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Emerging role of autophagy during ischemia-hypoxia
and reperfusion in hepatocellular carcinoma
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Abstract. Hepatocellular carcinoma (HCC) is the most
common primary malignancy found in the liver. Autophagy
is the intracellular bulk degradation process for long-lived
proteins and dysfunctional organelles. In this study, we report
that autophagy plays a role in HCC cell proliferation in response
to ischemia-hypoxia (I/H) and reperfusion and discuss its
potential therapeutic implications. By establishing a simulated
model in cultured HepG2 (p53 wild-type) and Hep3B (p53 null)
hepatoma cells in vitro, we found that exposure to I/H induced
a significant increase in microtubule-associated protein 1 light
chain 3 (LC3) lipidation and subsequent LC3 puncta forma-
tion. While the proliferation of HCC cells was stimulated upon
acute I/H exposure compared to that of control, inhibition of
autophagy by autophagy-related protein 7 interference abolished
it. In addition, the steady-state levels of sequestosome 1 (p62) in
both HepG2 and Hep3B cells were reduced following I/H expo-
sure, supporting the notion that acute I/H induces autophagy.
Intriguingly, the p62 level further decreased during reperfusion
following I/H, accompanied by increased LC3 lipidation. The
intracellular reactive oxygen species (ROS) accumulated during
acute I/H exposure and persisted through reperfusion in both
HepG2 and Hep3B cells and the ROS levels increased at a much
faster rate during reperfusion than during I/H periods in both
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cells. Autophagy functions as a promoter for HCC cell survival
during acute I/H and reperfusion and this also points to potential
therapy for hepatoma by perturbing the acute I/H-reperfusion-
autophagy axis.

Introduction

Hepatocellular carcinoma (HCC) causes almost half a million
deaths each year, making HCC the third most common cause
of cancer-related mortality (1). Despite recent progress in diag-
nostic and therapeutic management, HCC prognosis remains
poor (2). HCC is often diagnosed at an advanced stage when
resection, transplantation, percutaneous and transarterial
interventions are often of limited efficacy. Although sorafenib
has demonstrated promising results in improving the survival
and the time to progression in patients with advanced HCC,
HCC is frequently resistant to conventional chemotherapy and
radiotherapy (3).

Ischemia-hypoxia (I/H) and reperfusion constitute key
components of many pathological conditions associated with
solid tumors. As the liver is a key metabolic organ in humans,
the abnormal vasculature network, high interstitial pressure and
high proliferation rate of HCC cells result in different types of
hypoxia, such as transient hypoxia and chronic hypoxia (4). In
response to I/H, the formation of tumor collateral vessels can
induce subsequent reperfusion, resulting in oxidative stress (5).
Consistent with the described scenario, HCC cells are report-
edly more sensitive to I/H and reperfusion injury than normal
liver tissue (6).

Transcatheter arterial chemoembolization (TACE) has
become one of the most widely used treatments for patients
with HCC as a palliative measure (7). However, increased
microvessel density and vascular endothelial growth factor
expression, resulting from I/H following TACE, may cause
limitations in therapeutic efficacy (8,9). Moreover, the inter-
play of other compensatory cellular events against I/H further
complicate HCC growth, resistance, recurrence and metastasis.

Autophagy is a dynamic process in which cytosolic long-
lived proteins and pathological organelles are sequestered
in double membrane vesicles (autophagosomes) (10). While
autophagy appears to maintain cellular homoeostasis and
facilitate adaptive responses to adverse conditions, it also



2050

modulates cell survival, differentiation, and growth as well as
cellular defense (11). Results from other studies have suggested
that the autophagic activity is higher in HCC tissues than that
in normal liver (12). It has been proven that autophagic capacity
relates to the progression of astrocytic tumors (13); however, to
date, it remains to be elucidated whether autophagy is required
for HCC survival, or whether it leads to HCC cell death, and is
detrimental when hepatoma cells undergo I/H and reperfusion.
Thus, illuminating the role of autophagy and its underlying
mechanisms in either enhancing cell survival or sensitizing cell
death during hepatic I/H and reperfusion would have a signifi-
cant impact on treatment of HCC. In this study, HCC HepG2
(p53 wild-type) and Hep3B (p53 null) cells were employed i) to
establish an I/H and reperfusion model in vitro; ii) to deter-
mine autophagic activities and their role in promoting HCC
cell survival during I/H and reperfusion; and iii) to explore the
correlation between p53 and autophagy induction in HCC upon
I/H exposure and reperfusion.

Materials and methods

Simulation of I/H and reperfusion. The human hepatoma cell
lines, HepG2 (ATCC no: HB-8065) and Hep3B (ATCC no:
HB-8064) were obtained from ATCC and cultured at 37°C
in a humidified atmosphere of 95% air and 5% CO,. I/H and
reperfusion models were established as described by Hamacher-
Brady et al (14). Glucose deprivation in vitro was utilized to
avoid inhibition of hypoxic response (15). Twenty-four hours
after plating, ischemia was introduced via ischemia-mimetic
solution (glucose deprivation solution) (pH 6.6, 125 mM NaCl,
8§ mM KCl, 1.2 mM KH,PO,, 1.25 mM MgSO,, 1.2 mM CaCl,,
6.25 mM NaHCO;, 5 mM sodium lactate and 20 mM HEPES)
(16). In addition to being cultured in ischemia-mimetic solu-
tion, cells were simultaneously exposed to 1% O, (I/H group).
HCC cells treated with ischemia-mimetic solution while being
exposed to normoxic conditions were included as the control
for hypoxia [ischemia-normoxia (I/N) group]. Two hours after
I/H treatment, reperfusion was initiated by a buffer exchange
to normoxic Krebs-Henseleit solution (pH 7.4, 110 mM NaCl,
47 mM KCl, 1.2 mM KH,PO,, 1.25 mM MgSO,, 1.2 mM
CaCl,, 25 mM NaHCO;, 15 mM glucose and 20 mM HEPES).
The cells were then incubated at 95% air and 5% CO, and
harvested at 0, 30, 60, 90, 120 and 180 min after reperfusion.
The controls were exposed to DMEM solution before being
exposed to normoxic conditions, and harvested at the corre-
sponding time-points in a parallel manner.

Inhibition of autophagy by RNA interference. In order to inhibit
autophagy specifically, autophagy-related protein 7 (Atg7) RNA
interference was accomplished by transfecting HepG2 and
Hep3B cells with siRNA. The Atg7-targeting sense sequence
and the universal negative control siRNA were purchased from
Invitrogen (Carlsbad, CA, USA) (12935-400). The human Atg7
sequence (5'-GGAGTCACAGCTCTTCCTT-3') was cloned
into the BamH1 and EcoR1 sites of the pGSU6-GFP vector
(Genlantis, San Diego, CA, USA). Control scrambled and shRNA
plasmids were transfected into HepG2 and Hep3B cells plated
at 50% confluence in six-well plates using Lipofectamine 2000
(Invitrogen). Forty-eight hours after transfection, cells were
washed with PBS and collected for flow cytometry. Before being
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treated with ischemia-mimetic solution and incubated under
hypoxic conditions, the cells were cultured for a further 24 h.

Colorimetric viability assay. HepG2 and Hep3B cells were
plated at a density of 5,000 cells/well in a volume of 100 pl
in 96-well microtiter plates and incubated overnight. The
culture medium was removed the following day, and 100 ul
ischemia-mimetic solution were immediately added into each
well. The plates were then incubated under hypoxic condi-
tions as mentioned above. After 2-h maintenance under the
I/H conditions, the cells were administrated with 10 ul cell
counting kit 8 (CCKS8) solution (Dojindo Laboratories, Japan)
and incubated in a humidified 5% CO, atmosphere at 37°C
for an additional 3 h. The absorbance of the solution was read
spectrophotometrically at 450 nm with a reference at 650 nm
using a microtiter plate reader (Becton-Dickinson). The cell
proliferation rate was calculated according to the following
formula: cell proliferation (%) = [(A450 sample-A450 blank)/
(A450 control - A450 blank) -1] x 100.

Immunofluorescent observation for microtubule-associated
protein (MAP)I light chain 3 (LC3)-positive autophagic
vacuoles. After I/H exposure, HepG2 and Hep3B cells were
fixed with 4% paraformaldehyde for 30 min and made perme-
able with methanol at -20°C for 10 min. Cells were blocked
using 10% goat serum at room temperature for 30 min. The
cells were then incubated with rabbit polyclonal anti-LC3
(Santa Cruz Biotechnology, Santa Cruz, CA, USA) and mouse
mononclonal anti-sequestosome 1 (p62) SQSTM1 antibodies
(Santa Cruz Biotechnology). Goat anti-rabbit IgG-FITC and
anti-mouse IgG-TR secondary antibodies were employed
for fluorescent coloration. Immunofluorescent images were
collected using a fluorescence microscope (Olympics IX71).

Detection of acidic vesicular organelles (AVOs) with acridine
orange staining. Cells were treated with ischemia-mimetic
solution and incubated under hypoxic conditions as described
above. Acridine orange (Sigma) was added to the culture
medium at a final concentration of 1 xg/ml post I/H exposure
and followed by incubation in the dark at room temperature
for 15 min. Samples were then examined under a fluorescence
microscope. A typical acridine orange accumulation in acidic
autophagic vacuoles exhibited granular distribution of bright
red fluoresce in the cytoplasm, indicative of autophagosome
formation. AVO fluorescence was measured with an excitation
wavelength of 488 nm and an emission wavelength of 515 nm.
The amount of AVOs was quantitatively determined according
to the red-to-green fluorescence ratio, which was obtained
using Photoshop software (Adobe, San Jose, CA, USA).

Quantitative real-time RT-PCR. Steady-state LC3 mRNA
levels were determined by real-time RT-PCR using SYBR
Premix Ex Taq (Takara, Japan). Isolation of total RNA and
reverse transcription of cDNA was performed as described
previously (17). GAPDH was used as an endogenous control
for the normalization of the differences in the amounts of total
RNA in each sample. The primers pairs utilized were: LC3,
5" TACGAGCAGGAGAAAGACGAGG-3'and 5-GGCAGAG
TAGGTGGGTTGGTG -3'; and GAPDH, 5-GAAGGTGAA
GGTCGGAGTC-3" and 5'-GAAGATGGTGATGGGAT
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TTC-3". Thermal cycling was performed with the 7000 Sequence
Detection System (Applied Biosystems, Carlsbad, CA, USA).
Reactions were carried out in a 20-ul reaction volume. PCR
amplification conditions were as follows: 95°C for 10 min,
40 cycles of 95°C for 5 sec and 60°C for 30 sec. The cycle
threshold (Ct) data were obtained automatically and each data
point was performed in triplicate.

Isolation of proteins and immunoblot analyses. Cells were
harvested at various time-points by centrifugation at 800 rpm
for 5 min at 4°C. The isolation of proteins, electrophoresis,
and the polyvinylidene difluoride membranes transfer were
performed as described previously (18). Blots were probed
with rabbit polyclonal anti-LC3, mouse monoclonal anti-HIF-a
(Santa Cruz Biotechnology), mouse monoclonal anti-p62,
mouse monoclonal anti-GAPDH antibodies (Santa Cruz
Biotechnology), and rabbit monoclonal Atg7 antibody (Novus
Biologicals, Littleton, CO, USA) overnight at 4°C. GAPDH
was used as the internal control. A goat anti-rabbit (Santa Cruz
Biotechnology) or goat anti-mouse IgG secondary antibody
(Santa Cruz Biotechnology) was incubated at room temperature
for 1 h. The blots were then incubated with chemiluminescent
substrate and detected by enhanced chemiluminescence assay
(Millipore). Band density was measured by densitometry,
quantified using Photoshop software, and normalized to an
indicated sample in the identical membrane.

Determination of intracellular reactive oxygen species (ROS).
The generation of ROS in the cells was evaluated by a fluorom-
etry assay using intracellular oxidation of the non-fluorescent
probe 2,7-dichlorofluorescein diacetate (DCFH-DA). DCFH-DA
can passively diffuse into cells and be deacetylated by esterase
to form non-fluorescent 2,7-dichlorofluorescein (DCFH).
In the presence of ROS, DCFH reacts with ROS to form the
fluorescent product, DCF, which is trapped inside the cells.
When the membrane is oxidized and damaged, the fluorescence
will attenuate significantly. The I/H and reperfusion treatment
was performed as described above. The cells were washed with
ice-cold 1X PBS and then incubated with DCFH-DA at 37°C
for 20 min. DCF fluorescence intensity was then detected by
fluorescence spectrometry (Spectramax Gemini, Molecular
Devices, Sunnyvale, CA, USA) with an excitation wavelength
of 490 nm and an emission wavelength of 530 nm. The results
were expressed as relative fluorescence intensity per 10* cells.
N-acetylcysteine (NAC; Sigma), the specific inhibitor of ROS,
was further employed to confirm the specific generation of ROS
during reperfusion. Two hours before reperfusion exposure, the
cells were pretreated with NAC at a final concentration of 5 mM.

Statistical analysis. Statistical analysis was performed using
SPSS software (v.13.0). Data are expressed as the means + SD of
three individual experiments. Comparisons of quantitative data
were analyzed using the Student's t test between two groups or
by one-way ANOVA for multiple groups. We assumed statisti-
cally significant differences at p<0.05.

Results

The confirmation of I/H and reperfusion model in vitro. We
developed an experimental paradigm of utilizing the ischemia-

2051

mimetic solution coupled with 1% O, hypoxic exposure for I/H
exposure and the following re-oxygenation and glucose replen-
ishment with normoxic Krebs-Henseleit solution for reperfusion.
Hypoxia induced factor-1o. (HIF-1a) is a major hypoxia-induced
transcriptional factor. In normoxia, the steady-state HIF-1a
protein level was very low due to a rapid degradation via
the ubiquitin-proteasome pathway. Upon hypoxic exposure,
HIF-1a protein was stabilized and translocated to the nucleus
for transcriptional activation of hypoxia-responsive genes (19).
As expected, the mean ratio of HIF-1a to GAPDH increased
significantly at 2 h post I/H exposure compared with the mock
exposure in both HepG2 and Hep3B cells (HepG2: 0.23+0.01
versus 0.06+0.01, p<0.01; Hep3B: 0.14+0.00 versus 0.06+0.01,
p<0.01). By contrast, the cells under I/N conditions failed
to exhibit an increase in HIF-1o expression (py,,s,=0.599,
Phepsp=0.474), confirming the validity of the I/H model.

Activation of autophagy in HCC cells during I/H. In a previous
study, we reported that acute hypoxic stress induces autophagy
in normal cells (20). As shown in Fig. 1A, the formation of
LC3-positive puncta increased in both HepG2 and Hep3B cells
at 2 h post I/H-treatment. Living cell staining with acridine
orange revealed a significant increase in the red-to-green fluo-
rescence ratio (AVO accumulation) in both I/H-stressed HepG2
and Hep3B cells compared to the control. By contrast, there
were relatively few AVOs in the cytoplasm of cells of the control
and I/N groups (Fig. 1B). Although a slight increase in the ratio
was noticed in the cells of the I/N group, no statistical signifi-
cance was rendered. These data show that acute I/H exposure,
but not ischemia alone, induces autophagy in both HepG2 and
Hep3B cells.

Quantitative real-time RT-PCR analysis showed that the
mean ratios of LC3 to GAPDH mRNA significantly decreased
from 2.08+0.21 in the control group to 1.26+0.44 in the HepG2
cells at 2 h post I/H exposure (p=0.018) (Fig. 1C). By contrast,
steady-state LC3 mRNA levels in the Hep3B cells increased
significantly from 3.91+1.06 in the control group to 11.75+2.33
following I/H treatment (p=0.001). HepG2 cells, lacking AVO
formation, exhibited the apparent decrease of LC3 mRNA post
I/N exposure, as observed with I/H. The opposite change in LC3
mRNA levels in these two HCC cell lines raises the possibility
that p53 may fine-tune autophagy activation through the differ-
ential transcriptional control of LC3 in response to I/H.

Western blot analysis on LC3 lipidation (LC3-II) is regarded
as a useful means to monitor autophagy (21). As shown in
Fig. 1D, LC3 lipidation increased markedly at 2 h post I/H
exposure. Quantitative analyses revealed that the post-I/H LC3
lipidation increased significantly from 0.15+0.01 to 0.37+0.03
in HepG2 cells (p<0.01) and from 0.12+0.01 to 0.36+0.04 in
Hep3B cells (p<0.01). While I/H conveyed opposite changes
on the LC3 mRNA levels, LC3 lipidation showed a comparable
increase from acute I/H in HepG2 and Hep3B cells. However,
I/N did not result in a statistically significant difference in LC3
lipidation in the HepG2 and Hep3B cells.

Effects of autophagy on HCC cell proliferation during acute
I/H. Next, the effects of acute I/H on HCC cell proliferation were
evaluated. As an essential autophagy gene, Atg7 is an El-like
enzyme involved in the ubiquitination of MAP-LC3 early in
the pathway (22); the knockdown of Atg7 can inhibit autophagy
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Figure 1. Activation of autophagy in HepG2 and Hep3B by I/H treatment. I/H treatment in HepG2 and Hep3B was introduced via ischemia-mimetic solution and
1% O, exposure for 2 h. (A) Formation of LC3-positive puncta. Cells were treated with I/N or I/H and the formation of autophagic vacuoles was determined by
immunofluorescent staining for LC3 and p62. (B) Detection of AVOs with acridine orange staining. The formation of AVOs was quantified by the detection of
red and green fluorescence after acridine orange staining. The red-to-green fluorescence ratio (AVOs) in both HepG2 and Hep3B cells under I/H treatment was
compared to that in the same cells treated with DMEM (control) or I/N. (C) Steady-state LC3 mRNA levels were measured by quantitative real-time RT-PCR
analyses. (D) LC3 lipidation was assessed by western blot analysis. The data shown here are representative of three independent experiments. Densitometry was
performed using Photoshop and the results are presented as the means + SD.
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specifically. Therefore, the cells were pre-treated with Atg7
interference under nutrient-poor conditions for 1 h to assess the
contribution of autophagy in promoting HCC cell proli-feration
under I/H and reperfusion. As shown in Fig. 2A, western blot
analysis confirmed that Atg7 expression was inhibited by siRNA
administration. Pre-treatment with Atg7 interference inhibited
the LC3 lipidation increase induced by I/H (Fig. 1D). As shown
in Fig. 2B, HepG2 cells grew approximately 10% under the I/H
environment. A comparable stimulating effect was also observed
in the Hep3B cells. Atg7 interference inhibited I/H-induced cell
proliferation in the HepG2 and Hep3B cells. Cell prolifera-
tion decreased from 13.24+1.18% to 7.85+1.56% (Pye,c,<0.01)
and from 11.66+0.92% to 6.85+1.10% (Pye,3p<0.001), in the
HepG2 and Hep3B cells, respectively (Fig. 2B). More impor-
tantly, the Atg7 interference treatment alone had almost no
inhibitory effect on the proliferation of HepG2 and Hep3B
cells (7.05£1.57% versus 7.71£1.53%, Py.,,=0.578; 5.38+1.04%
versus 6.00+0.81%, pye,35=0.491). These results collectively
suggest that the observed inhibitory effect by Atg7 interference
on HCC cell proliferation following acute I/H exposure most
likely resulted from the inhibitory effect of Atg7 interference
on autophagy.

We further explored the effect of acute I/H exposure on the
proliferation of HCC cell lines with different pS3 contexts (p53
wild-type and p53 null). To eliminate the difference of growth
character between HepG2 and Hep3B cells, the proliferation
rate was compared according to the ratio of I/H group to the
control group. As shown in Fig. 2C, the proliferation ratio for
Hep3B cells was slightly higher than that for HepG2 cells, and
there was no significant difference between these two cells in
response to acute I/H (1.02+0.03 versus 1.13+0.05, p=0.247).
When autophagy was inhibited by Atg7 knockdown, a minor
difference in cell proliferation between HepG2 and Hep3B cells
was noted (1.01+0.03 versus 1.13+0.05, p=0.03). These results
indicate the involvement of an Atg7-independent pathway in cell
proliferation following I/H.

Changes in p62 expression following acute I/H. The p62
protein is a multifunctional signal adaptor protein that can be
incorporated into the completed autophagosome and degraded
in autolysosomes (23). We used p62 as a surrogate marker to
monitor autophagic flux. As shown in Fig. 2D, the mean ratio
of p62 to GAPDH in HepG2 cells decreased from 0.30+0.02
to 0.12+0.01 (p<0.01) following I/H-treatment. A similar result
was observed in Hep3B cells (from 0.11+0.01 to 0.04+0.01,
p<0.01). Consistent with the results of the LC3 lipidation profile
(Fig. 1D); there was no statistical difference in p62 levels
between the I/N and control groups. Pre-treatment with Atg7
interference reversed the p62 decrease induced by I/H. The
increased clearance of the p62 protein further confirms that
acute I/H stimulates human HCC cell growth resulting from
autophagic activation.

Activation of autophagy in HCC cells during reperfusion.
The role of autophagy in promoting HCC cell proliferation
under I/H stress has been demonstrated; however, the func-
tion of autophagy during reperfusion remains unexplained.
In our study, continuous autophagosomal accumulation was
observed in both HepG2 and Hep3B cells during reperfu-
sion (Fig. 3A). Quantitative analyses showed that reperfusion
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further increased LC3 lipidation in both HepG2 and Hep3B
cells, compared with those under I/H conditions [Fig. 3B;
HepG2: (0-30 min) p=0.896, (0-60 min) p=0.025, (0-90 min)
p=0.003, (0-120 min) p=0.248, (0-180 min) p<0.01; Hep3B:
(0-30 min) p=0.488, (0-60 min) p=0.094 (0-90 min) p<0.01,
(0-120 min) p<0.01, (0-180 min) p<0.01]. The I/H-induced
autophagy persisted even during the reperfusion stage in
HepG2 and Hep3B cells. Notably, HepG2 cells showed two
apparent decreases in LC3 lipidation at the 60- and 120-min
time-points post reperfusion. These results raise the possibility
that p53 status also regulates autophagic activation during
reperfusion. Thus, it is possible that I/H-triggered autophagy
continues through reperfusion.

Changes in p62 expression during reperfusion. Fig. 3C shows
that the p62 level significantly decreased following acute I/H
exposure as a result of the induced autophagic process. However,
during reperfusion, the p62 level unexpectedly increased at
30 and 60 min post-reperfusion while autophagy was ongoing
in HepG2 cells (0-30 min, p=0.009; 0-60 min, p=0.006). This
was followed by a decrease from 90-180 min post-reperfusion in
HepG?2 cells (0-90 min, p=0.003; 0-120 min, p=0.114; 0-180 min,
p=0.001). By contrast, a sustained decrease in the p62 level
during reperfusion compared with that during I/H was observed
in Hep3B cells [(0-30 min) p<0.01, (0-60 min) p<0.01, (0-90 min)
p<0.01, (0-120 min) p<0.01, (0-180 min) p<0.01)]. The decrease in
the steady-state p62 protein level further supports our hypothesis
that autophagy continues to function during reperfusion.

ROS generation during I/H and reperfusion exposure. To
investigate whether the oxidative burst mediates the majority of
the damage during I/H and reperfusion exposure in HepG2 and
Hep3B cells, intracellular ROS levels were measured. As shown
in Fig. 4A and B, while the basal ROS level in Hep3B cells was
relatively lower than that in HepG2 cells, ROS accumulated
during acute I/H exposure and persisted through reperfusion in
both HepG2 and Hep3B cells. Notably, the ROS level increased
at much faster rate during reperfusion than during I/H periods in
both cells. Pre-treatment with Atg7 interference decreased ROS
accumulation in both HepG2 and Hep3B cells. When ROS was
further specifically inhibited by NAC, the increased generation
of ROS was ruled out in both cells. There was no difference
in ROS accumulation when compared with that in the control
(p>0.05). Thus, our results suggest that I/H and reperfusion
trigger ROS generation, which is consistent with the activation
of autophagy.

Discussion

Along with the advancement of chemotherapy and intervention
technology, TACE has become an important method in the
treatment of unresectable HCC. However, clinical observations
have demonstrated that rapid recurrence and metastasis, even
after tumors are eradicated with TACE, are frequently detected
in many patients. It is possible that HCC cells likely have a
compensatory mechanism to enhance cell survival or promote
cell proliferation in a hypoxic microenvironment. Hypoxia-
induced angiogenesis and hexokinase II expression have been
reported as part of compensatory mechanisms for resistance
to the TACE procedure (24,25). In this study, we report that
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Figure 2. Effects of autophagy on HCC cell proliferation after I/H treatment. (A) Autophagy was specifically inhibited by Atg7 siRNA interference. The Atg7
knockdown was confirmed using western blot analysis. (B) Comparison of cell proliferation with or without autophagic inhibition. (C) Comparison of cell
proliferation between HepG2 and Hep3B cells. To eliminate the difference in growth character between HepG2 and Hep3B cells, the proliferation rate was
compared according to the ratio of the I/H group to the control group. The left panel shows the cell proliferation rate after I/H treatment and the right panel the cell
proliferation rate with Atg7 interference and I/H exposure. (D) p62 accumulation after I/H treatment was measured by western blot analysis. Atg7Scr and Atg7Sh,
cells transfected with control siRNA (scrambled) or Atg7 ShRNA; IH + Atg7Sh, Atg7 interference before I/H treatment; Atg7Sh, Atg7 interference without I/H
treatment. Data represent the means + SD of three independent experiments.

acute I/H and reperfusion induce autophagy and stimulate the  that autophagic induction is an underlying mechanism for cells
proliferation of HCC HepG2 and Hep3B cells. This suggests  in HCC nodules to survive TACE treatment (26).
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Figure 3. Autophagic process during reperfusion. Two hours after I/H treatment, reperfusion was initiated by a buffer exchanging to normoxic Krebs-Henseleit
solution. The cells were then incubated at 95% air and 5% CO, and harvested at 0, 30, 60,90, 120 and 180 min after reperfusion. (A) Detection of AVOs with acridine
orange staining during reperfusion after I/H treatment by fluorescence microscopy. (B) LC3 lipidation relative to GAPDH as the internal loading control was
detected using western blot analysis. (C) The accumulation of p62 during reperfusion was measured by western blot analysis. The data shown here are representative
of three independent experiments. Densitometric tracing was performed using Photoshop and the results are presented as the means + SD.
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the majority of the damage during I/H and reperfusion exposure. The ROS generations in HepG2 (A) and Hep3B (B) were measured by a fluorometry assay using
intracellular oxidation of DCFH-DA and further confirmed by Atg7 interference and NAC inhibition. The comparison was carried out between data in different

time-points and the control.
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Mechanistically, resistance to TACE can be construed as
being primarily a resistance to I/H commitment. Oxygen-
dependent mitochondrial ATP generation is responsible for
providing the energy required for cell proliferation and survival.
In a hypoxic state, a distinct pathway is operated for ATP gener-
ation (27). For example, free fatty acids and amino acids from
deprecated lipids and proteins from the autophagic process are
re-used to maintain mitochondrial ATP production and protein
synthesis as well as to promote cell survival (28). As autophagy
could serve as an effective strategy to provide a temporary
source of metabolic energy and catabolism intermediates (29),
autophagic response is crucial for cell survival during patho-
logically relevant stresses, such as ischemia and hypoxia.

Based on the results shown in the present study, including
the increased formation of LC3-positive autophagosomes
(Fig. 1A), accumulation of AVOs and elevated LC3 lipida-
tion upon exposure to I/H (Fig. 1D), we concluded that acute
I/H-treatment induces autophagy in both HepG2 and Hep3B
cells. Unexpectedly, ischemic treatment without hypoxia
(I/N) failed to stimulate the autophagic process (Fig. 1). It is
possible that the 2-h long I/N-treatment alone may be too short
to trigger autophagic activation. Alternatively, as cancer cells,
HepG2 and Hep3B cells may already have accumulated defects
in their response to starvation. Nonetheless, we unequivocally
demonstrated that both the HepG2 and Hep3B cells prolifer-
ated at a faster rate under acute I/H conditions than those under
normoxic conditions. While chronic hypoxia has been proven
to alter the DNA repair pathway and drive genome instability
and drug resistance (30), our observations further question the
paradoxical role of acute hypoxia as a therapeutic target for the
management of HCC.

The relationship between autophagy, tumorigenesis and
progression has been extensively debated; while autophagy has
been viewed as a tumor-suppressing mechanism, autophagy
also contributes to the rapid tumor progression (31). Notably,
the pro-survival function of autophagy may help cancer cells to
survive in nutrient-limited environments and to resist ionizing
radiation and chemotherapies (32). As shown in the present
study, an autophagic inhibitor can suppress HCC cell growth
during I/H, suggesting that I/H is likely to initiate an autophagic
response to promote HCC cell survival, potentially accounting
for the increased HCC cell proliferation after TACE. Following
ischemia, reperfusion, likely resulting from angiogenesis, collat-
eral circulation establishment and other mechanisms, usually
functions as a compensatory process. In our study, autophagy
and LC3 lipidation displayed an overall increase in both HepG2
and Hep3B cells during the reperfusion phase after acute I/H.
However, higher levels of autophagy induced by reperfusion
may cause excessive self-digestion and eventual cell death. We
postulate that response to I/H and reperfusion, depending on
the duration and intensity, may either enhance cell survival
by autophagy or sensitize cell death by excessive autophagic
activity.

p62/SQSTMI1 is commonly found in protein aggrega-
tion diseases affecting both the brain and liver. Liver-specific
autophagy defects in mice cause accumulation of p62 aggre-
gates, oxidative stress and p62-dependent hepatocyte death
(33). Previous findings have linked p62 activity to the extrinsic
apoptotic pathway, suggesting that the modulation of p62 by
autophagy is a key factor in carcinogenesis (34). The hypoxic
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clearance of p62 by autophagy plays an essential role in the
protection of cancer cells against hypoxic stress (35). These
findings place p62 at a critical position to control cell death
and survival. In our study, the activation of autophagy by acute
I/H was accompanied with the increased clearance of p62.
Consistent with a previous study (31), our results support the
notion that autophagy-mediated clearance of p62 under acute
I/H promotes HCC cell survival. In addition, we found that
the p62 protein level increased rapidly and was then followed
by a decrease during reperfusion in HepG2 cells, while it
continued to decrease in Hep3B cells. These results suggest that
the availability of oxygen after I/H differentially regulates the
steady-state level of p62 in HepG2 and Hep3B cells. However,
the exact pathophysiological implication of this observation
needs to be further elucidated.

p53, the most extensively characterized tumor suppressor
protein in mammalian cells, is activated after DNA damage,
oncogene activation, hypoxia or metabolic alterations. The asso-
ciation between p53 and autophagy is complex, as p53 appears
to play a dual role in autophagic regulation (36). The mysteries
underlying the p53-mediated regulation of autophagy extend
beyond the question of whether p53-modulated autophagy is
pro-death or pro-survival. For example, while nuclear p53 can
induce autophagy through transcriptional effects, cytoplasmic
p53 may act as a master repressor of autophagy (32). The
distinct difference in p53 status between HepG2 (p53 wild-
type) and Hep3B (p53 null) cells makes them a useful model to
investigate the role of p53 in modulating I/H- and reperfusion-
induced autophagy. Our results indirectly suggest there is no
difference in autophagy activation during I/H regardless of
p53 status. However, when autophagy was inhibited by Atg7
interference, the effect on subsequent cell proliferation was
context-dependent. We further demonstrated that there were
two apparent decreases in LC3 lipidation with a concomitant
increase of p62 at 60 and 120 min post reperfusion, confirming
that some feedbacks exist to inhibit active autophagy during
reperfusion in HepG2 cells. By contrast, lack of p53 in Hep3B
cells manifested more apparent autophagic parameters, such as
LC3 lipidation, redistribution of LC3 in cytoplasmic puncta,
accumulation of autophagosomes, and depletion of p62/
SQSTMI during reperfusion. It has been reported that p53-null
cells are insensitive to metabolic stress with a higher intracel-
lular ATP level (37). Our results provide additional evidence to
support the possibility that p53 null cells are better equipped
with more active autophagy to survive metabolic stress.

Recent studies have suggested that reperfusion of ischemic
tissue generates large amounts of ROS rapidly. There exists a
positive correlation between the severity of cell injury and the
amount of ROS generated. A rapid change in the mitochon-
drial complex redox states results in the leak of electrons to
oxygen and a decreased availability of ADP. This induces ROS
formation after ischemia and the subsequent re-introduction of
oxygen during reperfusion. It has been reported that there exists
afunctional link between ROS generation, autophagy and apop-
tosis induction (38). In our study, ROS formation accumulated
following acute I/H exposure and continued to rapidly increase
during reperfusion. The consistence of ROS generation and the
activation of autophagy reveal that the initial ROS release may
trigger autophagy as a protective defense mechanism of HCC
cells to deal with I/H and reperfusion exposure.
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Taken together, the results from our study suggest that the

autophagic pathway plays a critical role in promoting HCC cell
proliferation during I/H and that the inhibition of autophagy, at
least in part, effectively suppresses the accelerated cell prolifera-
tion during I/H in a context-dependent manner. Consequently,
the intermittent activation of autophagy as a survival strategy
could accelerate the progression of HCC, potentially explaining
the resistance of HCC to certain ablation therapies. Since the
blockage of autophagy attenuates I/H-stimulated cell prolif-
eration, the inhibition of autophagy could be considered as a
therapeutic target for the management of HCC.
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