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Figure 4. Celluiar Hypertrophy and Cell Division
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(A) 30% PHx. In 30% PHXx, the median lobe was
surgically removed. The remaining Iobes
expanded by 4 days after 30% PHx. Scale bars
represent 1 cm.

(B) Liver weight at different time points after 30%
PHx. Because we analyzed right and caudate

lobes in 70% PHXx, we also analyzed them in 30%

Days after 30% PHx PHx. Thus, we separately weighed different lobes.
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Blue bars show weights of liver as a whole
including all left, right, and caudate lobes, whereas
red bars show those of only right and caudate
lobes. p value between each time point and day
0 was calculated by Student’s t test (*p < 0.05;
NS, p > 0.1). Error bars represent SD.

(C) Images of hepatocytes after 30% PHx. Stain-
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(Figure S3). We performed 70% PHx on these mice with the
labeled hepatocytes and found clusters comprising various
numbers of the labeled cells. We defined clusters of one,
two, three, and four hepatocytes as singlets, doublets, triplets,
and quadruplets, respectively (Figure 3D). Clusters comprising
more than five hepatocytes were very rare in all the conditions
examined (see below). If a singlet underwent one cell division
during liver regeneration, it should become a doublet. There-
fore, the cell division of individual hepatocytes during liver
regeneration can be traced. We counted the numbers of
labeled clusters at various time points during liver regenera-
tion. Before PHx, most of the labeled hepatocytes were
singlets, whereas a considerable number of doublets were
observed at 7 days after 70% PHx (Figure 3E). Consistent
with the Ki67 staining (Figure 1C), doublets started to signifi-
cantly increase from 2 days after 70% PHx, and about a half
of the labeled clusters were doublets at 14 days after PHx.
Triplets and quadruplets also emerged, though their numbers
were small. Interestingly, a considerable proportion of the
labeled cells remained as singlets, suggesting that not all
the hepatocytes undergo cell division during regeneration
(Figure 3F). A possible problem of this analysis is, however,
potential overlooking of neighboring hepatocytes aligned in z
dimension, especially in regenerated livers where about half
of the labeled cells had undergone cell division (Figure 3G).
To address this possibility, we performed serial section anal-
ysis of the liver 14 days after 70% PHx. In addition to the
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hepatocytes enlarged at 2 and 7 days after 30%
PHx. Scale bars represent 25 um.

(D) Quantification of the size of hepatocytes during
liver regeneration after 30% PHx by imaging cy-
tometry. p value between each time point and
day 0 was calculated by Student’s t test (*p <
0.05; NS, p > 0.9). Error bars represent SD.

(E) LacZ staining of hepatocytes after 30% PHx in
the hepatocyte-labeling assay. Most of the LacZ*
hepatocytes observed after 30% PHx remained
as singlets. Scale bars represent 50 um.

(F) Quantification of the labeled clusters. Propor-
tions of singlet and doublet were almost the same
between the regenerated liver at day 14 and the
sham control (p > 0.4 by Student’s t test), indi-
cating that hepatocytes rarely underwent cell
division after 30% PHx. Error bars represent SD.
(G) A model of liver regeneration. In the first
response to the loss of liver mass, hepatocytes
enlarge, which is sufficient for the loss of 30%
mass. In the case of 70% PHx, hypertrophy is
not sufficient, and hepatocytes proliferate to
increase the cell number.
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section we first observed, we analyzed four additional serial
sections to determine whether singlets in the first section are
real singlets or doublets (Figures 3G and 3H). By this analysis,
out of 93 apparent singlets, 9 turned out to be doublets and 3
were triplets, and out of 28 apparent doublets, 2 were triplets
(Figure 3H and data not shown). With these values we cor-
rected the data of 14 days after 70% PHx (Figure 3F). Even
after the corrections, more than 42% of the iabeled cells still
remained as singlets. These results demonstrated that the
number of hepatocytes increased by 1.6-fold during liver
regeneration, which corresponded to an average of 0.7 cell
division per cell (Figure 2F). As hepatocytes increased their
volume by 1.5-fold (Figures 2D and 2F), the increases in
the size and number of hepatocytes together (1.5 x 1.6 =
2.4-fold) would account for the 2.4-fold increase in liver weight
(Figure 1B). Our results provide the first quantitative data on
the size and number of hepatocytes during liver regeneration
and evidence that not only proliferation but also cellular hyper-
trophy roughly equally contributes to regeneration.

Liver Regenerates from 30% PHx by Hypertrophy of
Hepatocytes without Proliferation

To address whether the proliferation and hypertrophy make
similar contributions to all the regenerative processes, we
next analyzed liver regeneration after 30% PHx (Figure 4A).
Liver weight increased from 1 day after 30% PHx and reached
aplateau by 4 days (Figures 4A and 4B). The right and caudate
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lobes, which also remain after 70% PHx, showed slightly
greater increases in weight than the left lobe, as the remaining
whole lobes increased in weight by 1.3-fold, whereas that of
the right and caudate lobes alone increased by 1.5-fold (Fig-
ure 4B). As we analyzed the right lobe after 70% PHx, we
also analyzed it after 30% PHx. Ki67 staining showed that
a few hepatocytes entered the cell cycle from 2 days after
30% PHx (Figure S4A). Next, we investigated the size of
hepatocytes by imaging cytometry. Actin staining showed
hypertrophy of hepatocytes after 30% PHx (Figure 4C). Quan-
tification revealed that the hepatocytes were largest at 2 days
after 30% PHx and gradually decreased their size but re-
mained larger than before 30% PHx (Figure 4D). imaging cy-
tometry showed slight, but not statistically significant,
increase in nuclear size after 30% PHx (Figures S4B and
S§4C). We also observed that ploidy of hepatocytes showed
only marginal increase after 30% PHX, in clear contrast to
significant increase in ploidy after 70% PHx (Figure S4D).
These results indicate that the hypertrophy of hepatocytes is
independent of DNA content. We observed ultrastructures of
hepatocytes after 30% PHx and found no remarkable differ-
ence in organelles similarly to after 70% PHx (Figure S2B).
Hepatocytes had increased their size by 1.4-fold by 7 days after
30% PHx, which was almost equal to the 1.5-fold increase in
the weight of the right and caudate lobes, suggesting that
cellular hypertrophy alone compensated the lost tissue
(Figures 4B and 4D). This possibility was further confirmed by
the hepatocyte-labeling assay, i.e., hepatocytes rarely con-
ducted cell division after 30% PHx (Figures 4E and 4F). These
results clearly show that the liver regenerates from 30% PHx
by increasing the size of hepatocytes without cell division.

Based on our findings, the general view of liver regeneration
needs to be revised as discussed below. For regeneration
from 30% PHx, hepatocyte hypertrophy is sufficient for the
recovery. However, in a severe loss of liver mass such as
70% PHXx, hypertrophy occurs first and cell division then
follows to increase the cell number (Figure 4G).

Hepatocytes Infrequently Enter into M Phase during Liver
Regeneration

Previous studies showed that a majority of hepatocytes were
labeled by tritiated-thymidine [15]. We also found that more
than 66% of hepatocytes incorporated BrdU by 3 days after
70% PHx (Figure S5A). Because some hepatocytes still
entered the cell cycle thereafter (Figure 1C), and the labeling
efficiency was not 100%, the actual population that entered
S phase would be higher than 66%, confirming the previous
observation. However, the incorporation of tritiated-thymidine
or BrdU does not necessarily mean cell division of hepato-
cytes. Actually, we found that only about half of hepatocytes
undergo cell division during liver regeneration (Figure 3F).
We speculated that hepatocytes do enter into S phase but
that there is a hurdle for them to enter into M phase.

To address this possibility, we developed a method to quan-
tify the number of hepatocytes expressing a cell cycle marker
in their nuclei by imaging cytometry (Figure S5B). We stained
actin, a cell cycle marker (Ki67), and a mitosis marker (phos-
phorylated Histone H3 [pHH3]). We found that 48.9% and
21.9% of the cells were Ki67* at 2 and 3 days after 70% PHYX,
respectively, whereas only 13.6% and 5.4% were pHH3*,
respectively (Figures 1C, S5C, and S5E). For comparison, we
examined the same markers in liver of postnatal day 10 (P10)
mice, in which hepatocytes actively proliferate, and deter-
mined the ratio of pHH3* cells to Ki67* cells. The ratio was

significantly higher in the P10 mouse liver than the regenerat-
ing liver at 3 days after 70% PHx. The same tendency was
observed at 2 days after 70% PHx (Figures S5D and S5F).
These results support our idea that hepatocytes infrequently
enter into M phase in regeneration compared to in liver
development.

To further substantiate the existence of a hurdle for hepato-
cytes to enter into M phase, we investigated phosphorylation
of Cdc (Cell division cycle) 2. Cdc2, a serine/threonine kinase,
and Cyclin B form M phase promoting factor (MPF) that
promotes the entry into M phase. The critical step to activate
MPF is dephosphorylation of Cdc2 at Thr-14 and Tyr-15 [22].
In P10 liver, phosphorylation of Cdc2 at Tyr-15 was hardly de-
tected. In sharp contrast, Cdc2 was strongly phosphorylated
at Tyr-15 in regenerating liver 2 or 3 days after 70% PHx (Fig-
ure S5G). Therefore, the lower MPF activity in hepatocytes in
regenerating liver might be a reason for the infrequent entry
of hepatocytes into M phase.

Moreover, we observed that although there were some
Ki67* hepatocytes and more than 7% of hepatocytes were
labeled by BrdU during liver regeneration from 30% PHx,
they rarely underwent cell division (Figures 4E, 4F, S4A, and
S5A). We also observed a significant increase in the nuclear
size and ploidy of hepatocytes after liver regeneration after
70% PHx (Figures 2C, 2E, and S4D) as reported previously
[14, 16]. Collectively, these results demonstrate that hepato-
cytes do enter S phase, but it is not always followed by normal
M phase.

The Nuclear Number of Hepatocytes Decreases in Liver
Regeneration

Despite the increase in ploidy of hepatocytes, the previous
study by microscopic observation and manual counting
showed that the number of nuclei in hepatocytes decreases
during liver regeneration after 70% PHx [17]. Because our
imaging cytometric approach is able to efficiently and objec-
tively distinguish mononuclear and binuclear hepatocytes
(Figure 2A), we investigated the nuclear number and confirmed
that the proportion of binuclear hepatocytes decreased during
liver regeneration after 70% PHx (Figures 5A and 5B). By
contrast, it was unchanged during liver regeneration after
30% PHx (Figures 5A and 5B). The nuclear number of hepato-
cytes was reduced from 3 days after 70% PHx when the
majority of hepatocytes had entered into the cell cycle (Fig-
ure 1C), whereas the nuclear number was constant during
the regeneration after 30% PHx in which hepatocytes rarely
divided (Figures 4E and 4F), suggesting a link between the
reduction in the nuclear number and cell division.

To uncover this link, it is necessary to investigate individual
hepatocytes. Therefore, we applied the single hepatocyte-
labeling assay (Figure 3) with Nuclear Fast Red staining, which
allowed us to determine the nuclear number in the genetically
labeled hepatocytes (Figure 5C). As shown in Figure 3F, most
of the labeled hepatocytes before PHx were singlets and about
a half of them underwent cell division to become doublets (Fig-
ure 5D). Considering the nuclear number, there are three
possible combinations of hepatocytes constituting doublets,
i.e., two mononuclear hepatocytes, two binuclear hepato-
cytes, or a pair of mononuclear and binuclear hepatocytes
(Figure 5D). Interestingly, however, the doublets that appeared
7 days after 70% PHx mostly consisted of two mononuclear
cells, and no doublet with two binuclear cells was found
(Figure 5E). Because most doublets were generated by cell
division of singlets during liver regeneration, these results
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Figure 5. Relation between Cell Division and

% Nuclear Number during Liver Regeneration

(A) Mononuclear and binuclear hepatocytes.
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Staining of actin (green in the upper panel) and
nuclei (blue in the upper panel) distinguishes
mononuclear hepatocytes (Mono, red in the
lower panel) from binuclear hepatocytes (Bi,
green in the lower panel) by imaging cytometry.
Note that the number of binuclear hepatocytes
dropped 7 days after 70% PHXx, but not after
30% PHXx.

(B) Quantification of the proportion of binuclear
hepatocytes during liver regeneration by imaging
cytometry. p values between each time point
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and day 0, and sham controls and the regener-
ated livers were calculated by Student’s t test
(*p < 0.05; NS, p > 0.05). The proportion dropped
markedly from 3 days after 70% PHx, but was
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(C) LacZ and Nuclear Fast Red staining of the
labeled hepatocytes 7 days after 70% PHx.
Nuclear Fast Red staining allowed us to count the
nuclear number of the genetically labeled hepato-
cytes. Mono and Bi singlets and a Mono+Mono
doublet are shown. Scale bars represent 25 uym.

(D) Possibie labeled cell types after 70% PHXx.
Before PHx (day 0), most of the labeled hepato-
cytes are singlets with one nucleus (Mono) or
two (Bi). During liver regeneration, about half of
singlets remain as singlets without cell division
and the other haif undergo cell division to
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generate doublets. Thus, possible cell types 7 days after 70% PHx are singlets with one nucleus (Mono) or two nuclei (Bi) and doublets with either two
Mono cells (Mono+Mono), two Bi cells (Bi+Bi), or a combination of Mono and Bi cells (Mono+Bi).

(E) Percentage of doublets with different combinations of Mono and Bi ceils after 70% PHx. At least 50 doublets were counted per mouse. Most of the
doublets comprised two Mono hepatocytes (*p < 5 X 1078 by Student’s t test). Doublets composed of two Bi hepatocytes were not observed. Error

bars represent SD.

(F) Proportion of binuclear singlets in total singlets before and after 70% PHx. At least 100 singlets were counted per mouse, The proportion dropped after

70% PHXx (*p < 0.0005 by Student’s t test). Error bars represent SD.

indicated that cell division during liver regeneration mainly
produced two mononuclear hepatocytes. Because about half
of the singlets before PHx remained singlets without cell divi-
sion after 70% PHx (Figures 3F and 5D), we also counted their
nuclear number, and surprisingly found that the proportion of
binuclear singlets in all singlets was reduced after the regener-
ation (Figure 5F). If both mononuclear and binuclear singlets
undergo cell division at the same frequency to become
doublets, the proportion of binuclear singlets in all remaining
singlets after PHx should be constant. Instead, the proportion
dropped significantly. One possible explanation for this obser-
vation is the preferential cell division of binuclear singlets to
become doublets, though our results cannot exclude other
possibilities such as nuclear fusion.

Modes of Mitosis in Binuclear Hepatocytes

To reveal how binuclear hepatocytes produce mononuclear
cells, we analyzed each step of mitosis of hepatocytes during
liver regeneration by examining the expression of Aurora B.
Because the intracellular distribution of Aurora B changes
markedly during cell division [23], distinct steps of mitosis
can be identified by the localization of Aurora B and
morphology of nuclei at 2 days after 70% PHx (Figure 6A).
Although both mononuclear and binuclear hepatocytes were
frequently observed in prophase, 205 out of 643 hepatocytes
in prophase were binuclear, binuclear hepatocytes were very
rare in prometaphase/metaphase, and only 3 of 154 hepato-
cytes were binuclear (Figure 6A). Furthermore, in anaphase,
all 52 hepatocytes observed exhibited the segregation of two
nuclei to each pole at opposite sides (Figure 6A). These results

indicate that condensed chromosomes gather at the center of
both mononuclear and binuclear hepatocytes in prometa-
phase/metaphase and the two nuclei are segregated to two
opposite poles in anaphase, resulting in apparently the same
mode of prometaphase/metaphase and anaphase for both
mononuclear and binuclear hepatocytes. In telophase, we
observed mainly two neighboring mononuclear hepatocytes
(178 out of 191) and a few pairs comprising a mononuclear
hepatocyte and a binuclear hepatocyte (13 out of 191) (Fig-
ure 6A). Those daughter pairs with one mononuclear cell and
one binuclear cell might be generated by occasional splitting
of the condensed chromosomes derived from binuclear hepa-
tocytes in one of the two daughter cells, similar to the obser-
vations in a recent report [24]. However, no pair of binuclear
hepatocytes was found. The proportion of pairs in telophase
was almost the same as that obtained by the single hepato-
cyte-labeling assay, confirming that cell division during liver
regeneration mainly produced mononuclear hepatocytes
(Figures 5F and S6).

It has been well established that hepatocytes often undergo
mitosis without cytokinesis in liver development, generating
binuclear hepatocytes [17, 25]. In liver regeneration, our results
demonstrate that not all hepatocytes undergo M phase. Mono-
nuclear hepatocytes that have entered into M phase produce
two mononuclear hepatocytes via a conventional cell cycle.
In contrast, binuclear hepatocytes that have entered into M
phase assemble all condensed chromosomes from two nuclei
and produce two mononuclear hepatocytes. Overall, the
number of binuclear hepatocytes decreases during liver
regeneration in contrast to liver development (Figure 6B).
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Telophase

Figure 6. Cell Division of Hepatocytes during Liver
Regeneration
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Mono+8i (A) Modes of mitosis. We visualized the expression and

localization of Aurora B (red) as well as actin (green)
and nuclei (blue) by immunofiuorescent staining.
Prophase, prometaphase/metaphase, anaphase, and
telophase were distinguished by the distribution of
Aurora B and morphology of nuclei in liver sections at
2 days after 70% PHx. Mono and Bi hepatocytes and
pairs of hepatocytes, Mono+Mono and Mono+Bi, were
observed in prometaphase/metaphase and in telophase,
respectively. Scale bars represent 20 pm.

{B) Modes of cell cycle during liver development and
regeneration. In liver development, most Mono hepato-
cytes undergo the conventional cell cycle to replicate.
However, some of them undergo mitosis without cytoki-
nesis to produce Bi hepatocytes. During liver regenera-
tion after 70% PHx, Mono hepatocytes remain without
mitosis or undergo conventional mitosis and cytoki-
nesis to replicate. Bi hepatocytes remain without

mitosis or undergo cell division. In this cell division,
condensed chromosomes from the two nuclei gather
at the center of the hepatocyte in metaphase, and the
nuclei are segregated to two poles to produce two
Mono hepatocytes. Overall, these processes increase
the number of Mono hepatocytes in the regenerated
liver. Hepatocytes increase in size during both develop-
ment and regeneration, whereas changes in nuclear
number clearly differ between development and regen-
eration.
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Discussion

Although hepatocytes are metabolically active, they are
dormant in the cell cycle under normal conditions. In response
to loss of liver mass, however, hepatocytes enter the cell cycle
and regenerate the liver. A number of previous studies indi-
cated that almost all hepatocytes proliferate after 70% PHx.
However, we demonstrate that cellular hypertrophy signifi-
cantly contributes to liver regeneration (Figure 4G). Moreover,
we show that hepatocytes undergo cell division only about 0.7
times on average in the regeneration from 70% PHx (Figure 3).
Our results are a significant contrast to previous studies
and this difference is probably because of the experimental
designs. Most of the previous studies were conducted on
whole liver or bulk hepatocytes, whereas the current study em-
ployed two novel systems to examine individual hepatocytes:
an imaging cytometric analysis and a genetic tracing system
using HTVi.

Imaging cytometry enables an unbiased, objective, and
high-throughput analysis of the size of hepatocytes (Figure 2).
Furthermore, modification of this procedure allows analyses of
the expression of cell cycle markers and of the number and
size of nuclei of hepatocytes at the same time (Figures 2E,
5A, 5B, S5B, and S5E). To trace the fate of individual hepato-
cytes, we developed a novel genetic approach, in which asmall
population of hepatocytes can be permanently and randomly
labeled at the single-cell level. If a labeled hepatocyte
undergoes one cell division, the two daughter hepatocytes
are expected to be next to each other. Thus, this procedure
makes it possible to quantitatively analyze the cell division of
individual hepatocytes (Figure 3).

We revealed that the early phase of liver regeneration from
70% PHx totally depends on the hypertrophy of hepatocytes

(Figures 1B, 1C, 2C, 2D, and 2F). In addition, liver regeneration
after 30% PHx is achieved solely by hypertrophy (Figure 4).
Although hypertrophy of hepatocytes during liver regeneration
has been considered to occur only when proliferative potential
of hepatocytes is compromised, e.g., inhibition of cell cycle by
genetic mutations [12, 14, 26] or administration of dexametha-
sone [27], our results indicate that hypertrophy of hepatocytes
is the first process by which liver regenerates. Interestingly,
expression of a significant number of genes is similarly up-
or downregulated after both 30% and 70% PHx [28]. There-
fore, it is likely that those genes contribute to the hypertrophy
of hepatocytes after both 30% and 70% PHx. We speculate
that the increase of liver mass by hypertrophy rather than
cell division allows hepatocytes to respond to the immediate
requirement to maintain homeostasis. Intriguingly, the very
early stage of liver regeneration (0-4 hr after PHx in mice) is
known as the “priming” phase, in which hepatocytes dramat-
ically change their gene expression to respond to regenerative
stimuli such as cytokines [29, 30]. Therefore, we speculate that
this priming also triggers hypertrophy of hepatocytes. The
facts that hypertrophy starts as early as 3 hr after 70% PHx
(Figure 2D) and that 30% PHx induces both the priming and
hypertrophy of hepatocytes further support our idea [31, 32].

We extensively investigated the cell cycle progression of
hepatocytes during liver regeneration. Most hepatocytes
entered S phase after 70% PHx (Figure S5A), consistent with
previous reports [15, 33]. Interestingly, however, staining of
pHH3 showed that only a small portion of hepatocytes entered
M phase compared to that at P10 when hepatocytes actively
proliferate, implying that some hepatocytes fail to enter M
phase (Figures S5C-S5F). These observations could be simply
due to longer interphase in liver regeneration than in liver
development. However, it seems unlikely, because Cdc?2 is
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strongly phosphorylated at Tyr-15 only in regeneration (Fig-
ure S5G). Moreover, even though more than 7% of hepato-
cytes undergo S phase, hepatocytes rarely undergo cell
division after 30% PHx (Figures 4E, 4F, and S5A). Thus it is
more likely that there is a hurdle for hepatocytes to enter M
phase during regeneration, leading to the infrequent cell divi-
sion and increase in ploidy (Figure S4D).

As reported previously [17], we also found a reduction in bi-
nuclear hepatocytes during liver regeneration after 70% PHx
(Figures 5A and 5B). The genetic labeling with nuclear staining
of single hepatocytes and staining of Aurora B revealed that
they undergo cell division to produce mononuclear hepato-
cytes (Figures 5E and 6A), which could occur more frequently
for binuclear hepatocytes than for mononuclear ones (Fig-
ure 5F). This mode of cell division of binuclear hepatocytes
has been previously reported in cultured hepatocytes [34].
Our results provide strong evidence for this type of cell division
in vivo. Hepatocytes increase in number and size during both
the development and regeneration of the liver, but cell cycle
regulation differs significantly as shown in Figure 6B.

A long-standing question is why liver can regenerate.
Although to a lesser extent, some organs other than liver
also increase their size in response to partial loss. For
example, the removal of one kidney induces the enlargement
of the other. In this case, kidney cells rarely intake BrdU,
implying that the kidney increases in size through cellular
hypertrophy [35], similar to after 30% PHx (Figure S5A). There-
fore, cellular hypertrophy may be a general mechanism to
compensate for the partial loss of an organ. However, the liver
can recover even from a 70% loss caused by PHx, and this
extraordinary potential to regenerate may be due to the unique
capacity of hepatocytes for both hypertrophy and prolifera-
tion. Interestingly, hepatocytes under normal conditions and
after 30% and 70% PHx show significant differences in cell
number, cell size, nuclear number, nuclear size, and ploidy.
Nevertheless, livers under these different conditions still main-
tain homeostasis, indicating a “cellular robustness” of hepato-
cytes to perform their required functions. A recent report on
the extreme plasticity of ploidy through cell division also
supports the robustness of hepatocytes [24, 36]. Furthermore,
as mentioned above, hepatocytes deficient in either Skp2,
Stat3, or Separase markedly increased their size after 70%
PHx to maintain almost normal liver functions despite the
altered cell cycle progression [12, 14, 26], supporting this
notion. This cellular robustness seems to be unique to hepato-
cytes and may be a reason why the liver has an extremely high
capacity to regenerate.

Although liver regeneration has been studied extensively,
fundamental questions as to the cell division cycle of hepato-
cytes have remained largely unanswered. This study has
uncovered the importance of hypertrophy and unique features
of hepatocytes in the progression of the cell cycle during
regeneration and revises the currently accepted view on liver
regeneration after surgical resection.

Experimental Procedures

Statistical Analysis

All the data represented in graphs are averages = SD. For measurement of
liver weight, three to seven mice were sampled per each condition. For other
experiments, three mice were analyzed per each condition.

Mice
All the mice used in this study were the C57BL/6 background. Rosa26-LacZ
reporter (R26R) mice were purchased from the Jackson Laboratory. Both

30% and 70% PHx were performed on 8-week-old male mice in all the
experiments. All experimental procedures in this study were approved by
the institutional animal care and use committee of the University of Tokyo.

Genetic Labeling of Hepatocytes

We used the pLIVE vector and TransiT-EE Hydrodynamic Delivery Solution
(Mirus Bio) to introduce cDNAs into R26R mice by hydrodynamic tail vein
injection (HTVi).

Imaging Cytometry

We used IN Cell Analyzer 2000 (GE Healthcare). Hoechst33342, Alexa Fluor
488 phalloidin, and antibodies against markers for the cell cycle gave
signals for nuclei, cellular outlines, and the expression levels of the markers,
respectively.

Northern and Western Blot Analyses
The methods used for the northern and western blot analyses were
described previously [37].

Supplemental Information

Supplemental Information includes Supplemental Experimental Procedures
and six figures and can be found with this article online at doi:10.1016/j.cub.
2012.05.016.
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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-o 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 marlker 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)*
p
Bel-xL* 0% (0/4)
Bel-xL* 27% (311)
15
Mcl-1+ 0% (0/22)
‘‘‘‘‘ Mcl-1+ 100% (16/16)*
P

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- /<o~
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- 1%/ 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 (MmO00446190_m1), mouse-TNF-o (Mm00443258_m1),
mouse-MCP-1 (Mm00441242_m1), mouse-CD68 (Mm03047343_m1), mouse-
CD4 (Mm00442754_m1), mouse-CD8 (Mm01182108_m1), mouse-heme oxygen-
ase-1 (HO-1) (Mm00516005_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 deoxynucleotidy! 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/McI-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 mice, 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 a-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 a-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-o, 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.

94
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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-
OHdG 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 Mcl-1
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Fig. 2. Liver tumors in Mcl-1 KO mice. (A-E) Hepatocyte-specific Mcl-1-deficient mice (Mcl-17/~) (N = 16) and their control littermates (Mcl-1*1) (N = 22) 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 Mcl-1 KO mice. (E) Western blot of the Bcl-2 family proteins in tumors (T) and
surrounding non-cancerous livers (NT) of Mcl-1 KO mice and livers of control mice. (F and G) Characteristics of liver tumors in Mcl-1 KO mice. (F) Real-time RT-PCR analysis
of the expression levels of a-fetoprotein (AFP) and glypican-3 mRNA (N = 16 per group). (G) Expression and activation of mitogen-activated protein kinases. *p <0.05.

KO mice as evidenced by TUNEL staining of liver sections, serum
ALT levels and caspase-3/7 activity at 6 weeks of age (Fig. 4A-C).
Weber et al. [12] previously described hepatocyte regeneration in
the Mcl-1 KO liver. In agreement with this, Mcl-1 KO livers
showed higher expression of cell cycle markers PCNA and ki-67,
than those from control littermates (Fig. 4A, B, and D and Supple-
mentary Fig. 4). Importantly, the levels of PCNA and ki-67 expres-
sion decreased with a Bak KO background in Mcl-1 KO mice.
While Mcl-1 KO livers show a mild fibrotic change [11], the levels
of collal expression at 6 weeks of age and Sirius red staining at
1 year of age decreased with a Bak KO background in Mcl-1 KO
livers (Fig. 4E and Supplementary Fig. 5). Bak deficiency also
reduced expression levels of TNF-o,, MCP-1, and CD68 at 6 weeks
of age (Fig. 4F). Next, we examined the impact of apoptosis inhi-
bition by Bak deficiency on oxidative stress markers, which were
increased in Mcl-1 KO livers. Real-time RT-PCR revealed that Bak
deficiency reduced the levels of HO-1 and NQO1 expression at
6 weeks of age (Fig. 4G). Consistent with these observations,
Bak KO significantly lowered the number of 8-OHdG-positive
nuclei in Mcl-1 KO livers at 1 year of age (Fig. 4H). These results
suggested that inhibition of hepatocyte apoptosis reduced
oxidative stress in the liver. Finally, to examine the impact of
apoptosis inhibition on liver tumor development, we compared

the carcinogenetic rates in Mcl-1 KO mice with or without Bak
KO background at 1 year of age and found that Bak KO signifi-
cantly suppressed liver tumor development (Fig. 5A and B and
Table 1).

Discussion

Mcl-1 was first identified as a gene induced during myeloid cell
differentiation. Compared with other anti-apoptotic members
such as Bcl-2, Bcl-xL, Bcl-w, and Bfl-1, Mcl-1 possesses a unique
N-terminus containing two PEST domains, which are found in
proteins displaying rapid turnover, and its expression is tightly
regulated by growth factors and a variety of other stimuli. Mice
systemically deficient for Bcl-xL suffered embryonic death due
to massive apoptosis in hematopoietic organs and developing
neurons [22]. On the other hand, systemic Mcl-1 KO resulted in
peri-implantation lethality, but Mcl-1 KO embryos showed no
alterations in the extent of apoptosis [23], suggesting that Mcl-
1 may play a role early in development that is distinct from its
anti-apoptotic functions. Indeed, in vitro studies have shown that
Mcl-1 interacts with PCNA and Cdk1 in the nucleus and inhibits
proliferation [13,14]. Recently, the early responding gene IEX-1
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was found to be induced upon DNA damage and to be bound to
and to transport Mcl-1 from the cytosol to the nucleus [15].
Mcl-1 was also reported to be induced upon DNA damage and
to regulate the DNA damage response through activation of
Chk1 [16]. These findings suggest that Mcl-1 possesses additional
functions in cell cycle progression and the DNA damage response
pathway. This raised concern as to whether the hepatocarcino-
genesis observed in Mcl-1 KO mice was actually related to
increased apoptosis in the liver.

In the present study, we demonstrated that hepatocyte-spe-
cific destruction of Bcl-xL led to the development of liver cancer
similarly to that in hepatocyte-specific Mcl-1 KO mice. Although

we could not completely exclude the possibility that Bcl-xL
may have additional effects other than apoptosis, this finding
clearly shows that hepatocarcinogenesis observed in the apopto-
sis-prone liver is not a specific finding of loss of Mcl-1 but is also
observed with the knockout of other genes that are critically
involved in hepatocyte integrity. Tumors observed in these mur-
ine livers frequently showed activation of ERK and JNK, similar to
the activation observed in human HCC [18,19]. While 64% of Mcl-
1 KO mice (14/22) developed liver tumors within 1 year, only 27%
of Bcl-xL KO mice (3/11) did so within 1 year (Table 1). These
finding indicate that the incidence rate of carcinogenesis in Bcl-
xL KO mice is lower than that of Mcl-1 KO mice. This may be
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explained by the difference in levels of hepatocyte apoptosis and Mcl-1 executes its anti-apoptotic function by either directly or
serum ALT, which are higher in Mcl-1 KO mice than in Bcl-xL KO indirectly inhibiting the pro-apoptotic functions of Bak and/or Bax
mice of the same age [10,11]. [24]. In the present study, we have shown that deletion of the hak
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gene resulted in a clear reduction in hepatocyte apoptosis in Mcl-1
KO mice. Of importance is the finding that bak deletion leads to
reduction of the liver regenerative response in Mcl-1 KO mice.
Bak is exclusively localized at the mitochondria in hepatocytes
[25] and, upon exposure to apoptotic stimuli, undergoes oligomer-
ization to form pores in the outer membrane of mitochondria,
releasing cytochrome ¢, which in turn activates caspases. Since
Bak is not involved in the activity of Mcl-1 in the nucleus, our pres-
ent finding suggests that the regeneration observed in the Mcl-1 KO
liver is not due to loss of the Mcl-1 anti-proliferative effect but
mainly to the compensatory regeneration of increased apoptosis.
Most importantly, bak deletion clearly leads to reduced liver tumor
incidence. This finding strongly suggests that the hepatocarcino-
genesis observed in Mcl-1 KO mice can be mostly ascribed to
increased apoptosis in hepatocytes.

What does make hepatocytes undergo malignant transforma-
tion in the liver with increasing apoptosis? Regeneration is a
physiological process in the liver like that in bone marrow or
the intestine and compensatory liver regeneration itself is proba-
bly not sufficient to induce liver cancer [26]. The present study
raised the possibility that TNF-a and oxidative stress are candi-
date factors responsible for the malignant transformation in the
apoptosis-prone liver. TNF-a is reported to be a potent endoge-
nous mutagen that promotes cellular transformation [20], and
oxidative stress is reported to cause DNA damage leading to car-
cinogenesis [21]. Our results revealed that both TNF-« and oxida-
tive stress were significantly increased in KO livers, and
importantly, that inhibition of apoptosis by deletion of the bak
gene reduced the levels of TNF-o and oxidative stress with a
decrease in the tumorigenic rate. Some studies have shown that
TNF-o induces oxidative stress in hepatocytes [27,28], while oxi-
dative stress promotes production of inflammatory cytokines
[29-31]. Taken together, oxidative stress and inflammatory
cytokines may positively affect each other to turn healthy hepa-
tocytes into malignant transformed hepatocytes in the liver of KO
mice. Further studies are needed to examine the role of oxida-
tive stress and inflammatory cytokines in apoptosis-induced
hepatocarcinogenesis.

Apoptosis resistance has been established as a hallmark of
cancer [32]. Indeed, accumulating evidence indicates that human
HCC frequently overexpresses a variety of molecules which con-
fer apoptosis resistance, such as anti-apoptotic Bcl-2 family pro-
teins, Bcl-xL [33] and Mcl-1 [34,35]. Their overexpression was
found to be associated with malignant phenotypes of tumors
and poor prognosis of patients [36]. In the present study, tumors
that developed in Bcl-xL or Mcl-1 KO mice lacked expression of
the respective proteins but reciprocally overexpressed Mcl-1 or
Bcl-xL at high rates. We recently reported that conditional
expression of Bcl-xL in tumor cells was translated into higher
tumor growth in xenograft models [37], indicating that overex-
pression of anti-apoptotic Bcl-2 family proteins is important for
tumor progression. Lack of Bcl-xL or Mcl-1 in hepatocytes gener-
ates persistent hepatocyte apoptosis leading to liver tumor devel-
opment. On the other hand, reciprocal overexpression of Mcl-1 or
Bcl-xL in the tumor of Bcl-xL or Mcl-1 KO mice might be required
for tumor progression.

Increasing evidence indicates that the serum level of ALT, a mar-
ker of hepatocyte apoptosis, is arisk factor for HCCin viral hepatitis
[38] and non-alcoholic steatohepatitis [39)]. A population-based
study also revealed that elevated ALT levels raise the risk of liver
cancer [40]. The present study provides evidence that spontaneous
apoptosis in hepatocytes leads to liver cancer development and
also offers genetic evidence that inhibition of apoptosis can help
prevent liver cancer. Administration of caspase inhibitor was pre-
viously reported to lower serum ALT levels in patients with chronic
hepatitis C[41]. It may be interesting and important, from a clinical
point of view, to further determine whether pharmacological inhi-
bition of apoptosis can be useful in preventing liver cancer devel-
opment in Bcl-xL or Mcl-1 KO mice.
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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 proliferation and angiogenesis of tumors by suppressing the Raf/MEK/ERK signaling
pathway and VEGF receptor tyrosine 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
mechanisms underlying the relative resistance in HCC, we investigated the role of autophagy, an evolutionarily conserved self-
digestion pathway, in hepatoma cells in vitro and in vivo. Sorafenib treatment led to accumulation of autophagosomes as
evidenced by conversion from LC3-I to LC3-ll observed by immunoblot in Huh7, HLF and PLC/PRF/5 cells. This induction was
due to activation of autophagic flux, as there was further increase in LC3-Il expression upon treatment with lysosomal
inhibitors, clear decline of the autophagy substrate p62, and an mRFP-GFP-LC3 fluorescence change in sorafenib-treated
hepatoma cells. Sorafenib inhibited the mammalian target of rapamycin complex 1 and its inhibition led to accumulation of
LC3-Il. Pharmacological inhibition of autophagic flux by chloroquine increased apoptosis and decreased cell viability in
hepatoma cells. siRNA-mediated knockdown of the ATG7 gene also sensitized hepatoma cells to sorafenib. Finally, sorafenib
induced autophagy in Huh7 xenograft tumors in nude mice and coadministration with chloroquine significantly suppressed
tumor growth compared with sorafenib 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 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.
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Autophagy has been shown to be involved in cancer devel-
opment and progression in a variety of ways.6 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 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-l 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 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
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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.
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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 pM 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 puM 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 pM sorafenib.

Sorafenib activates autophagic flux in hepatoma cells autophagosome degradation (Fig. 24). In addition, when cells
To clarify whether the accumulation of autophagosomes were treated with both sorafenib and chloroquine, accumula-
induced by sorafenib is a result of induction of autophago- tion of LC3-II was further enhanced compared to the sorafe-
some formation or inhibition of autophagosome degradation, —nib-treated group, while the levels of p62 expression
we first measured the amount of p62, a selective substrate of increased. We also used bafilomycin Al, which inhibits
autophagy, by immunoblot. Activation of the autophagic flux  fusion of autophagosome and lysosome, and obtained similar
leads to a decline in p62 expression, and vice versa.'® When results. Our findings indicate that the LC3-II accumulation
Huh7 cells or HLF cells were treated with sorafenib, the induced by sorafenib results from activation of autophago-
amount of p62 decreased despite the accumulation of LC3-II  some formation but not from just inhibition of the autopha-
implying that this accumulation of LC3-II is associated with 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 (mTORCL1), 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
mTORCL1 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‘18 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 Torinl® 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.
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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/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
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