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were added to Huh 7.5.1 cells. Five days later, the quantity of
HCV RNA in the culture supernatant was measured using
quantitative real-time RT-PCR [2]. We found that tamoxifen
reduced the levels of JFH-1 RNA in the culture supernatant.
We also examined the effects of other SERMs and agonists
and antagonists of ERa. As shown in Fig. 1, tamoxifen, clo-
mifene, and hydroxytamoxifen, which have a triphenyl-
ethylene backbone, exhibited intense inhibitory effects (ECsq:
approximately 0.1 pM). Triphenylethylene showed reduced
inhibitory activity (data not shown). Raloxifene also inhibited
viral RNA production at a similar concentration. (ECsg:
approximately 0.1 puM) (Fig. la). Tamoxifen and raloxifene
display both ERa antagonist and agonist properties in a dose-
and tissue-dependent manner [9]. In contrast, ICI 182,780
(fulvestrant), ZK164015, and MPP (methyl-piperidino-pyr-
azole) are exclusively antagonistic [10—12]. These ERa
antagonists also showed inhibitory activity against JFH-1, but
their ECsq values were approximately 1 pM (Fig. 1b). As the
50% toxic concentrations (TCsg) for these compounds were
observed to be greater than 10 puM (Fig. 1a and b), these
specific indexes are over 100. In contrast, the ERa agonists
17B-estradiol, diethylstilbestrol, and PPT (1,3,5-tris(4-
hydroxyphenyl)-4-propyl-1H-pyrozole) did not inhibit HCV
(Fig. 1c). As expected, the SERMs that were observed to
effectively inhibit HCV RNA production also reduced the core
protein levels intracellularly (Fig. 1d).

3.2. SERMs inhibited more than one step of the JFH-1
life cycle

To determine which step of the JFH-1 life cycle was inhibited
by the SERMs studied, we performed time-of-addition experi-
ments. As described previously [2], JFH-1 appears to complete
one infectious life cycle in approximately 48 h. Huh 7.5.1 cells
were inoculated with JFH-1-containing medium (moi 0.1) with
or without drug and were then incubated for 2 h. After the
medium was removed, fresh medium with or without drug was
added. The cells were then incubated for another 46 h. Treat-
ment with 10 uM tamoxifen for 48 h reduced the amount of viral
RNA in the medium to 1.7% of levels observed in the control.
Treatment with tamoxifen for the first 2 h after infection (0—2 h)
reduced viral RNA to 2.3% of the levels observed in the control.
The addition of tamoxifen to the fresh medium just after the
removal of the virus (2—48 h) resulted in a reduction in the
amount of viral RNA to 10.7% of the levels observed in the
control. The addition of tamoxifen 24 h after viral inoculation
(24—48 h) resulted in a decrease in the amount of viral RNA to
60% of the levels observed in the control (Fig. 2a). This result
suggests that tamoxifen inhibits mainly viral entry and some
steps during replication. 10 uM of raloxifene exhibited a similar
inhibitory pattern but less inhibited by the treatment after the
entry step (Fig. 2b). A pure ERa antagonist, ICI 182,780
(30 uM), also exhibited inhibition of both viral entry and the
replication steps, but the inhibition of the entry step was not so
marked (Fig. 2¢).

To further investigate effect on HCV post replication, we
infected HCV in the presence of the drugs for 72 h (moi 0.1)

and examined their effects on intracellular and extracellular
HCV RNA levels. Brefeldin A, an inhibitor of protein trans-
port [13], was used as a positive control of post replication
inhibition. In this experimental setting, brefeldin A showed
intracellular HCV RNA accumulation suggesting post repli-
cation inhibition (Fig. 2d). SERMs generally reduced HCV
RNA in cell as well as HCV RNA in medium, although the
extent of reduction was different (Fig. 2d). Lower concentra-
tion of SERMs reduced extracellular HCV RNA more robustly
than intracellular HCV RNA. At a concentration of 0.1 uM,
tamoxifen exclusively inhibited HCV RNA in the culture
supernatant but not intracellular HCV RNA levels, in a manner
similar to that of brefeldin A (Fig. 2d). The results suggest that
SERMs inhibit post replication step(s) such as assembly or
release. Because low concentrations of tamoxifen failed to
inhibit intracellular HCV RNA, SERMs potentially target post
replication step(s) more efficiently than replication step. In this
condition, higher concentrations (1 and 3 pM) of tamoxifen
seemed to inhibit intracellular HCV RNA rather than extra-
cellular HCV RNA, although the reason is not clear.

To determine the effect of these drugs on chronic infection,
we used pre-infected Huh 7.5.1 cells. We infected the cell with
HCVcc at a moi of 0.01 and incubated for 3 days. Three days
after infection, the drugs were added, and the cells were
further incubated for 48 h. At the time of drug addition, the
cells were persistently infected, and HCVcc was continuously
produced and released into the culture supernatant, which is
similar condition to chronic infection. HCV RNA was
extracted from the culture supernatant and the cells after 48 h
and measured copy number of HCV RNA. Both HCV RNA in
the culture supernatant and that in the cell were reduced by
treatment with the SERMs, but the intracellular HCV RNA
levels were less reduced (Fig. 2e). This suggested that the
SERMs caused preferential reduction in extracellular HCV
RNA through interference with some post replication step(s),
such as assembly or release. Brefeldin A accumulated intra-
cellular HCV RNA, and reduced HCV RNA level in the
culture supernatant (Fig. 2e).

These data suggested that the SERMs inhibit multiple steps
in the HCV life cycle: entry, viral RNA replication and some
post replication step(s).

3.3. SERMs inhibited copies and NS5A protein
expression in replicon cells

To confirm the effect of these drugs on viral replication, we
used two subgenomic replicon cells. The subgenomic replicon
cells, derived from Huh7 cells, harbor HCV viral RNA that
replicates autonomously, and they express viral proteins. We
treated cells that harbored a subgenomic replicon (#4-1,
genotype 2a) [3,4] with the SERMs for 48 h and measured the
amount of cellular replicon RNA by quantitative RT-PCR.
Treatment with 10 pM of tamoxifen, raloxifene, or 3 uM of
clomifene, inhibited HCV RNA compare to GAPDH RNA,
although statistical significance was shown in only the inhi-
bition of 10 uM of tamoxifen. ICI 182,780 did not show
specific inhibition of HCV RNA (Fig. 3a).
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Fig. 1. Effects of SERMs on JFH-1 HCV RNA levels. a) Effects of tamoxifen, clomifene, and raloxifene. Huh 7.5.1 cells were infected with HCV JFH-1 (moi 0.01)
in the presence of drugs and were incubated for 5 days. Drugs were added just before viral inoculation. HCV RNA in the medium was measured by tube-capture-
RT-PCR [2]. Parallel cultures of cells without virus were analyzed using the MTT assay to detect the inhibition of cell growth due to drug exposure. Tamoxifen
(closed circles), clomifene (open rectangles), hydroxytamoxifen (closed rectangles), and raloxifene (open circles). The percentages to control HCV RNA and
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Fig. 2. Time-of-addition experiments (a—c) and the effect of SERMs on extracellular and intracellular HCV RNA in simultaneous infection (d) and in persistent
infection (e). Huh 7.5.1 cells were treated with tamoxifen (TMX) (10 pM, a), raloxifene (RLX) (10 uM, b), or ICI 182,780 (ICI) (30 puM, c) during the following
time periods: 0—2 h, 2~48 h, or 24—48 h after JFH-1 infection (moi 0.1). Forty-eight hours after infection, the culture supernatant was harvested, and HCV RNA
was extracted and subjected to quantitative real-time RT-PCR to determine the number of copies of the JFH-1 genome. The data are the averages of three
independent experiments and the standard deviation. d) Effect of treatment with SERM:s for 3 days on extra- and intra-cellular HCV RNA levels. Huh 7.5.1 cells
were infected with JFH-1 (moi 0.1) just after addition of the SERMs. Three days later, RNA was extracted from the cells and from the culture supernatant. The
amount of HCV RNA was measured by quantitative real-time RT-PCR. Brefeldin A (BFA) was used as a positive control. e) Huh 7.5.1 cells were infected at a moi
of 0.01, 3 days before addition of drugs. The infected cells were treated with SERMs for 48 h. RNA was subsequently extracted from the cells and the culture
supernatant to determine the viral genome copy number. The results are presented as the percentage of control cells without drug. The data are the averages of
triplicates and the error bars represent standard deviation. *P-value < 0.05. One representative experiment of two independent experiments is shown.

Next we treated this (#4-1, genotype 2a) and another
replicon (#5-15, genotype 1b) [5] with the SERMs for 3 days
and examined the effect of the compounds on the HCV NS5A
protein levels by western blotting. As shown in Fig. 3b, the
SERMs except ICI 182,780 reduced the level of NS5A in

accordance with the results in Fig. 3a. ICI 182,780 seemed to
slightly reduce NS5A protein in #5-15 replicon cell. The
SERMs did not reduce the protein levels of GAPDH in the
subgenomic replicon cells (Fig. 3b). These results indicated
that SERMs, at least tamoxifen, raloxifene and clomifene,

control cell growth are indicated by solid lines and dotted lines, respectively. b) Effect of the following ERe antagonists: ICI 182,780 (closed triangles), ZK164015
(closed rectangles), and MPP (open rectangles). c) Effect of the following ERa agonists: 17B-estradiol (closed triangles), diethylstilbestrol (open rectangles), and
PPT (closed circles). The results are presented as percentages of the control cells that were not treated with drugs. Values are the averages of triplicates, and the
error bars represent the standard deviation of the mean. One representative experiment of three independent experiments is shown. d) Huh 7.5.1 cells were infected
(moi 0.01) in the presence of tamoxifen (TMX), clomifene (CLM), raloxifene (RLX), or ICI 182,780 (ICI) and incubated for 5 days. Cell lysates were blotted with
anti-core and anti-GAPDH antibodies as described in the Section Materials and methods.
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were effective not only against HCV genotype 2a but also
HCV genotype 1b and that the compounds inhibited a HCV
replication step. The growth of the replicon cells was sup-
pressed by treatment with 10 pM of clomifene. Clomifene at
concentrations less than 10 uM and tamoxifen, raloxifene and
ICI 182,780 at 10 uM concentration or lower did not inhibit
cell growth (Fig. 3c).

3.4. SERMs inhibited entry of HCVpp but not VSVpp

To further examine the inhibition of early viral processes by
the SERMs, we used infectious HCV pseudo-particles
(HCVpp). Because HCVpp enter into cell dependent on
HCV envelope protein but replicate dependent on retroviral
system in the cell, we can exclude other effects of the drug
except effect on HCV entry system. Pseudo-particles with the
viral envelope glycoprotein mimic the entry of the parental
virus, and this system has been used for investigation of HCV
entry [7,8,18,20,21]. The infectious titer is determined by
luciferase activity. We added tamoxifen to HCVpp- or VSVpp-
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containing medium and incubated Huh 7.5.1 cells with this
medium for 3 h. After washing the cells, fresh medium was
added, and the cells were incubated for 3 days. Treatment with
tamoxifen reduced the luciferase activity of the cells that were
infected with HCVpp in a dose-dependent fashion. In contrast,
the luciferase activity caused by VSVpp was not reduced by
the same concentrations of tamoxifen (Fig. 4a). We also
examined the effect of other SERMs, such as clomifene,
raloxifene, ICI 182,780, ZK164015, and MPP, on HCVpp
infection. All of these SERM:s inhibited the luciferase activity
caused by HCVpp but not the activity caused by VSVpp
(Fig. 4b). ICT 182,780 showed a weaker effect compared to
tamoxifen, clomifene and raloxifene. Next, we examined the
effects of these drugs on various genotypes of HCVpp.
Although the extent of inhibition was varied, the compounds
inhibited all of the genotypes that were examined (Fig. 4¢). At
a concentration of 10 puM, ICI 182,780 inhibited all of the
genotypes of HCVpp other than genotype 2a. These results
suggested that the SERMs inhibit entry of all genotypes of
HCV.
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Fig. 3. The effect of SERMs on cells that harbored a subgenomic replicon. A subgenomic-replicon-harboring cell line clone #4-1 (genotype 2a) was treated with
SERMs for 48 h. The total RNA was extracted from the cells, and amount of HCV RNA genome was measured. As an internal control, relative amount of GAPDH
RNA was measured and indicated as percentage of control cells without drug (a). Another subgenomic-replicon-harboring cell line, clone #5-15 (genotype 1b) was
treated with SERMs for 3 days. Cell lysates were subjected to western blotting with an anti-NS5A antibody or an anti-GAPDH antibody (b). Cells that were grown
for 3 days in the presence of tamoxifen (closed rectangles), clomifene (open rectangles), raloxifene (closed triangles), or ICI 182,780 (open circles) were measured
using the MTT assay. Cell growth is expressed as a percentage of control cells without drug (c). The values are the average of triplicate and the error bars represent
the standard deviation of the mean. One representative experiment of two independent experiments is shown.
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Fig. 4. Effect of SERMs on HCV pseudo-particle (HCVpp) infection. a) Huh
7.5.1 cells were incubated with pseudo-particles (HCVpp or VSVpp) in the
presence or absence of tamoxifen for 3 h. The supernatants were removed,
medium was added back to the cell cultures, and the cells were incubated for
another 3 days. The VSVpp preparation was diluted 600 times so it was
infected at similar RLU activity levels compared to HCVpp (approximately
5000 RLU). A parallel culture without pseudo-particles was analyzed using the
MTT assay to evaluate the effect of the drugs on cell growth. b) Effects of
various SERMs on HCVpp and VSVpp infection. c) Effects of SERMs on the
various genotypes of HCVpp infection. The control luciferase activities were
approximately 5000 RLU (genotype 2a), 3000 RLU (genotype 1a), 2400 RLU
genotype 1b), 3900 RLU (genotype 2b), and 860 RLU (genotype 4). The
values are expressed as the percentage of control cells without drug. The data
are the averages of three wells and the error bars are the standard deviation of
the mean. *P-value < 0.05. One representative experiment of three indepen-
dent experiments is shown.

3.5. Effect of tamoxifen on the attachment and entry
steps

To better understand how tamoxifen blocks HCV entry, we
performed an experiment to discriminate between the inhibition
of HCV attachment to cells and the inhibition of post-binding
entry events. HCV attaches to several cellular receptors via its
E1 and E2 envelope proteins and enters via clathrin-mediated
endocytosis [14~—16]. We used HCVpp because infection with
HCVpp is thought to simulate HCVentry [7,17,18] and the entry
is independent of HCV replication. HCVpp binding to the
cellular receptors was performed at 4 °C for 1.5 h. Under these
conditions, HCVpp bind to the cells but entry is not efficient.
The inoculum was removed, and fresh medium was added to the
cells. The cells were subsequently incubated at 37 °C. In
protocol I, the drug was administered during the binding step at
4 °C. After the shift to 37 °C, treatment with the drug was
performed during first hour (protocol II) or after 1 h at 37 °C
(protocol III) to distinguish between the inhibition of early and
late post-binding events (Fig. 5a). The inoculum was removed
after treatment, and fresh medium was added to the cells. We
used chloroquine, a lysosome-tropic agent, as a control inhibitor
for early entry (protocol II) [19]. We also used an anti-CD81
antibody that specifically inhibits HCV entry through the inhi-
bition of the HCV cellular receptor protein CD81 at early entry
[20,21]. As expected, chloroquine inhibited luciferase activity
when the cells were treated during the early post-binding step
(protocol II). This result suggested that endocytosis occurred
primarily during the first post-binding period (protocol II). Anti-
CD81 markedly inhibited luciferase activity during protocol IT
as reported [18,19]. Tamoxifen treatment did not result in clear
differences between the protocols and the compound displayed
similar activity regardless of the treatment period (Fig. 5b left).
As acontrol, the same experiment was performed using VSVpp.
Chloroquine inhibited the early entry step of VSVpp, but anti-
CDS81 and tamoxifen did not show any inhibition (Fig. 5b right).

Tamoxifen is a lipophilic weak base and inhibits acidifi-
cation intracellularly [22]. Therefore, we examined whether
the inhibition of the endocytosis of HCVpp by tamoxifen was
dependent on its function as a weak base. Chloroquine is
a weak base and inhibits endosome acidification. The pH
sensitivity is considered a good indication of clathrin-
dependent endocytosis. Previous reports have indicated that
chloroquine inhibited HCVcc and HCVpp infection [14,19].
We adjusted the medium to pH 5.5 and incubated the cells in
this acidic medium in the presence or absence of tamoxifen for
2 h post-binding. The acidification of the medium did not
affect either the entry of HCVpp or the cell growth (Fig. 5¢).
Treatment with tamoxifen in the medium with a normal pH
(pH 7.1) reduced HCVpp entry, and treatment with the drug in
the acidic medium also reduced entry to a similar extent. In
contrast, chloroquine treatment in regular medium reduced
HCVpp entry, but entry was restored in the acidic medium
(Fig. 5¢). These results indicate that the inhibitory effect of
tamoxifen was not dependent on the function of this
compound as a base, unlike the effects of chloroquine.
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Fig. 5. Effect of tamoxifen on the attachment and endocytosis of HCVpp. a) Experimental design. HCVpp attachment to cells was performed at 4 °C for 1.5 h in the
presence or absence of drug. Under these conditions, HCVpp bind to the cells but do not efficiently enter the cells. The inoculum was then removed, and fresh
medium was added to the cells. The cells were subsequently incubated at 37 °C. The cells were treated with drug during the binding period at 4 °C (protocol I),
during first hour after the shift to 37 °C (protocol II), or 1 h after the shift to 37 °C (protocol III). The drug-containing medium was removed for every treatment,
and new medium was supplied to the cells. b) Effects of tamoxifen (TMX) (3 and 10 uM), chloroquine (CQ) (20 uM) and anti-CDS81 antibody (20 pg/ml) on
HCVpp attachment (protocol I) and post-binding events (protocol II and III) (left). Effects of tamoxifen, chloroquine and anti-CD81 on VSVpp (right). c) Effects of
exposure to low pH on the inhibition of HCVpp entry by tamoxifen and chloroquine. The cells were incubated with HCVpp at 4 °C for 1.5 h in the absence of drug.
After removing the inoculum, regular (pH 7.1) or acidic medium that was adjusted with HCl to pH 5.5, either with or without drug (tamoxifen, 10 uM, chloroquine,
20 uM), was added to the cells. The cells were subsequently incubated at 37 °C. The drug-containing medium was removed after 2 h of incubation, and the cells
were incubated for an additional 3 days with fresh, regular medium. The values are expressed as the percentage of control cells without drug. The data are the
averages of three wells and the error bars represent the standard deviation of the mean. One representative experiment of three independent experiments is shown.

4. Discussion infection. Although there are some reports about the HCV
inhibitory effects of tamoxifen and other SERMs, we pre-

We screened for HCV inhibitors using the JFH-1-Huh 7.5.1 sented further information about the inhibitory effects of these
cell culture system and found that tamoxifen and ERa substances. The time-of-addition experiments (Fig. 2a—c)
antagonists, but not ERo agonists, inhibited HCV JFH-1 suggested that these SERMs inhibit the entry and replication
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steps in the HCV life cycle. These SERMs, except ICI
182,780, reduced level of HCV genome (genotype 2a) and
NS5A (genotypes 1b and 2a) in the subgenomic replicon cells
(Fig. 3), which supports the hypothesis that the inhibitory
effect of the SERMs occurred during the replication steps.
Further we observed that SERMs preferentially reduced
extracellular HCV RNA compare to intracellular HCV RNA in
the newly (Fig. 2d) and persistently infected cells (Fig. 2e). It
suggests that the SERMs also target post replication step(s) in
the viral life cycle, such as assembly and release. A low
concentration of tamoxifen (0.1 uM) accumulated intracellular
HCV RNA (Fig. 2d), which suggests that SERMs target post
replication step(s) more efficiently than replication steps.
Additionally, these compounds inhibited HCVpp infection
(Fig. 4), which supports an inhibitory effect during the entry
step. The inhibition of entry was mediated through the inhi-
bition of viral binding to cells and through the inhibition of
a post-binding event (Fig. 5b). Taken together, SERMs seemed
to target multiple steps of the HCV viral life cycle.

Among the SERMs, ICI 182,780 did not exhibit distinct
inhibition of replication in the replicon cells (Fig. 3a and b),
although the compound seemed to inhibit entry and replication
steps according to the result of time-of-addition experiment
(Fig. 2c). The replicon cells are derived from Huh 7 cell.
Although viral sensitivity to the SERMs might be dependent
on the cell that HCV infect, it remains unclear whether ICI
182,780 inhibits replication step or not. However, the
compound affected post replication step in a similar manner to
other SERMs (Fig. 2d and e). It is unlikely that ICT 182,780 is
an inhibitor with different mechanisms.

The inhibitory effect of tamoxifen on HCV replication has
been previously reported by Watashi et al. [23]. They also
demonstrated that ICT 182,780 inhibited HCV replication. This
effect was discovered using a cell line that harbored a sub-
genomic replicon (genotype 1b). Additionally, these
researchers reported that RNA interference-mediated knock-
down of ERa, not ERB, reduced HCV replication, but the
reduction was not related to ERE-mediated transactivation
activity. They suggested that ERo interacts with the HCV viral
polymerase NS5B and that ERa. promotes the participation of
NS5B with the HCV replication complex. Using the Huh
7.5.1-JFH-1 screening system, Gastaminza et al. and Chock-
alingam et al. found that toremifene and raloxifene, respec-
tively, function as HCV inhibitors. Gastaminza et al. [24]
reported that toremifene inhibited HCV infection by inhibit-
ing both the entry and release steps of the viral life cycle.
Chockalingam et al. [25] determined that raloxifene inhibited
the entry and replication steps, as we also observed. Our
results are in accordance with these previous reports and other
information about the inhibitory effects of SERM:s.

Pseudo-particle experiments confirmed that SERMs
affected the entry step of HCV viral life cycle (Fig. 4b),
although the inhibitory effects were lower compare to those
against HCVcc (Fig. 2a—c). The reason for the difference in
sensitivity may account for some difference in the two entry
systems. Otherwise, in the treatment with the drugs for the first
2 h of HCVcc infection, some amount of the drugs might enter

the cell and remain affecting the other steps. The SERMs
affected not only genotype 2a but also other genotypes of
HCVpp that were examined, suggests that these chemicals
have effects on various genotypes of HCV. Although the
SERMs appeared to inhibit multiple steps of the HCV life
cycle, the primary target step in the viral life cycle might be
the entry step. In the time-of-addition experiments, treatment
with tamoxifen or raloxifene during the first 2 h was more
effective than treatment during the subsequent 2—48 h
(Fig. 2a). These SERMs are thought to primarily prevent viral
entry and to inhibit post replication step and replication at
higher concentrations.

As shown in Fig. 5, an experiment that could discriminate
an effect on viral attachment from an effect at the post-binding
processes indicated that tamoxifen inhibited both steps. The
inhibition of endocytosis by tamoxifen was not rescued by
exposure to a low pH. This suggests that the observed inhi-
bition is the result of a mechanism that is independent of the
compound’s function as a base. HCV entry is a highly
complicated process that involves numerous viral and cellular
factors. Tamoxifen is thought to target multiple steps that are
involved in the attachment and entry steps of the HCV life
cycle, which results in high levels of inhibition.

At present, the mechanism of the entry inhibition by
SERMs is not clear. It is possible that tamoxifen targets viral
molecules, but we have no evidence to support this hypothesis.
ERa might be a target molecule because all of the antagonists
of ERa that were examined had an inhibitory effect. Watashi
et al. indicated that ERa is involved in HCV replication [23].
ERa is thought to be present in the cytoplasm, which is where
HCYV replicates. However, it is doubtful that ERa is present on
the cell surface where viral entry occurs. The addition of 1783-
estradiol with tamoxifen did not prevent the inhibitory effect
of tamoxifen in the HCVpp experiment (data not shown). This
result suggests that tamoxifen does not compete with 17f-
estradiol for the target molecules involved in HCV entry.
Additionally, a pure ERa antagonist, ICI 182,780, was a less
effective inhibitor of the entry step. Based on these results, it is
thought that the molecule responsible for HCV entry that is
targeted by SERMs is not ERa.

Tamoxifen has various targets other than ERa, such as P-
glycoprotein (GPR30), calmodulin, and protein kinase C [26].
GPR30 (G protein-coupled receptor protein 30) is
a membrane-associated estrogen receptor that is distinct from
the classical ER [27]. Tamoxifen and ICI 182,780 are agonists
of GPR30 [28]. We examined the effect of a specific GPR30
agonist, G-1, and a GPR30 antagonist, G-15, on HCVpp
infection [29]. G-1 and G-15 did not inhibit HCVpp infection.
Conversely, HCVpp infection was observed to increase upon
addition of these compounds (data not shown). This result
suggested that GPR30 is not involved in the inhibition of HCV
entry.

We previously reported that a typical PKC inhibitor,
bisindolylmaleimide I (BIM I), inhibited HCV replication [2].
BIM I (10 pM) inhibited both HCVpp and VSVpp infection in
a similar manner by approximately 50% (data not shown).
This suggests that BIM I has a different mechanism for the
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inhibition of entry compared to tamoxifen. PKC is not thought
to be involved in the HCV-specific inhibition of entry by
SERM:s.

There were few reports of HCV entry inhibitors until the
development of the cell-culture JFH-1 infection system. It has
recently been reported that fluphenazine, trifluoperazine and
related chemicals exhibit a strong, dose-dependent inhibition
of HCV entry without significantly affecting the entry of
VSVpp [24,25]. These compounds are structurally similar to
chlorpromazine, which is an inhibitor of the clathrin-coated pit
formation that is required for HCV entry [14]. Interestingly,
these compounds and the SERMs have a common structural
characteristic: planar, multiple aromatic rings with a tertiary
amine side chain. Tamoxifen, raloxifene and ERa antagonists
all have this structure, but the ERa agonists do not have these
structures. Fluphenazine and related chemicals may inhibit
HCV entry through a mechanism that is similar to tamoxifen.

In summary, we observed a significant HCV inhibitory
effect of various SERMs using the Huh 7.5.1 cell-JFH-1
infection system. Additionally, we demonstrated that SERMs
could be useful for the treatment of HCV. Because it takes
a great deal of time and money to develop a new drug from
a novel chemical compound, it may be easier to use previously
developed drugs that can be used for new applications.
Tamoxifen, toremifene, and raloxifene are all drugs that have
been in use for an extended period of time. In our present
in vitro study, the effective concentrations for the HCV
inhibitory effects of the SERMs were approximately
0.1—-10 pM. In the case of tamoxifen, 20 mg per day,
administered for 8 weeks resulted in plasma concentrations of
approximately 0.5 pM. These concentrations could be suffi-
cient to exert an anti-HCV effect. SERMs should be investi-
gated to determine their efficacy for treating HCV clinically.
Further examination of the mechanism of the entry inhibition
mediated by SERMs would produce significant new data
relevant to the understanding of HCV entry.
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Multikinase inhibitor sorafenib inhibits proliferation and angiogenesis of tumors by suppressing the Raf/MEK/ERK signaling
‘pathway and VEGF receptor tyrosme kinase. It significantly prolongs median survival of patients with advanced hepatocellular
carcinoma (HCC) but the response is disease-stabilizing and cytostatic rather than one of tumor regression. To examine the :
mechamsms underlying the relative resistance in HCC, we investigated the role of autophagy, an evolutionarily conserved self-
d|gest|on pathway, in hepatoma cells in vitro and in vivo. Sorafenib treatment led to accumulation of autophagosomes as :
ewdenced by conversion from LC3-I to LC3-1I observed by lmmunoblot in Huh7, HLF and PLC/PRF/5 cells. This induction was
due to activation of autophagic flux, as there was further increase in LC3-lI expression upon treatment with lysosomal ‘

- inhibitors, clear decline of the autophagy ‘substrate p62, and an mRFP GFP-LC3 fluorescence change in sorafenib- treated

o hepatoma cells. Sorafenib inhibited the mammalian target of rapamycm complex 1 and its inhibition led to accumulatmn of

- LE3-L Pharmacologlcal inhibition of autophagic flux by chloroqume increased apoptosns and decreased cell vnablluty in
khepatoma cells. scRNA-medlated knockdown: of the ATG7 gene also sensitized hepatoma cells to sorafenlb Finally, sorafenib
induced autophagy in Huh7 xenograft tumors. in nude mice and coadministration with chloroqume significantly suppressed
tumor growth compared with. sorafenlb alone. In conclusion, sorafenib administration induced autophagosome formation and
enhanced autophagic activity, which conferred a survival advantage to hepatoma cells. Concomitant inhibition of autophagy
may be an attractive strategy for unlocking the antitumor potential of sorafenib i in HCC

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.

- 224 -



Shimizu et al.

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
1 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/PRF/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 wvitro. First, we assessed the expression of LC3, a
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Sorafenib induces autophagy in human hepatoma cells
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Figure 1. Sorafenib induces accumulation of autophagosomes in hepatoma cells. Western blot showing an increase in LC3-ll 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 DMSO-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 pM 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 Huh?7 cells
as well. Under 2.5 uM sorafenib treatment, the amount of

LC3-II 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/PRE/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 pM sorafenib

in the presence or absence of 50 uM chloroquine or 100 nM bafilomycin A1 for 12 hr. (b). Photographs of fluorescence microscopy of
punctate fluorescence of a transfected mRFP-GFP-LC3 construct in Huh7 cells after 12-hr treatment with 10 uM 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-II
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 results 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. 2¢).

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 (mTORC1), 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
mTORCI 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 mTORC1 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 Huh7 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/PRE/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
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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 pM sorafenib. (b). Western blot showing that rapamycin or Torin1 dephosphorylates both S6K and 4E-BP1 and
increases the expression of LC3-1l in Huh7 cells. Huh7 cells were treated with 100 nM rapamycin or the indicated concentration of Torinl
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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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 LC3-1I 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. J. 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 mTORC1 pathway in the present study.
Because mTOR inhibition by rapamycin or Torinl activates
autophagosome formation in hepatoma cells, sorafenib-
induced inhibition of the mTORCI1 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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Bak deficiency inhibits liver carcinogenesis: A causal link
between apoptosis and carcinogenesis
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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.
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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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