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Atg5 siRNA inhibits autophagy and enhances
norcantharidin-induced apoptosis
in hepatocellular carcinoma
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Abstract. Cantharidin is a terpenoid isolated from Chinese
blister beetles, and norcantharidin (NCTD) is a demethylated
analog of cantharidin. It has been reported that cantharidin and
norcantharidin have anticancer activities. Growing evidence
suggests that inhibiting autophagy can induce apoptosis in the
human hepatoma cell line HepG2. The objective of the present
study was to determine whether inhibition of autophagy
enhances NCTD-induced apoptosis in HepG2 cells. HepG2
cells were cultured in DMEM containing NCTD. Autophagy
was upregulated in the presence of HBSS media supplemented
with Ca** and Mg?* and 10 mM HEPES and downregulated
in the presence of 3-methyladenine (3-MA) and Azg5 siRNA.
Autophagy, cell viability, and the expression of apoptotic
proteins were assessed in HepG2 cells. Our data showed that
cell apoptosis generally increased after norcantharidin treat-
ment in HepG2 cells. Expression of LC3-II, an autophagosome
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marker, increased when cells were treated with HBSS media.
It also increased cell viability. However, in the presence of
3-MA and Arg5 siRNA, autophagy was inhibited, LC3-II
expression decreased and cell apoptosis increased. There was
increased expression of Bax, cytochrome c, cleaved caspase-3,
caspase-9 and PARP and the mitochondrial membrane
potential was disrupted. Additionally, increased apoptosis
was accompanied by increased reactive oxygen species
(ROS) production. NCTD has anticancer activity, and Azg5
siRNA-mediated downregulation of autophagy enhanced its
anticancer actions due to ROS generation and activation of the
mitochondrial apoptosis pathway.

Introduction

Liver cancer is the sixth most frequent cancer and the
second leading cause of cancer-related deaths worldwide.
Hepatocellular carcinoma (HCC) represents 90% of all
primary liver cancers (1-3). The 5-year survival rate for HCC
is <30% and the recurrence rate is ~70% (4,5). Current HCC
treatments, including surgical resection, liver transplantation,
chemotherapy, or immuno-biological cancer therapies, are
typically not very effective.

Cantharidin is a terpenoid isolated from Chinese blister
beetles, and norcantharidin (NCTD) is a demethylated analog
of cantharidin that has anticancer activity in breast cancer,
lung cancer, leukemia, colon and liver cancer. One possible
explanation for the anticancer actions of NCTD is its inhibi-
tion of protein phosphatases, through which G0/G1 or G2/M
arrest is triggered. Thus, apoptosis is subsequently induced via
ROS generation and the mitochondrial pathway (6,7).

Autophagy, an important pathophysiological process, is
crucial for cell development, differentiation, survival and
homeostasis. Additionally, autophagy has an important role in
liver cancer. Previous studies have shown that autophagy is
induced in liver cancer. Inhibition of autophagy was able to
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inhibit tumor cell growth and enhanced HCC cell apoptosis,
whereas increased autophagy induced resistance to apoptosis
in HCC cells (8,9). NCTD and decreased autophagy could
have an anticancer role in liver cancer; however, the mecha-
nisms of autophagy inhibition in liver cancer, as well as the
link between NCTD and autophagy, are not well elucidated.
Whether NCTD and autophagy coordinate an increase in
apoptosis in liver cancer, and elucidation of the downstream
apoptotic pathways are not well defined. Because decreased
autophagy may induce liver cancer cell apoptosis, NCTD may
have an important anticancer role in the liver.

Therefore, the objective of the present study was to examine
the relationship between NCTD and autophagy in anticancer
activities in the liver. Based on previous data, we hypothesized
that autophagy inhibition may enhance NCTD-induced apop-
tosis in HCC.

Materials and methods

Cell lines and treatment. The human hepatoma cell line
HepG2 was obtained from the Key Laboratory of Living Donor
Liver Transplantation, the First Affiliated Hospital of Nanjing
Medical University (Nanjing, China). Cells were cultured in
Dulbecco's modified Eagle's medium (DMEM) plus 10% fetal
bovine serum (FBS), 100 U/ml penicillin, and 100 U/ml strep-
tomycin at 37°C with 5% CO, (Life Technologies Carlsbad,
CA, USA).

Cells were divided into eight groups: i) Sham group: cells
were cultured in DMEM without any additional treatment; ii)
NCTD group: cells were cultured in DMEM containing NCTD
(2.5, 5, 10, 20 or 40 ug/ml; Sigma-Chemical, St. Louis, MO,
USA) for 24 h (10); iii) S group: cells were cultured in HBSS
media with Ca®>* and Mg?>* supplemented with 10 mM HEPES
(1 ml/well; Sigma-Aldrich) for 0.5 h to induce autophagy (11),
washed twice with PBS, and cultured for 24 h in DMEM. iv)
SN group: cells were cultured in HBSS media with Ca*" and
Mg?** supplemented with 10 mM HEPES (1 ml/well) for 0.5 h
to induce autophagy, and washed with PBS before culture for
24 h in DMEM containing NCTD (10 pg/ml); v) MA group:
cells were cultured in DMEM containing 3-MA (10 mmol/l;
Sigma-Aldrich) (12); vi) MAN group: cells were cultured
in DMEM containing 3-MA (10 mmol/l), washed with PBS
before culture for 24 h in DMEM containing NCTD (10 xg/ml);
vii) SS group: cells were transfected with scrambled siRNA
(Ambion, Austin, TX, USA) and cultured in DMEM,; viii) SSN
group: cells were transfected with scrambled siRNA, cultured
in DMEM, washed twice with PBS and cultured for 24 h in
DMEM containing NCTD (10 gg/ml).

Small-interfering RNA (siRNA) transfection. Small-interfering
RNA (siRNA)against Azg5 and anon-specific scrambled siRNA
were purchased from Ambion. All siRNAs were synthesized
by Qiagen (Chatsworth, CA, USA). HepG2 cells were cultured
in 6-well plates. Lipofectamine 2000 (Invitrogen, Rockville,
MD, USA) was mixed into serum-free DMEM containing
siRNA1, siRNA2 or scrambled RNA. Additionally, mock
controls were transfected with Lipofectamine 2000 alone,
incubated at room temperature for 20 min and distributed
into duplicate wells. Transfections were performed at 37°C in
5% CO,. Media were replaced with DMEM containing 10%
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heat-inactivated FBS for 4-6 h. After 2 h, cells were treated
as indicated.

Reverse transcription-quantitative real-time polymerase
chain reaction (RT-qPCR). We isolated and purified total
RNA from cells by using TRIzol reagent (Invitrogen) and
synthesized cDNA using the PrimeScript RT Master Mix.
cDNA (2 ul) was used as a template in a 20-ul reaction. Primers
were synthesized by Invitrogen (Shanghai, China). The primers
for Atg5 were: 5-TTCTCAAAATATACTGTTTC-3' (sense)
and 5-TATTATGTATCACAAATGG-3' (antisense). 3-actin
was used as a control. The primers for ff-actin were:
5'"TCACCCACACTGTGCCCATCTACGA-3' (sense) and
5'-CAGCGGAACCGCTCATTGCCAATGG-3' (antisense).
For RT-PCR, we used the following cycles: 95°C for 30 sec,
40 cycles of 95°C for 5 sec and 60°C for 31 sec. The dissocia-
tion stage was 95°C for 15 sec, 60°C for 1 min and 95°C for
15 sec.

Western blot analyses. HepG2 cells were washed with cold
PBS and homogenized in RIPA lysis buffer in the presence of
1% (v/w) protease inhibitor (Pierce Biotechnology, Rockford,
IL, USA). Cell lysates were then shaken at 4°C for 1 h and
centrifuged for 1 h at 40,000 x g at 4°C. For cytochrome ¢
analyses, cell pellets were cultured in HEPES buffer
containing 250 mM sucrose and homogenized. Homogenates
were centrifuged for 15 min at 800 x g at 4°C and super-
natants were centrifuged for 15 min at 10,000 x g at 4°C.
Finally, the mitochondrial pellets and cytosolic fractions were
collected (13). Protein concentrations were determined using
BCA protein assays. Protein lysates (50 pg) were separated
by 12% (w/v) SDS-PAGE, and proteins were transferred to
polyvinylidene difluoride (PVDF) membranes (Millipore,
Bedford, MA, USA). Membranes were incubated with the
primary antibodies (caspase antibodies were obtained from
Abcam, Cambridge, UK; the LC3-II antibody was from Novus
Biologicals, Littleton, CO, USA) overnight at 4°C, incubated
for 1 h with the secondary antibody (1:4,000, 3-actin; Abcam),
and visualized using an enhanced chemiluminesence (ECL)
detection kit (Pierce Biotechnology). For statistical analyses,
the gray value of each protein was measured using Image-Pro
Plus 6.0.

Immunofluorescence. HepG2 cells on coverslips were fixed
in 4% paraformaldehyde for 20 min. Cells were then blocked
in 10% BSA for 1 h, followed by overnight incubation with
the primary antibody (LC3II in 10% BSA). Cells were incu-
bated with the secondary antibody (1:100) for 1 h at 37°C and
then mounted using 4',6-diamidino-2-phenylindole (DAPI)
mounting media. We evaluated the cells for autophagy by
randomly choosing ten visual fields and measuring the optical
density. Semi-quantitative analyses were performed using
Image-Pro Plus 6.0.

Annexin Vipropidium iodide (PI) staining assays. We quanti-
fied apoptosis in HepG2 cells using the Annexin V-FITC kit.
Cells were washed twice with ice-cold PBS and resuspended
in binding buffer (400 pl) at a concentration of 5x10° cells/ml.
After incubation, 5 ul Annexin V-FITC and 5 ul PI were
added. Tubes were gently mixed on a vortex and incubated
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Figure 1. NCTD induces apoptosis in HepG2 cells. (A and B) NCTD pre-treatment of HepG2 cells increased apoptosis, and NCTD dose-dependently increased
the apoptotic ratios of the cells. The basal apoptotic population of the sham group was 2.6+0.5%. After treatment with 2.5, 5, 10, 20 and 40 yg/ml NCTD for
24 h, the apoptotic rates increased to 5.5£0.7, 7.420.6, 12.1£0.8, 20.2+1.5 and 36.6+2.8%, respectively ("P<0.05 compared with the sham group).

for 15 min in the dark at 4°C. Samples were analyzed using a
FACSCalibur flow cytometer (BD Biosciences, San Jose, CA,
USA) and CellQuest software (BD Biosciences).

ROS production analyses. Intracellular ROS levels were
detected by flow cytometry using 2',7'-dichlorodihydro-
fluorescein diacetate (DCFH-DA; Nanjing KeyGen Biotech
Co., Ltd., Nanjing, China). HepG2 cells were washed three
times with PBS solution, and cultured in serum-free DMEM
containing DCFH-DA (100 #M) for 30 min in the dark at
37°C. Cells were then washed in serum-free DMEM and
treated with pancreatic enzymes. DCF fluorescence was
detected at an excitation wavelength of 488 nm and an emis-
sion wavelength of 525 nm.

Mitochondrial membrane potential (A®m) assays. The loss
of mitochondrial membrane potential was monitored using
the membrane permeable dye JC-1 (Beyotime Institute of
Biotechnology, Haimen, China). At high A®m, JC-1 shows red
fluorescence, and the ratio between green and red fluorescence
provides an estimate of A®m. Briefly, JC-1 dyeing liquid was
added to each well (1 ml/well) and cells were incubated at 37°C
for 20 min. Cells were then washed twice with dyeing buffer
(1X) and cultured in DMEM. Finally, cells were observed
using fluorescence microscopy.

Statistical analyses. Data are expressed as the mean + standard
deviation. Differences between groups were evaluated using
variance, g-tests and Student's t-tests. SPSS 11.0 software was
used for all statistical analyses, and P<0.05 was considered
statistically significant.

Results

NCTD induces apoptosis in HepG?2 cells. First, we examined
apoptosis in HepG2 cells. We found that NCTD dose-depend-
ently increased the apoptosis ratios in HepG2 cells. The basal
apoptotic population of the sham group was 2.6+0.5%. After
treatment for 24 h with 2.5, 5, 10, 20 and 40 ug/ml NCTD,
the apoptotic rates increased to 5.5+0.7, 7.4+0.6, 12.1+0.8,
20.2+1.5 and 36.6+2.8%, respectively (Fig. 1). Based on these
data, 10 yg/ml NCTD was used in all subsequent experiments.

Autophagy counteracts NCTD-induced apoptosis. Next,
we examined LC3-II expression and found that HBSS pre-
treatment increased LC3-II protein expression. Decreased
apoptotic rates were observed in the HBSS and NCTD (SN)
group compared with the sham group. HBSS-treated HepG2
cells showed increased LC3-II protein expression in western
blotting and immunostaining analyses (Figs. 2B and 3;
P<0.05). Moreover, Annexin V/PI staining indicated that the
induction of autophagy in the HBSS and NCTD (SN) group
decreased the rates of early and late apoptosis in HepG2 cells
compared with the sham group (Fig. 2C; P<0.05).

Inhibition of autophagy induces HepG2 cell apoptosis. 3-MA
and Arg5 siRNA were used in HepG2 cells to inhibit LC3-II
expression. We observed decreased A7g5 gene expression in
the Arg5 siRNA and NCTD (SSN) group compared with the
sham group (Fig. 2A; P<0.05). In addition, LC3-II expression
was inhibited in the 3-MA and NCTD (MAN) or Azg5 siRNA
and NCTD (SSN) groups compared with the sham group
as shown by western blotting and immunostaining assays
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Figure 2. Inhibition of autophagy induces HepG2 cell apoptosis. (A) Azg5 gene expression decreased in the SSN group compared with the sham group based on
RT-qPCR analyses. (B) HBSS pre-treatment increased LC3-II protein expression, whereas LC3-II expression was inhibited when 3-MA and Azg5 siRNA were
added to HepG2 Cells. (C and D) Annexin V/PI staining showed that the induction of autophagy in the SN group decreased the rates of early and late apoptosis
in HepG2 cells compared with the sham group. The inhibition of autophagy increased the apoptosis rates of HepG2 cells ("P<0.05 and “P<0.01 compared with

the sham group; “P<0.05 compared with the SN group).
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Figure 3. LC3-II protein expression is decreased in cells treated with NCTD. (A and B) Decreased LC3-II staining in the MAN and SSN groups by immuno-
fluorescence. The photometric values also showed decreased LC3-11 staining in the MAN and SSN groups; however, it was increased in the SN group ("P<0.05

compared with the sham group; “P<0.05 compared with the SN group).

(Figs. 2B and 3; P<0.05). Finally, we evaluated the apoptotic
ratios and found that autophagy inhibition increased the rate of
apoptosis in HepG2 cells (Fig. 2C; P<0.05).

NCTD induces ROS generation and autophagy inhibition
enhances this activity. To further examine the role of NCTD
and autophagy, we evaluated ROS levels in cells after the
various treatments. We found increased intracellular ROS
generation in cells treated with NCTD. Moreover, autophagy
inhibition further enhanced ROS generation compared with
the NCTD group. However, when autophagy was induced,
ROS levels were downregulated (Fig. 4).

Autophagy inhibition increases Bax, cytochrome c,
caspase-3, caspase-9 and PARP protein expression and

decreases Bcl-2 expression. To further elucidate the mecha-
nisms of apoptosis, we examined the expression of apoptotic
proteins. As shown in Fig. 5, downregulation of autophagy
increased Bax and cytosolic cytochrome ¢ protein expression
compared with the sham group. However, the increase was
abrogated when autophagy was induced in the HBSS and
NCTD (SN) group (P<0.05). Additionally, mitochondrial
cytochrome ¢ and Bcl-2 protein expression was downregu-
lated in the HBSS and NCTD (SN) group compared with the
sham, 3-MA and NCTD (MAN) or Azg5 siRNA and NCTD
(SSN) groups (P<0.05).

Next, we evaluated the cleavage of the caspase-3, caspase-8
and caspase-9. Expression of cleaved caspase-3 and caspase-9
was rapidly increased in the 3-MA and NCTD (MAN) or Atg5
siRNA and NCTD (SSN) groups compared with the sham



INTERNATIONAL JOURNAL OF ONCOLOGY 47: 1321-1328, 2015 1325

Az Sham NCTD SN MAN SSN

51. 06% M1

13. 34% M1

- W — O — b ...
Tor 10! 10 10° 1010° 10t 107 10° 10* 10° 10t 10° 10° 10 10° 10 10* 10° 10¢ 10° 10! 108 10
FL1-H FL1-H FL1-H FL1-H FL1-H
#
| T |
B P
1
80- ¥ *
"'a = B0
o
o
I=) S
o oy 404
o=
g8
= 204

0 = ]
Sham NCTD SN MAN SSN

Figure 4. NCTD induced ROS generation and autophagy inhibition enhanced this activity. (A and B) There is increased intracellular ROS generation in
NCTD-treated cells. Inhibition of autophagy further enhanced ROS generation compared with the NCTD group. However, when autophagy was induced, ROS
levels were downregulated ("P<0.05 compared with the sham group; “P<0.05 compared with the SN group).
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Figure 5. Autophagy inhibition induced Bax, cytochrome c, caspase-3, caspase-9 and PARP protein expression, and reduced Bcl-2 expression. (A and B) After
treatment with NCTD, cytosolic cytochrome ¢ protein expression increased compared with the sham group. However, when autophagy was downregulated,
cytochrome ¢ protein expression was significantly increased in the cytosolic fraction, but the increase was abrogated when autophagy was induced in the SN
group ("P<0.05 compared with the sham group; “P<0.05 compared with the SN group). (C and D) Bax protein expression was upregulated in the MAN and
SSN groups compared with the sham and SN group. The highest Bcl-2 protein expression was observed in the SN group ("P<0.05 compared with the sham
group; “P<0.05 compared with the SN group). (E) The ratio of Bax/Bcl-2 was highest in the MAN and SSN groups ("P<0.05 compared with the control sham;
"P<0.05 compared with the SN group).
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Figure 6. Inhibition of autophagy in HepG2 cells induced cleavage of caspase-3, caspase-9 and PARP. (A) The expression of cleaved caspase-3 and caspase-9 in
the cytosolic fraction increased rapidly after NCTD treatment. Compared to cells in the NCTD group, the cleavage of caspase-3 and caspase-9 increased when
autophagy was inhibited (P<0.05). There were no significant differences in caspase-8 expression in all groups. Furthermore, induction of autophagy attenuated
the increased cleavage of caspase-3 and caspase-9. Inhibition of autophagy in HepG2 cells promoted PARP cleavage ('P<0.05 compared with the sham group;
"P<0.05 compared with the SN group). (B) Fold-schanges of protein levels; each group of bars indicates a different protein. The order of the proteins shown is
according to the order shown in (A).
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Figure 7. Mitochondrial membrane potential disturbances were observed in the MAN and SSN groups. (A and B) The increase in green fluorescent cells
indicated increased mitochondrial membrane potential disturbance. There was more red fluorescence in the sham and SN groups and more green fluorescence
in the MAN and SSN groups ("P<0.05 compared with the sham group; “P<0.05 compared with the SN group).

group; however, the increase was abrogated in the HBSS and
NCTD (SN) group. We observed no significant changes in
the cleaved caspase-8 expression in any of the groups (Fig. 6;
P<0.05). Inhibition of autophagy in HepG2 cells also promoted
PARP cleavage (Fig. 6; P<0.05).

The mitochondrial membrane potential is disturbed in cells
treated with NCTD. Increased green fluorescence in cells
indicates increased mitochondrial membrane potential distur-
bance. In the present study, we observed more red fluorescence
in the sham and HBSS and NCTD (SN) cells, with more green
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fluorescence in the 3-MA and NCTD (MAN) or Arg5 siRNA
and NCTD (SSN) groups (Fig. 7; P<0.05). These data indicate
that there is increased mitochondrial membrane potential
disturbance in cells treated with NCTD, and inhibition of
autophagy enhanced this effect.

Discussion

In the present study, we found that NCTD induced HepG2
cell apoptosis. Decreased apoptotic ratios were detected when
autophagy was induced in these cells. Moreover, inhibition of
autophagy in HepG2 cells induced HepG2 cell apoptosis.

To further determine the mechanism of apoptosis, we
examined expression of cytochrome c, Bax, Bcl-2, caspase-3,
caspase-8 and caspase-9 protein. We found that inhibition of
LC3-II expression using 3-MA and Arg5 siRNA increased
HepG?2 cell apoptosis ratios as shown by increased expres-
sion of cytosolic cytochrome ¢ and Bax. In addition, there
was increased cleavage of caspase-3 and -9. However, when
autophagy was induced, less caspase-3 and -9 was cleaved,
and mitochondrial cytochrome ¢ protein and Bcl-2 protein
expression increased. Finally, enhanced ROS generation was
observed in cells where autophagy was downregulated. When
autophagy was induced, ROS levels were downregulated.
Based on our current data and data from previous reports, we
hypothesize that decreasing autophagy increases HepG2 cell
apoptosis partly through ROS generation and activation of the
mitochondrial apoptotic pathway.

Hepatocellular carcinoma (HCC) is the most common
type of liver cancer and is one of the leading causes of cancer
deaths worldwide. Because of the complex mechanisms of
HCC, effective therapies toward HCC have not significantly
improved (1,2). As a heterogeneous tumor, HCC involves
multiple pathways and molecular alterations (14). With
medical technology advances, there are increasing number
of new treatments towards HCC, including surgical resection,
liver transplantation and chemotherapy or immuno-biological
cancer therapy. Cantharidin, which is extracted from the
Chinese blister beetle, has been used for many years in Chinese
medicine to treat tumors. However, because of nephrotoxic and
other side effects, norcantharidin (NCTD) was synthesized in
an effort to reduce toxicity. Currently, NCTD is widely used in
the treatment of tumors (7,15).

It has been shown that NCTD has antitumor roles in
various experimental animal models and extends the life of
some of these animals. The mechanism of action of NCTD
involves inhibition of protein and nucleic acid synthesis.
N-hydroxycantharidimide, which is synthesized by canthar-
idin, has certain curative effects in liver cancer (16). Previous
data showed that NCTD could induce cytotoxicity in HepG2
cells by inducing apoptosis (10); therefore, in the present study,
we evaluated HepG2 cell apoptosis. The basal apoptotic popu-
lation of the sham group was 0.3£0.1%. After treatment with
2.5,5,10,20 and 40 pg/ml NCTD, the apoptotic rate increased
to 5.5+£0.7, 7.4+0.6, 12.1+0.8, 20.2+1.5 and 36.6+2.8%, respec-
tively. These data indicate that NCTD increases apoptosis in
HepG2 cells, and further demonstrate the dose-dependence of
NCTD on the apoptotic ratios in these cells.

Our previous studies showed that miR-101 may enhance
cisplatin-induced apoptosis in HCC cells, and the possible
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mechanism involved inhibition of autophagy via targets
including RABS5SA, STMNI1 and ATG4D (17). Other studies
have reported that autophagy affects liver cancer. Autophagy is
a process whereby cytoplasmic macromolecules or organelles
are degraded in lysosomes to maintain the cellular balance.
Previous data indicate that autophagy functions as a survival
mechanism and elicits protective effects against tissue and
cell injury (18). In general, it has been noted that autophagy
has dual functions, it can lead to autophagic cell death
under certain conditions but also can keep cells alive under
stressful, ‘life-threatening’ conditions. It has been shown that
inhibition of autophagy induced apoptosis of tumor cells, and
knockdown of TP53-induced glycolysis regulator (TIGAR)
expression could enhance the antitumor effects of epirubicin
by increasing cellular ROS levels, activating apoptotic path-
ways, and inhibiting autophagy-enhanced epirubicin-induced
apoptosis (19). Like the above chemotherapeutic drug, in the
present study, we found that NCTD was able to induce HepG2
cell apoptosis, and that inhibition of autophagy in HepG2 cells
induced apoptosis. Taken together, these data suggest that
autophagy leads to autophagic cell death in HepG2 cells.

Apoptosis can be initiated via alternative signaling
pathways: the intrinsic pathway, which is also called the
mitochondria-mediated pathway and the extrinsic or death
receptor-mediated pathway. Mitochondria play a critical role in
apoptotic processes, including drug-induced apoptosis (20,21).
Reports have shown that NCTD could be used to prevent
and treat cancer, likely due to increased apoptosis via ROS
generation and the mitochondrial pathway (22). Mitophagy is a
process that refers to mitochondria degradation via autophagy.
Selective degradation of mitochondria is highly regulated by
various molecules, and is crucial in cell apoptosis (23).

Therefore, to further dissect the mechanism of NCTD
action, we focused on the apoptotic pathways. It was reported
that the anti-apoptotic protein Bcl-2 and the pro-apoptotic
protein Bax are crucial for initiation of the mitochondrial
death cascade. We observed downregulation of Bax and
upregulation of Bcl-2 in the autophagy-induced group.
However, inhibition of LC3-II expression using 3-MA and
Atg5 siRNA may prevent changes in Bax and Bcl-2 expres-
sion. Moreover, cytosolic cytochrome ¢ protein expression was
induced and mitochondrial cytochrome ¢ protein expression
decreased when autophagy was inhibited. Cleaved caspase-3
and caspase-9 were also detected, indicating that activation of
caspase-3 and caspase-9 are important in the mitochondrial
apoptotic pathway. The present study found increased cleavage
of caspase-3 and caspase-9 in the 3-MA and NCTD (MAN) or
Atg5 siRNA and NCTD (SSN) groups in which autophagy was
decreased. However, the cleavage of caspase-3 and caspase-9
was decreased in the sham and HBSS and NCTD (SN) cells in
which autophagy was increased.

We also evaluated PARP protein levels. The PARP protein
is an important apoptosis protein, which is always cleaved
by activated caspase-3. In the 3-MA and NCTD (MAN) or
Atg5 siRNA and NCTD (SSN) groups, we observed increased
PARP protein cleavage from the full-length 116 kDa form
to its cleaved 89 kDa form. However, PARP was not cleaved
in the SN group. Finally, we examined the mitochondrial
membrane potential. We detected more red fluorescence in
the control and SN groups, but more green fluorescence in
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the 3-MA and NCTD (MAN) or Azg5 siRNA and NCTD
(SSN) groups, indicating disturbed mitochondrial membrane
potential. Our data suggest that the inhibition of autophagy
increased NCTD-induced apoptosis, which may occur via a
mitochondria-mediated pathway.

ROS are a series of reactive oxygen species produced during
metabolic processes that are important in tumor occurrence,
development and recurrence. Recent studies have shown that
ROS can accelerate tumor cell death and have antitumorigenic
roles (24). Drugs that increase ROS levels have been produced
and used in clinical trials (24,25). Some studies have reported
that ROS act as a second messenger in apoptosis. The genera-
tion of ROS can induce mitochondrial membrane potential
disturbance, thereby contributing to mitochondrial damage
and leading to cell death by acting as an apoptotic signaling
molecule (26). We found that NCTD induced ROS production
in HepG2 cells. The inhibition of autophagy caused an NCTD-
induced increase in ROS in HepG2 cells, and the increase in
ROS was abolished or attenuated by increasing autophagy.

In conclusion, we demonstrate that NCTD induced HepG2
cell apoptosis. The inhibition of autophagy in these cells also
induced apoptosis. Inhibiting LC3-II expression by 3-MA
and Arg5 siRNA also has pro-apoptotic effects via the mito-
chondrial apoptotic pathway, and enhanced ROS generation
was observed in cells where autophagy was downregulated.
Therefore, we propose that decreased autophagy increases
HepG2 cell apoptosis, partly via ROS generation and activa-
tion of the mitochondrial apoptotic pathway. However, the
exact relationship between autophagy and the mitochondrial
apoptotic pathway, as well as the function of autophagy in
apoptosis, require further study.
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