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Many reports have shown that autophagy has a role as both a promoter and inhibitor in tumor development. However, the
mechanism of this paradox is unknown. Tumor development is a multistep process. Therefore, we investigated whether the role
of autophagy in hepatocarcinoma formation depended on the stage of tumor development. Based on our results, autophagy
inhibition by chloroquine had a tumor-promotive effect in the rat model with N-diethylnitrosamine-induced hepatocarcinogenesis
in its dysplastic stage (Ds) and a tumor-suppressive effect in its tumor-forming stage (Ts). In the Ds, autophagy inhibition
enhanced cell proliferation, DNA damage and inflammatory cytokines expression in liver. These changes were dependent on the
upregulation of reactive oxygen species (ROS) that was resulted from autophagy inhibition, and ultimately accelerated the
process of hepatocarcinogenesis. However, in the Ts, autophagy inhibition restrained tumor formation by decreasing tumor cell
survival and proliferation. In this stage, autophagy inhibition led to excessive ROS accumulation in the tumor, which promoted
cell apoptosis, and prominently suppressed tumor cell metabolism. Taken together, our data suggested that autophagy
suppressed hepatocarcinogenesis in the Ds by protecting normal cell stability and promoted hepatocarcinogenesis in the Ts by
supporting tumor cells growth. Autophagy always had a role as a protector throughout the process of hepatocarcinoma
development.
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Hepatocarcinoma is the sixth most frequently diagnosed
cancer and the third leading cause of cancer mortality
worldwide.1 Many studies have suggested that the major risk
factor for hepatocarcinoma is chronic liver inflammation
because of viral infection, alcohol consumption and toxic
insults.2 Unfortunately, how the interaction between hepato-
carcinoma risk factors and liver-protective mechanisms
affects tumor development has not been fully clarified.
Therefore, macroautophagy (autophagy hereafter), an impor-
tant self-protective mechanism, has obtained increasing
attention.

Autophagy is an evolutionarily conserved self-digestive
mechanism, which involves many steps. These steps include:
aggregation of double-membrane, formation of autophago-
some that engulfs the targeted region, its fusion with
lysosomes and digestion in autolysosomes.3 Under starvation
or other stresses, autophagy is required for cell survival to
eliminate the damaged cellular components and to maintain

nutrition and energy homeostasis.4 Therefore, autophagy has
a close relationship with many biological or pathological
phenomena including carcinogenesis.5

Many studies have indicated that autophagy has a tumor-
suppressive function. Heterozygous disruption of beclin1, a
major regulator of mammalian autophagy, has been shown to
promote the spontaneous cancer, including lymphomas, lung
cancer and hepatocarcinoma.6,7 Moreover, deletion of
beclin1-binding proteins, including UVRAG8 and Bif-1,9 or
other autophagy genes, such as atg4C,10 atg5 and atg7,11

also resulted in acceleration of tumor development. Besides
tumor-suppressive function, autophagy has been reported to
promote tumor development. Many recent studies have
revealed that autophagy was essential for oncogene-
mediated tumorigenesis,12–14 which seemingly raises a
paradox. However, autophagy probably has different roles in
different stages of tumor development, which is a multistep
and complicated process.
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Chloroquine (CQ), an old drug, is an effective and slightly
toxic autophagy inhibitor, which has been used to explore
cancer therapies targeting autophagy in clinical trials.15 In our
study, rats were treated with CQ to inhibit autophagy in the
dysplastic or tumor-forming stage (Ts) of N-diethylnitrosa-
mine (DEN)-induced hepatocarcinoma development. The
results suggested that autophagy prevented normal cell
tumorization in the dysplastic stage (Ds) by inhibiting reactive
oxygen species (ROS)-dependent hyperproliferation, DNA
damage and expression of inflammatory cytokines. However,
autophagy facilitated tumor formation in the Ts by supporting
cell proliferation and decreasing cell apoptosis. In this period,
autophagy reduced excessive ROS accumulation and sup-
ported cell metabolism in the tumor. These mechanisms could
potentially contribute to the dual role of autophagy in the Ds
and Ts of hepatocarcinoma development.

Results

Autophagy inhibition had a tumor-promotive effect in
the Ds of hepatocarcinoma development and a tumor-
suppressive effect in its Ts. In order to explore the effects
of autophagy on the process of hepatocarcinoma develop-
ment, we used a DEN-treated rat model. As a commonly
used carcinogen, DEN could induce multiple liver tumors
resembling human hepatocarcinoma in rats.16 We fed male
Sprague–Dawley (SD) rats with drinking water containing
100 p.p.m. DEN17,18 for 13 weeks, which was then replaced
with normal water. At 17 weeks after initial administration of
DEN, 490% of the rats developed tumor nodules (diameters
Z1 mm) in their livers (Supplementary Figure 1).When rats
were fed with DEN water for only 9 weeks, mere hyperpro-
liferative liver tissues were observed even at 23 weeks after
the initial DEN administration (Supplementary Figure 2).
However, when they were fed with DEN water for 10 weeks,
tumor nodules were observed in 20% of rat livers (2 to 10) at
23 weeks (data not shown). Therefore, the 9th week was an
important ‘cutoff point’ in this model.

During the time interval between initial administration of
DEN (0 week) and the time when DEN-treated rats developed
visible hepatoma nodule (17th week), the time period from 0 to
9th week could be roughly considered as Ds of hepatocarci-
noma development. Similarly, the time period from 10th to
17th week was considered as Ts. The autophagy inhibitor CQ
was used to study different roles of autophagy in the Ds and
Ts of DEN-induced hepatocarcinoma development. Besides
DEN treatment group, we also used two combined treatment
groups: DENþCQ (Ds) and DENþCQ (Ts). In addition to
DEN administration, the rats of DENþCQ (Ds) group were
also given extra CQ by intraperitoneal (i.p.) injection once
every 3 days during the Ds of DEN-induced hepatocarcino-
genesis. Similarly, the DENþCQ (Ts) group was treated with
the same method during the Ts (Figure 1a).

In a cohort of rats monitored for survival, DENþCQ (Ds)
group exhibited a shorter mean survival time as compared
with that of the DEN-treated group. However, DENþCQ (Ts)
group showed a longer mean survival time as compared with
that of the DEN-treated group (Figure 1b). Meanwhile, at 14
weeks, 90% of the rats in the DENþCQ (Ds) group developed

liver tumor nodules that revealed a typical hepatocarcinoma
structure. The liver tumor incidence in the DEN-treated group
was only 30% (Figures 1c and d, left panel). Furthermore,
DENþCQ (Ds) group exhibited a fivefold higher maximum
volume of liver tumor nodules (17.1±5.6 versus
3.5±2.5 mm3) and a fourfold higher liver tumor multiplicity
(2.5±0.6 versus 0.6±0.4) as compared with those of the
DEN-treated group (Figure 1d, middle and right panels).
Interestingly, at 17 weeks, although the liver tumor incidence
was not significantly different between DEN-treated and
DENþCQ (Ts) groups (Figures 1e and f, left panel), DEN-
treated group exhibited a 40-fold higher maximum volume of
liver tumor nodules (312.0±132.9 versus 8.3±6.0 mm3) and
a 2-fold higher liver tumor multiplicity (3.6±0.7 versus
1.6±0.6) as compared with those of the DENþCQ (Ts)
group (Figure 1f, middle and right panels).

The DENþCQ-treated rats, which were injected with CQ
throughout the whole process of hepatoma development
(from 0 to 17th week), had similar tumor incidence, maximum
volume of tumor nodules and tumor multiplicity as compared
with those of the DEN-treated group at 14 and 17 weeks
(data not shown). In addition, tumor nodules were absent in
CQ-treated group at 14 and 17 weeks (data not shown).

All the above data demonstrated that autophagy inhibition
had a tumor-promotive effect in the Ds of DEN-induced rat
hepatocarcinoma development and a tumor-suppressive
effect in its Ts.

Autophagy inhibition promoted cell proliferation, DNA
damage and expression of inflammatory cytokines in the
Ds of hepatocarcinoma development. The Ds of tumor
development is consider as a process of chronic tissue
damage containing a cycle of cell death and death-driven
compensatory proliferation.19 As autophagy is regarded as a
cellular self-protective mechanism,4 we attempted to study
how autophagy inhibition affects the Ds of hepatocarcinoma
development and whether autophagy inhibition promotes
DEN-induced cell death and subsequent death-driven
compensatory proliferation.

We verified the impact of CQ on autophagy in the Ds of
DEN-induced rat hepatocarcinoma development. At 9 weeks
after the initial DEN administration, we tested the effects of
DEN on isoform conversation of LC3, an indicator of
autophagosome formation, and on the progressive reduction
of p62/SQSTM1, a ubiquitin-binding scaffold protein selec-
tively degraded by autophagy. Immunoblot analysis sug-
gested that the LC3-II level was increased by DEN treatment,
while the p62 level was decreased (Figure 2a). Meanwhile,
electron microscopy (EM) analysis revealed an obvious
gathering of autophagosomes following DEN treatment
(Figures 2b and c). Co-treatment of rats with CQ further
increased the level of LC3-II and the number of autophago-
somes, but decreased the degradation of p62 (Figures 2a
and c). These results suggested that CQ inhibited autophagic
flux in the Ds of DEN-induced rat hepatocarcinoma development.

However, further examination showed that the serum levels
of alanine aminotransferase (ALT) and aspartate aminotrans-
ferase (AST), two classical markers of liver injury, had no
significant difference between DEN and DENþCQ (Ds)
groups at 9 weeks after the initial DEN administration
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(Supplementary Figure 3a). Furthermore, DENþCQ (Ds)
group did not show higher apoptosis in liver cells as compared
with that of the DEN-treated group as determined by
immunostaining for actived-caspase 3 and Tunel staining
(Supplementary Figures 3b and c). Histological analysis also
suggested that autophagy inhibition did not prominently affect
the level of necrosis in the liver cells in DEN-treated rats at 9
weeks after the initial DEN administration (data not shown).

Surprisingly, although autophagy inhibition did not affect the
DEN-induced cell death, rats of DENþCQ (Ds) group
contained more proliferating (Ki67-positive) liver cells as
compared with those of the DEN-treated group (Figure 3a). In
addition, immunostaining of phospho-histone H2AX (g-H2AX)

showed a rapid response to DNA damage. This demonstrated
that the number of DNA-damaged (g-H2AX-positive) cells
were significantly increased in the rat livers of DENþCQ (Ds)
group as compared with those of the DEN-treated group
(Figure 3b). Immunoblot analyses also demonstrated that rat
livers of DENþCQ (Ds) group had a higher cyclin D1 level,
which was another cell proliferation indicator, as well as a
higher g-H2AX level than those of the DEN-treated group
(Figure 3c). The mRNA levels of inflammatory cytokines
(IL-1b, TNFa and IL-6) were prominently increased in the rat
livers of DENþCQ (Ds) group relative to DEN-treated
group (Figures 3d–f). IL-1b, TNFa and IL-6 were crucial
pro-inflammatory mediators and had important roles in

Figure 1 Autophagy inhibition promoted tumor formation in the Ds of hepatocarcinoma development and suppressed tumor formation in its Ts. (a) A diagram of
experimental protocol. Rats were administrated DEN (100 p.p.m., 95 mg/l) in their drinking water for 13 weeks. The DEN water was replaced by normal water later. The
DENþCQ (Ds) group was given extra i.p. injection of CQ solution (50 mg/kg) once every 3 days in the Ds (weeks 0–9) of hepatocarcinoma development. The DENþCQ (Ts)
group was given CQ injection with the same method mentioned in the Ts (weeks 10–17). (b) Survival curves of DEN, DENþCQ (Ds) and DENþCQ (Ts) groups (*Po0.05).
(c and e) Rat livers of DEN and DENþCQ (Ds) groups at 14 weeks (c), or rat livers of DEN and DENþCQ (Ts) groups at 17 weeks (e). Liver sections were stained with H&E.
Arrow indicates tumor (bar: 100mm). (d and f) Tumor incidence (left panel), max tumor volume (middle panel) and multiplicity (right panel) of DEN and DENþCQ (Ds) groups
at 14 weeks (d), or DEN and DENþCQ (Ts) groups at 17 weeks (f). Data are mean±S.E.M. (n¼ 10; NS, no significant difference; *Po0.05)
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hepatocarcinogenesis.20,21 In addition, CQ treatment alone
had no obvious impact on the cell proliferation and DNA
damage (Supplementary Figure 4) and inflammatory cyto-
kines expression (Figures 3d–f) in normal rat liver.

Our data demonstrated that autophagy inhibition did not
significantly affect the DEN-induced cell death, but promoted
subsequent cell proliferation, DNA damage and expression of
inflammatory cytokines in the Ds of hepatocarcinoma
development.

ROS accumulation resulting from autophagy inhibition
promoted the Ds of DEN-induced hepatocarcinoma
development. We further explored how autophagy inhibi-
tion affected these factors in the DEN-treated rat livers.
Previous reports suggested that DEN administration resulted
in mitochondrial damage in the liver cells.22 The damaged
mitochondria were the main source of ROS production,
which were cleared by mitophagy.23,24 One week after the
initial DEN administration, EM analysis was performed and
showed that many autophagosomes in the liver cells of DEN-
treated rats contained mitochondria, which were further
accumulated by co-treatment with CQ (Figure 4a). Mean-
while, rat livers of DENþCQ (Ds) group had a higher content
of malondialdehyde (MDA), which was used to assess ROS-
induced lipid peroxidation, as well as a lower content of total
antioxidative capacity (T-AOC), which represented all the
enzyme and non-enzyme antioxidants in the body, as
compared with those of the DEN-treated group (Figures 4b
and c).

The changes in MDA and T-AOC level suggested that
autophagy inhibition increased the oxidative stress in the
DEN-treated rat livers. To confirm this, we stained freshly
frozen liver sections with MitoSOX Red mitochondrial super-
oxide indicator at 1 week after the initial DEN administration.
More extensive fluorescence was observed in the rat livers of
DENþCQ (Ds) group as compared with those of the DEN-
treated group (Figure 4d). These results showed that
autophagy inhibition enhanced the ROS accumulation of liver
cells in the DEN-treated rats.

To investigate whether ROS mediated the influence of
autophagy inhibition on the DEN-treated rat livers and even
the Ds of hepatocarcinoma development, we added antiox-
idant butylated hydroxyanisole (BHA) to rat chow. The
8-hydroxy-2-deoxyguanosin (8-OHdG) was used as an
indicator of DNA oxidative damage. At 9 weeks after the
initial DEN administration, rat livers of DENþCQ (Ds) group
accumulated more ROS and DNA oxidative damage (8-
OHdG-positive cells) as compared with those of the DEN-
treated group. The BHA decreased ROS accumulation and
DNA oxidative damage in the DEN-treated or DENþCQ (Ds)
groups. Moreover, the level of ROS accumulation and the
proportion of cells with DNA oxidative damage had no
prominent difference between rat livers of DENþBHA (Ds)
and DENþCQ (Ds) þBHA (Ds) groups (Supplementary
Figure 5). In both DEN-treated and DENþCQ (Ds) groups,
the rats that were kept on the BHA-supplemented diet,
showed a marked reduction in cell proliferation and DNA
damage. Most importantly, rat livers of DENþBHA (Ds) and
DENþCQ (Ds) þBHA (Ds) groups were not different in
terms of cell proliferation and DNA damage (Figures 5a
and b). The rat livers of DENþCQ (Ds) group showed higher
mRNA expression of IL-1b, TNFa and IL-6 as compared with
those of the DEN-treated group, and the BHA administration
reversed this trend (Figure 5c). Further studies displayed that
at 16 weeks after the initial DEN administration, both
maximum tumor volume and tumor multiplicity had no marked
difference in the livers of the DENþBHA (Ds) and DENþCQ
(Ds) þBHA (Ds) groups (Figure 5d). In addition, CQ (Ds),
BHA (Ds) and BHA (Ds) þCQ (Ds) treatments had no
significant effect on rat livers (data not shown). To rule out any

Figure 2 CQ inhibited the autophagic flux in the Ds of rat hepatocarcinoma
development. (a) Four groups of wild-type rats were treated as indicated. Nine
weeks after the initial DEN administration, liver fractions were analyzed by
immunoblot assay. Semiquantitative densitometry analysis (versus GAPDH) of
LC3-II and p62 was performed for each sample. Data are shown as mean±S.E.M.
(n¼ 3). (b) The liver samples were processed for EM. Triangles denote
autophagosomes (N, nucleus; bar: 2 mm). (c) The number of autophagosomes
per 100mm2 was determined. Data are mean±S.E.M. (n¼ 5; *Po0.05;
**Po0.01)
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potential side effect of BHA treatment, we used another
antioxidant, N-acetyl cysteine, to confirm these findings and
obtained similar results (Supplementary Figure 6). These data
demonstrated that the mechanism by which autophagy
inhibition promoted Ds of hepatocarcinoma development
depended on ROS accumulation in liver cells.

Autophagy inhibition reduced tumor cell proliferation
and survival in the Ts of hepatocarcinoma development.
Our results showed that the CQ treatment had a tumor-
suppressive effect in the Ts. To investigate its mechanism of
action, we verified the impact of CQ on autophagy level of
hepatocarcinoma cells. Immunoblot analysis showed that
rats of DENþCQ (Ts) group had more LC3II and p62
accumulation in their hepatocarcinoma cells as compared
with those of the DEN-treated group at 17 weeks (Figure 6a).
Meanwhile, EM analysis demonstrated that the CQ treatment

caused more autophagosome accumulation in the hepato-
carcinoma cells (Figure 6b). These data exhibited that CQ
was able to inhibit autophagy level of hepatocarcinoma cells
in Ts of hepatocarcinoma development.

We further tested the mechanism of autophagy inhibition
that affected the hepatocarcinoma cells. Examination of cell
proliferation by immunostaining for Ki67 showed that autop-
hagy inhibition remarkably decreased the proliferative level of
tumor tissue (Figure 6c). On the other hand, the level of
apoptosis (actived-caspase 3-positive) in hepatocarcinoma
nodules showed a prominent increase in the rats of DENþCQ
(Ts) group as compared with the ones in the DEN-treated
group (Figure 6d). Immunoblot analysis demonstrated that rat
livers of DENþCQ (Ts) group had a lower level of cyclin D1
and higher levels of Puma and Bim, as compared with those of
the DEN-treated group (Figure 6e). The Puma and Bim
are two important pro-apoptotic factors. These findings

Figure 3 Autophagy inhibition promoted cell proliferation, DNA damage and expression of inflammatory cytokines in the Ds of hepatocarcinoma development. (a and b)
Immunostaining for Ki67 (a, left) and g-H2AX (b, left panel) in the rat livers of the DEN-treated and DENþCQ (Ds) groups at 9 weeks after the initial DEN administration (bar:
100mm). Percentages of positive cells are shown in the graphs (right panel). Data are mean±S.E.M. (n¼ 5; *Po0.05). (c) Cell lysates that were obtained from rat livers of
DEN and DENþCQ (Ds) groups were immunoblotted with the indicated antibodies (n¼ 4) at 9 weeks after the initial DEN administration. (d–f) Rats were treated as
indicated, and total liver mRNAs were extracted at 9 weeks after the initial DEN administration. The expressions of IL-1b (d), TNFa (e) and IL-6 (f) mRNAs were semiquantified
(versus b-actin). Data are mean±S.E.M. (n¼ 5; *Po0.05)
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suggested that, during the Ts of hepatocarcinoma develop-
ment, autophagy inhibition reduced cell proliferation and
promoted apoptosis in the tumor cells.

We further attempted to investigate how autophagy inhibi-
tion impacted the hepatocarcinoma cell proliferation and
apoptosis. As it has been reported in the literature, moderate
ROS accumulation promotes cell proliferation, whereas
excessive ROS accumulation could lead to cell death.25

Therefore, we examined whether autophagy inhibition caused
ROS accumulation of hepatocarcinoma cells and whether this
accumulation exerted any effects on hepatocarcinoma cell
apoptosis. The rats of DENþCQ (Ts) group had more ROS
accumulation in the hepatocarcinoma tissue as compared

with that of the rats of DEN-treated group as demonstrated by
MitoSOX staining (Figure 7a).

Feeding special chow with antioxidant BHA had no obvious
impact on hepatocarcinoma cells of the rats in the DEN-
treated group, but it significantly inhibited hepatocarcinoma
cell apoptosis (Tunel staining-positive) in the rats of DENþ
CQ (Ts) group (Figure 7b). However, even when they were fed
with BHA-supplemented chow, hepatocarcinoma cells of the
rats in DEN-treated group had more apoptotic cells than those
in the DENþCQ (Ts) group (Figure 7b). This result showed
that when autophagy was inhibited, ROS accumulation was
an important reason but not the only one for the increase in
hepatocarcinoma cell apoptosis.

Figure 4 Autophagy inhibition enhanced ROS accumulation in the DEN-treated rat livers. (a) Rats were treated as indicated. Liver sections were processed for EM at 1
week after the initial DEN administration. Representative liver EM images of autophagosomes containing mitochondrion were shown (left panel) and data were quantified (right
panel) (bar: 500 nm). Data are shown as mean±S.E.M. (n¼ 3; *Po0.05; **Po0.01). (b and c) Lipid peroxidation and oxidation resistance were examined at 1 week after
the initial DEN administration by measuring MDA (b) and T-AOC (c) in liver homogenates, respectively. Data are mean±S.E.M. (n¼ 5; *Po0.05). (d) Rats were treated as
indicated. At 1 week after the initial DEN administration, liver cryosections were incubated with 2 mM MitoSOX Red mitochondrial superoxide indicator for 30 min at 37 1C.
Staining positive cells were identified by fluorescence microscopy (left panel) and quantified by Image J software (right panel) (bar: 100mm). Data are mean±S.E.M. (n¼ 3;
**Po0.01)

Dual roles of autophagy in different stages of HCC
K Sun et al

6

Cell Death and Disease



Autophagy is considered as a source of biosynthetic and
energy generating substrates especially in starvation.26

Meanwhile, in the nutrition-deficient tumor microenviron-
ment, tumor cells need adequate metabolic level to support
survival and hyperproliferation.27 Therefore, we examined
whether autophagy inhibition impaired hepatocarcinoma cell
metabolism in Ts of hepatocarcinoma development. Tricar-
boxylic acid (TCA) cycle has a central role in cell metabolism.
TCA intermediates, citrate, isocitrate and acetyl-CoA, are
also the key factors of many biosynthetic pathways. Our
results suggested that TCA level was reduced in the
hepatocarcinoma cells of rats in the DENþCQ (Ts) group
as compared with those of the DEN-treated group (Figures
7c–e). Meanwhile, hepatocarcinoma cells of the DENþCQ
(Ts) group showed a lower ATP level than those of the DEN-
treated group (Figure 7f). In addition, CQ (Ts) treatment
had no significant effect on the levels of citrate, isocitrate,
acetyl-CoA and ATP in the normal rat livers (Supplementary
Figures 7a–d).

These results showed that in the hepatocarcinoma cells,
autophagy inhibition caused prominent metabolism suppres-
sion, which could suppress cell proliferation and promote cell
death.28 The levels of these three TCA intermediates as well as
ATP had no remarkable difference in the livers of DEN-treated
and DENþCQ (Ds) groups at 9 weeks after initial DEN
treatment. These data showed that, unlike the Ts of hepato-
carcinoma development, autophagy inhibition had no signifi-
cant effect on metabolism of liver cells in the Ds of
hepatocarcinoma development (Supplementary Figures 7e–h).

Discussion

Autophagy is considered to have dual role in tumor
development.29 Many researchers attempted to illustrate
the underlying basis of this complexity. Besides tumor type
and context, multiple steps involved in the process of tumor
development could be another possible factor to explain the
contradictory role of autophagy in tumors. In this study, we
attempted to explore the different influences of autophagy on
the Ds and Ts of hepatocarcinoma development.

In the liver, DEN is metabolized into an alkylating agent,
which could induce DNA damage. DNA damage is the main
cause of mutation accumulation, which often results in
tumorigenesis.30 The DNA damage response often initiates
cell cycle arrest, DNA repair or apoptosis, all of which act as
barriers to tumorigenesis.31

However, our results suggested that autophagy inhibition not
only aggravated the DEN-induced DNA damage but also
promoted liver cell proliferation in the Ds of hepatocarcinogen-
esis. The concurrent increase in cell proliferation and DNA
damage led to more DNA mutation accumulation and genomic
instability of liver cells. Meanwhile, autophagy inhibition
increased the expression of inflammatory cytokines IL-1b, TNFa
and IL-6. IL-1b, an important pro-inflammatory cytokine, triggers
inflammation and its polymorphism has close association with
hepatocarcinoma development.20,32 Both TNFa and IL-6
promoted hepatocarcinogenesis through different pathways.33

All of these changes due to autophagy inhibition contribute to the
transformation from a normal cell to a tumor cell.

Figure 5 Antioxidant restrained tumor-promotive effect of autophagy inhibition in the Ds of hepatocarcinoma development. (a–e) Rats were fed either with BHA-
supplemented (0.5%) or regular chow from 2 days before DEN administration for 9 weeks. The BHA-supplemented chow was replaced by regular chow. (a and b) Rats were
treated as indicated. Immunostaining for Ki67 (a, left panel) and g-H2AX (b, left panel) in the rat livers at 9 weeks (bar: 100mm). Percentages of positive cells are shown in the
graphs (right panel). Data are mean±S.E.M. (n¼ 5; NS, no significant difference; *Po0.05; **Po0.01). (c) Rats were treated as indicated, and total liver mRNAs were
extracted at 9 weeks. The expressions of IL-1b, TNFa and IL-6 mRNAs were semiquantified (versus b-actin). Data are mean±S.E.M. (n¼ 5; *Po0.05; **Po0.01). (d) Rats
were treated as indicated, and then killed at 16 weeks. Maximum tumor volume (left panel) and multiplicity are shown. Data are mean±S.E.M. (n¼ 10; *Po0.05; **Po0.01)
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Autophagy inhibition caused further ROS accumulation in
the DEN-treated liver cells, especially mitochondrial ROS.
The ROS accumulation has been observed in many autop-
hagy-deficient models. However, these studies were mainly
focused on DNA oxidative damage and cell death.24 In fact,
ROS has been reported to have impacts on the expression of
many tumorigenesis-associated genes, which enhances cell
proliferation or resists cell apoptosis, such as JNK and
STAT3.25 On the other hand, ROS acts as a signal molecule
to enhance inflammatory cytokine IL-1b production by
inflammasome NLRP3-dependent pathway.34 Moreover,
ROS accumulation triggers TNFa and IL-6 production by
activating MAPK pathway.35 Our results showed that during
the Ds of hepatocarcinoma development, ROS accumulation
had a crucial role in the tumor-promotive effect of autophagy
inhibition.

The Ts of hepatocarcinoma development is different from
its Ds. Compared with normal cells, tumor cells have an
increased metabolic activity, which supports their proliferative

capacity. The increase in metabolic activity contributes to
mitochondrial dysfunction, which results in more ROS
production. This leads to a higher ROS level in tumor cells
as compared with normal cells.36,37 Inhibition of autophagy in
the tumor causes excessive ROS accumulation, followed by
p53 activation, further mitochondrial dysfunction, severe DNA
damage and ultimately cell apoptosis.38

On the other hand, along with tumor development, tumor
cells need to overcome many obstacles in their unique
microenvironments, such as limited nutrition. Under nutri-
tion-deficient condition, autophagy contributes to tumor
maintenance by propelling cellular components recycle to
support cell metabolism.27 The metabolic needs of proliferat-
ing cells include enough ATP and numerous macromolecules,
such as proteins, nucleotides, fatty acids and membrane
lipids. Autophagy degrades macromolecules and organisms
in order to make up for the substrate deficiency in the process
of energy generating and biosynthetic pathways, such as TCA
cycle.26 Metabolic inhibition in starvation has prominent effect

Figure 6 Autophagy inhibition suppressed tumor cell proliferation and promoted tumor cell apoptosis in the Ts of hepatocarcinoma development. (a) Four groups of rats
were treated as indicated. At 17 weeks, liver tumor tissues of DEN and DENþCQ (Ts) groups and liver tissues of normal and CQ (Ts)-treated rats were analyzed by
immunoblot assay. Semiquantitative densitometry analysis (versus GAPDH) of LC3-II and p62 was performed for each sample. Data are mean±S.E.M. (n¼ 3). (b) Liver
tumor tissues of DEN and DENþCQ (Ts) groups were processed for EM at 17 weeks. Triangles denote autophagosomes (bar: 1mm). The number of autophagosomes per
cell was determined. Data are mean±S.E.M. (n¼ 3; *Po0.05). (c and d) Immunostaining for Ki67 (c) and actived-caspase 3 (d) in the liver tumor tissues of DEN and
DENþCQ (Ts) groups at 17 weeks (bar: 100 mm). Percentages of positive cells are shown in the graphs (right panel). Data are mean±S.E.M. (n¼ 5; *Po0.05; **Po0.01).
(e) Cell lysates that were obtained from liver tumor tissues of DEN and DENþCQ (Ts) groups at 17 weeks were immunoblotted with the indicated antibodies (n¼ 3)
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on the survival of the tumor cells and xenograft tumor
growth.13,39 The importance of autophagy for tumor growth
results in ‘autophagy addiction’ in the Ts of hepatocarcinoma
development.

Autophagy inhibition mainly impacts the normal cells within
a relatively suitable microenvironment during the Ds while it
affects the tumor cells within a harsh microenvironment during
the Ts. The difference in the microenvironments is an
important reason, which leads to the different effects of
autophagy inhibition in normal cells versus tumor cells.
Autophagy inhibition did not affect the metabolism of normal
cells in a nutrient-sufficient microenvironment (Supplementary
Figures 7 and 8), but prominently suppressed the metabolism
of tumor cells in a nutrient-deprived microenvironment
(Figure 7).

Although ROS accumulation might activate pro-proliferative
signal pathway in both the Ds and Ts, metabolism inhibition
resulting from autophagy inhibition still restrains the increase
in tumor cell proliferation. It caused the reduction of tumor cell
proliferation while normal cell proliferation was promoted by
ROS-mediated signal pathway under material- and energy-
sufficient conditions. This might be the reason that autophagy
inhibition exerted opposite influences on cell proliferation
during the Ds and Ts.

In brief, our study provided a direct evidence to support the
model that autophagy had a tumor-suppressive role in the Ds
and a tumor-promotive role in the Ts of hepatocarcinoma
development (Figure 8). In the Ds, autophagy mainly helped

normal cells to keep homeostasis and prevent mutation.
However, in the Ts, autophagy mainly supported hepatocar-
cinoma cell survival and growth in harsh conditions.

From the other perspective, autophagy could protect
normal cell homeostasis in the Ds and tumor cell tumorigeni-
city in the Ts. Autophagy is always a protecting mechanism
during the process of hepatocarcinoma development. This
model could offer a new insight into our understanding of how
autophagy affects hepatocarcinoma development and will
contribute to the appropriate application of anti-autophagy
cancer therapy. Meanwhile, to further confirm the role of
autophagy in tumorigenesis, the temporal and adjustable
autophagy inhibition studies in animal models are necessary.

Materials and Methods
DEN and CQ rat models. Male SD rats (10- to 12-week old, weighing
220–250 g) were obtained from the Shanghai Experimental Center, Chinese
Science Academy, Shanghai and were maintained at an animal facility under
pathogen-free conditions. All animals received humane care according to the
animal protocols approved by the Second Military Medical University Animal Care
Committee.In order to induce hepatocarcinoma, 100 p.p.m. (95 mg/l) DEN (Sigma-
Aldrich, St. Louis, MO, USA) was added to the drinking water of male rats for
13 weeks. The DEN water was then replaced by normal diluter water. For
autophagy inhibition, rats received 50 mg/kg body weight CQ (Sigma-Aldrich),
dissolved in physiological saline solution, by i.p. injection once every 3 days. The
rats of DENþCQ (Ds) group received CQ treatment in the Ds (0–9 weeks) of
DEN-induced hepatocarcinoma development, and the rats of DENþCQ (Ts)
group received CQ treatment in the Ts (10–17 weeks). Some rats were killed at 14
and 17 weeks and others were kept to be observed for their survival times. Liver
tumors were measured with electronic calipers and counted (diameters Z1 mm).

Figure 7 Autophagy inhibition resulted in ROS-induced apoptosis and suppressed metabolism in the liver tumor cells. (a) Rats were treated as indicated. At 17 weeks, liver
tumor sections were incubated with 2 mM MitoSOX Red mitochondrial superoxide indicator for 30 min at 37 1C. Positively stained cells were identified by fluorescence
microscopy (left panel) and quantified by Image J software (right panel) (bar: 100mm). Data are mean±S.E.M. (n¼ 3; NS, no significant difference; *Po0.05; **Po0.01).
(b) Rats were treated as indicated. Percentages of Tunel-positive cells in the liver tumors of these rats are shown in the graph. Data are mean±S.E.M. (n¼ 3; *Po0.05.
(c–f) The levels of citrate (c), isocitrate (d), acetyl-CoA (e) and ATP (f) in the liver tumors of DEN and DENþCQ (Ts) groups. Data are mean±S.E.M. (n¼ 3; *Po0.05)
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Tumor volumes were calculated by the following formula: volume¼ a� b2/2,
where ‘a’ was the diameter at the widest point of the tumor and ‘b’ was the minimal
diameter.

Liver sections were snap-frozen in liquid nitrogen for protein preservation, soaked
in RNALater (Qiagen GmbH, Hilden, Germany) for RNA extraction, and preserved
in 10% neutral-buffered formalin for histopathological analysis and immunohis-
tochemistry assay. The blood was collected and serum was separated for
biochemical analysis.

Immunohistochemistry and Tunel staining. The paraffin-embedded
liver tissues were stained with hematoxylin and eosin (H&E) for analysis of
morphologic changes. The primary immunohistochemical antibodies included:
Ki67, 8-OHdG (both from Abcam, Cambridge, UK), actived-caspase 3 (Bioworlde
Technology, St. Louis, MN, USA) and g-H2AX (Cell Signaling Technology, Beverly,
MA, USA). Tunel staining (Calbiochem, La Jolla, CA, USA) was used to assess
the apoptosis level of paraffin-embedded fraction slides, according to the
manufacturer’s instructions.

Western blotting. The whole-cell lysates were subjected to SDS–PAGE. The
blots were incubated with desired primary antibodies, which included anti-LC3
(Novus Biologicals, Littleton, CO, USA), anti-p62, anti-g-H2AX, anti-Puma and anti-
Bim (all from Cell Signaling Technology), anti-cyclin D1 (Bioworlde Technology),
and then with anti-rabbit IgG peroxidase-conjugated secondary antibody
(Bioworlde Technology) and chemiluminescent substrates. Hybridization with
anti-GAPDH (Bioworlde Technology) was used to confirm equal protein loading.

Real-time quantitative polymerase chain reaction (qPCR). Total
RNAs were extracted from organs using Trizol Reagent (Invitrogen, Carlsbad, CA,
USA), and were further treated with RNase-free DNase (Promega, Madison, WI,
USA) to deplete residual DNA. Complementary DNA was prepared using oligo
dT18-primers and MMLV reverse transcriptase (Promega). qPCR was performed
using an Mx4000 system (Stratagene, La Jolla, CA, USA). The specific primers
used to analyze gene expression were as follows: IL-1b, forward 50-CTCTCCAG
TCAGGCTTCCTTGT-30, reverse 50-CAGGTCATTCTCCTCACTGTCG-30; TNFa,
forward 50-CCAGACCCTCACACTCAGATCA-30, reverse 50-TCCGCTTGGT
GGTTTGCTA-30; IL-6 forward 50-TAGAGTCACAGAAGGAGTGGCTAAG-30,
reverse 50-TCTGACCACAGTGAGGAATGTCCAC-30. Fold change in gene
expression was determined by normalizing to endogenous b-actin, which primer
as follows: forward 50-CTCCATCCTGGCCTCGCTGT-30, reverse 50-GCTGTCA
CCTTCACCGTTCC-30.

Biochemical analysis. Serum ALT and AST levels were determined using a
Fuji DRICHEM 55500 V (Fuji Medical System, Tokyo, Japan) according to the
manufacturer’s instructions. The levels of MDA, T-AOC, ATP (all from Nanjing
Jiancheng Bioengineering Institute, Nanjing, China), citrate, isocitrate and acetyl-
CoA (all from Biovision, Mountain View, CA, USA) were measured using the assay
kits, according to the manufacturer’s instructions. The T-AOC was a representative
of enzyme and non-enzyme antioxidant in the body. These antioxidants reduced
the ferric ion (Fe3þ ) to ferrous ion (Fe2þ ). The latter combined with
phenanthroline and produced a stable chelate, which could be measured by
spectrophotography at 520 nm.

ROS examination. To examine accumulation of superoxide anions, freshly
prepared frozen liver sections were incubated with 2 mM MitoSOX Red
mitochondrial superoxide indicator (Invitrogen) for 30 min at 37 1C. Then they
were observed by fluorescence microscopy and quantified with Image J software
(US National Institutes of Health, Bethesda, MD, USA).

Statistical analysis. Data are presented as mean±S.E.M. Differences were
analyzed by the Student’s t-test and one-way ANOVA. Tumor incidence (%) was
analyzed by Fisher’s exact test. Survival curves were analyzed by log-rank test. A
P-value of o0.05 was considered statistically significant. Statistical analyses were
performed with GraphPad Prism 5.0 software (Graphpad Software, San Diego,
CA, USA).
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