apoptosis could reduce the
carcinogenic potential, we crossed Mcl-1 KO mice and Bak KO
mice and generated Bak Mcl-1 double KO mice. As expected,
Bak KO significantly suppressed hepatocyte apoptosis in Mci-1
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