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Abstract. Autophagy is a lysosome-dependent process involved 
in protein and organelle degradation. It has been suggested 
that autophagy is activated in nutrient-deficient condition 
and plays an important role in protecting cells from nutrient 
shortage. However, the effect of autophagy on chemotherapy 
during nutrient deficiency has been rarely researched. In 
the present study, we discovered that hepatocarcinoma cells 
exhibit chemoinsensitivity accompanied by the activation 
of autophagy when cultured in nutrient-deprived medium. 
Inhibition of autophagy by 3-methyladenine or siRNA-targeted 
Beclin 1 increased the nutrient deprivation-induced apoptosis 
and chemosensitivity in hepatocarcinoma cells. Furthermore, 
decreased mitochondrial mass was detected when cells 

underwent autophagy. The present study suggests that 
induction of autophagy confers a survival advantage for  
hepatocarcinoma cells during nutrient deprivation, not only 
rescuing cells from nutrient deficiency-induced cell apoptosis, 
but also protecting cells from chemotherapy-induced cell 
death. Combined usage of the inhibition of autophagy and 
conventional chemotherapeutic agents could be an effective 
therapy for hepatocarcinoma during nutrient deprivation.

Introduction

Hepatocarcinoma (HCC) is one of the most common malignant 
tumors in China (1). Surgical resection and liver transplanta-
tion are potential curative therapies (2). Unfortunately, most 
HCCs are too advanced at the time of diagnosis to benefit 
from these surgical approaches. Currently, chemotherapy 
is ineffective for HCC due to the inherent chemoresistance. 
However, the exact mechanism of chemotherapy resistance 
in HCC is largely unknown. Recently, accumulated evidence 
suggests that autophagy can promote cancer resistance to 
chemotherapeutic agents (3-6). Autophagy was first identified 
as a cellular defense response to nutrient deprivation and is 
essential to maintaining cell survival during nutrient starva-
tion (7,8). It has been reported that due to the insufficient 
blood supply following poor vasculature, tumors are able to 
obtain a limited supply of oxygen and nutrients during their 
progression (9). Moreover, certain treatments for HCC, such 
as transarterial chemoembolization (TACE) (10) also result 
in a nutrient-deficient microenvironment. Thus, it is crucial to 
explore whether nutrient deprivation-induced autopahgy may 
contribute to the chemoresistance of HCC.

Autophagy is an evolutionarily conserved physiological 
process, and can be activated under various stimuli such as 
starvation and hypoxia (11). The autophagic pathway begins 
with a lipid bilayer structure called the isolation membrane. 
The isolation membrane sequesters cytoplasmic materials, 
such as organelles, to form autophagosomes. Subsequently, 
the autophagosome fuses with the lysosome and matures into 
autolysosomes. Sequestrated materials are digested to amino 
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acids in the autolysosomes by lysosomal enzymes (12-14). 
Several pharmacologic autophagy inhibitors have been used 
to evaluate the physiologic relevance of autophagy in culture 
cells. For example, 3-methyladenine (3-MA) blocks autopha-
gosome formation to inhibit autophagy (15).

The role of autophagy in cancer is still controversial. For 
example, prolonged autophagy has been suggested to cause 
autophagic cell death, which is termed as type II programmed 
cell death (16,17). In contrast, autophagy allows cancer cells 
to survive in response to adverse conditions such as nutrient 
deprivation by providing amino acid and other intermediates. 
Inhibition of autophagy increases nutrient starvation-induced 
cell death (18). Although, autophagy is essential for helping 
cells against a shortage of nutrients, the role of autophagy 
in chemotherapy during nutrient deprivation has been rarely 
explored.

In the present study, we report that HCC cells exhibited 
chemoresistance accompanied by activation of autophagy 
during nutrient deprivation. Inhibition of autophagy increased 
nutrient deprivation-induced apoptosis. Decreased mitochon-
drial mass was detected when cells underwent autophagy. 
Furthermore, inhibition of autophagy enhanced the chemosen-
sitivity of HCC cells to chemotherapeutic agents.

Materials and methods

Cell culture. Human hepatocarcinoma cell lines SMMC-7721, 
Hep3B and HepG2 [obtained from the Tumor Immunology and 
Gene Therapy Center of the Eastern Hepatobiliary Surgery 
Hospital (Shanghai, China)] were maintained in Dulbecco's 
modified Eagle's medium (high glucose) (Gibco, Invitrogen, 
Carlsbad, CA, USA) and supplemented with 10% fetal bovine 
serum, 100 U/ml penicillin and 100 mg/ml streptomycin in a 
humidified incubator under 5% CO2 at 37̊C. Nutrient depriva-
tion was carried out in Earle's balanced salt solution (EBSS) 
medium (Sigma-Aldrich, St. Louis, MO, USA).

Regents. Cisplatin and 5-fluorouracil (5-FU) were purchased 
from Qilu Pharmaceutical Co., Ltd. (Jinan, Shandong, China). 
3-MA was obtained from Sigma-Aldrich (Shanghai, China) 
and dissolved in sterile double distilled water.

Cell viability assay. The measurement of viable cell mass was 
performed with a Cell Counting Kit (Cell Counting Kit-8, 
Dojin Laboratories, Kumamoto, Japan) to count living cells 
using WST-8. Cells were seeded (0.6x104 cells/well) on a 
96-well plate and 24 h later, the cells were treated with nutrient-
containing and nutrient-deprived medium with or without the 
indicated chemotherapeutic agents; in some experiment, 3-MA 
(10 mM) was added. For quantitative analysis of cell viability, 
10 µl of cell counting kit solution was added to each well. 
After incubation at 37̊C for 2 h in a humidified CO2 incubator, 
absorbance at 450 nm was monitored with a microplate reader 
(Synergy HT; BioTek Instruments, Inc., Winooski, vT, USA). 
The values obtained were normalized to those of the control 
cells incubated with vehicle only.

4',6-Diamidino-2-phenylindole (DAPI) staining. Cells were 
seeded into a 96-well plate and 24 h later cells were subjected 
with nutrient-containing and nutrient-deprived medium with 

or without the indicated chemotherapeutic agents; in some 
experiment, 3-MA was added. For DAPI staining, the cells 
were fixed with 4% paraformaldehyde for 10 min at room 
temperature. After being washed with 1X PBS for 2 times, 
the cells were then treated with 0.1% Triton X-100 for 5 min 
prior to staining with 1 µg/ml DAPI. Cells were visualized 
by fluorescence microscopy (Olympus IX71; Olympus, Tokyo, 
Japan). Cells in which the nuclei contained clearly condensed 
chromatin or cells exhibiting fragmented nuclei were scored 
as apoptotic. Apoptotic data are reported as percentage of 
apoptosis, obtained by determining the numbers of apoptotic 
cells vs. the total number of cells. For each sample, a minimum 
of 5 counts involving a minimum of 100-200 cells/count were 
scored.

Annexin V/PI staining. SMMC-7721, Hep3B and HepG2 cells 
were allowed to reach 70-80% confluency, and then were 
subjected to nutrient-containing and nutrient-deprived medium 
with or without the indicated chemotherapeutic agents; in 
some experiment, 3-MA was added. Cells (1x106) were 
collected by trypsinization at the times indicated. All cells 
were washed with ice-cold phosphate-buffered saline (PBS) 
twice and resuspended in 300 µl 1X binding buffer containing 
5 µl Annexin v and 5 µl PI for 30 min at room temperature 
in the dark (Annexin v-FITC apoptosis detection kit; Nanjing 
Keygen Biotech, China). Cell survival was measured by 
flow cytometric analysis using a FACSAria flow cytometer 
(Becton-Dickinson, Franklin Lakes, NJ, USA). Annexin v 
and PI single-positive, and double-positive populations were 
collectively counted as ‘dead’, whereas double-negative cells 
were considered viable.

Transient transfection. SMMC-7721, Hep3B and HepG2 cells 
were seeded (1x104 cells/well) into 96-well plates overnight, 
and then GFP-LC3-expressing plasmids were transiently 
transfected into the cells using FuGENE HD transfection 
reagent (Roche, Mannheim, Germany) according to the 
manufacturer's instructions. Cultured for 24 h to ensure the 
expression of GFP-LC3, the cells were subjected to EBSS 
medium in the absence or presence of 3-MA. At the end of the 
treatment, autophagy was detected by counting the percentage 
of cells with GFP-LC3-positive dots under a fluorescence 
microscope (Olympus IX71). A minimum of 200 cells/sample 
were counted in triplicate for each experiment.

Transmission electron microscopy. Cells were fixed with 2.5% 
glutaraldehyde in phosphate buffer, and stored at 4̊C until 
embedding. Cells were post-fixed with 1% osmium tetroxide 
followed by an increasing gradient dehydration step using 
ethanol and acetone. Cells were then embedded in araldite, 
and ultrathin section were obtained (50-60 nm), placed on 
uncoated copper grids, and stained with 3% lead citrate-uranyl 
acetate. Images were examined with a CM-120 electron 
microscope (Philips, Andover, MA, USA).

siRNA. The Stealth™ RNAi negative control duplex (cat. 12935-
200) and Stealth™ RNAi siRNA duplex oligoribonucleotides 
targeting human Beclin 1 (cat. 1299003) were obtained from 
Invitrogen. The siRNA was transfected into SMMC-7721 cells 
using siRNA transfection reagent (cat. sc-29528; Santa Cruz 
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Biotechnology, Santa Cruz, CA, USA) according to the manu-
facturer's protocol.

Western blot analysis. At the end of the designated treatments, 
cells were lysed in RIPA lysis buffer (Beyotime Biotechnology, 
Shanghai, China) with 1 mM phenylmethanesulfonyl fluo-
ride (PMSF). Equal amounts of protein were separated by 
sodium dodecyl sulfate-polyacrylamide gel electrophoresis 
(SDS-PAGE) and transferred onto an NC membrane. After 
blocking with 5% non-fat milk, the membrane was probed 
with anti-Beclin 1 (Novus Biologicals, Inc., Cat. NB500-249H, 
Host: Rabbit, dilution 1:1,000), anti-LC3 (Novus Biologicals, 
Inc. Cat. NB100-2220H, Host: Rabbit, dilution 1:1,000) and 
anti-PARP (Cell Signaling Technology, Beverly, MA, USA, 
Cat. 9532, Isotype: Rabbit, dilution 1:1,000), developed 
with the BeyoECL Plus substrate system (Beyotime, China, 
Cat. P0018). Blots were stripped and re-probed with β-actin 
antibody (Santa Cruz, Cat. sc-47778, Host: mouse, dilution 
1:2,000) to confirm equal protein loading.

Semi-quantitative real-time PCR. RNA was extracted from 
cells using TRIzol (Invitrogen, Carlsbad, CA, USA). cDNA 
was synthesized using MMLv reverse transcriptase (Promega, 
Madison, WI, USA), and 2 µg total RNA and oligo(dT)18 
primers. Two-microliter aliquots of cDNA were used for PCR 
amplification. Real-time RT-PCR was performed in triplicate 
using the SYBR PrimeScript RT-PCR kit (Takara, Dalian, 
China), and primers used were as follows: sense, 5'-CCATCTTT 
GCAGGCACACTCATC-3', and antisense 5'-ATCCACCTCA 
ACTGCCTGCTATG-3' for Nd2 (19); sense, 5'-ACAGCTCGT 
GTAATCTACCA-3' and antisense, 5'-GACCGTCCATTCTT 
TGC-3' for Nme1. PCR used 40 cycles of 5 sec at 95̊C, 20 sec 
at 60̊C for Nd2 and Nme1. The expression of Nme1 served as 
internal control. PCR products were separated by 2% agarose 
gel electrophoresis, and bands were visualized under ultravi-
olet (Uv) radiation after staining with ethidium bromide. Gels 
were photographed and bands were analyzed by computerized 
densitometry.

Mitochondrial membrane potential detection. The Mitochondrial 
Membrane Potential Assay kit with JC-1 was obtained from 
Beyotime Biotechnology and the procedure was carried out 
according to the manufacturer's instructions, respectively.

Statistical analysis. All of the experiments were repeated at 
least 3 times. The data are expressed as means ± SD. Statistical 
analysis was performed using the Student's t-test (two-tailed). 
The criterion for statistical significance was taken as P<0.05.

Results

Chemotherapeutic agent-induced cell death is reduced in 
HCC cells during nutrient deprivation. To investigate the 
functional significance of nutrient shortage in chemotherapy, 
we incubated 3 HCC cell lines (HepG2, Hep3B and SMMC-
7721) in EBSS medium (nutrient-deprived medium) and 
assessed the chemosensitivity of these cells. HCC cells were 
treated with 5-FU (100 µg/ml) or cisplatin (8 µg/ml) during 
nutrient deprivation for 12 h. As shown in Fig. 1A, WTS-8 assay 
results revealed that HCC cells incubated in nutrient-deprived 

medium exhibited significantly reduced susceptibility to the 
chemotherapeutic agents, when compared to their counterpart 
cells which were cultured in nutrient-containing medium. 
These results were further confirmed by flow cytometric anal-
ysis with Annexin V/PI staining. Nutrient-deficient HCC cells 
were more insensitive to chemotherapeutic agents (Fig. 1B). 
Thus, these data suggest that HCC cells acquire a protective 
effect against chemotherapy during nutrient deprivation.

Autophagy is activated in HCC cells during nutrient depriva-
tion. Nutrient deprivation is a strong inducer of autophagy. Thus, 
we then investigated whether autophagy was activated in HCC 
cells during nutrient deprivation. LC3, one of the mammalian 
homologues of yeast ATG8, is activated and relocalizes to intra-
cellular vesicles during the formation of autophagosomes (20). 
The LC3 pro-form is cleaved into soluble LC3-I, then LC3-I is 
modified to be membrane-bound, which is known as LC3-II, 
and recruited onto autophagosomes. LC3-I to LC3-II protein 
processing is considered a hallmark of autophagy. As shown in 
Fig. 2A, levels of endogenous LC3-II were markedly increased 
in the SMMC-7721 cells incubated in nutrient-deprived medium 
and were attenuated by 3-MA treatment.

To confirm the involvement of autophagy using additional 
independent assays, 3 HCC cell lines, transfected with the 
GFP-LC3 plasmid, were cultured for 12 h in nutrient-deprived 
medium with or without autophagy inhibitor 3-MA. The 

Figure 1. Chemotherapeutic agent-induced cell death is attenuated during 
nutrient deprivation in hepatocarcinoma cells. Three hepatocarcinoma cell 
lines (HepG2, Hep3B and SMMC-7721) were cultured in nutrient-free (EBSS 
medium) or nutrient-containing medium and treated with 5-FU (100 µg/ml) 
or cisplatin (8 µg/ml) for 12 h. (A) Cell viability was determined by WST-8 
assay. The viability of the untreated cells was regarded as 100%. Points 
mean of 3 independent experiments. (B) Cell death was quantified using flow 
cytometry with Annexin v and propidium iodide double staining as described 
in Materials and methods. Results (mean ± SE) represent the average of 
3 experiments. FN, full nutrient; NF, nutrient-free. *P<0.05 compared to cells 
at nutrient-containing medium.
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distribution of GFP-LC3 was determined by fluorescence 
microscopy. As shown in Fig. 2B and C, cells cultured in 
nutrient-deprived medium exhibited a significantly higher 
percentage of punctuate GFP (green dots), while nutrient-
containing cells showed primarily diffusion. Furthermore, 
3-MA, which inhibits autophagosome formation, significantly 
reduced the visible green dots in the nutrient-deprived cells and 
redistributed GFP-LC3 to the cytoplasm. The morphological 
hallmark of autophagy is the formation of a double-layered 
membrane structure, termed autophagosome. To date, trans-
mission electron microscopy is the gold standard to monitor 
the formation of autophagosomes. As shown in Fig. 2D, 
increased autophagosomes were observed in the nutrient-

deprived HCC cells, and 3-MA treatment largely reduced 
the amount of autophagosomes. In conclusion, these findings 
suggest that autophagy was activated in these HCC cells under 
nutrient-deprived condition.

Inhibition of autophagy by 3-MA increases chemosensitivity 
of HCC cells during nutrient deprivation. Autophagy can be 
triggered by nutrient deprivation and plays a role in protecting 
cells from nutrient shortage. However, the role of autophagy 
in chemotherapy during nutrient starvation has rarely been 
explored. Therefore, we first tested whether autophagy contrib-
utes to cell escape from nutrient shortage-induced cell death. 
HCC cells were cultured for 12 h in nutrient-deprived medium 

Figure 2. Nutrient deprivation activates autophagy in hepatocarcinoma cells. (A) SMMC-7721 cells were cultured in nutrient-free or nutrient-containing 
medium with or without autophagy inhibitor 3-MA (10 mM), and whole cell lysates were subjected to western blotting for LC3. (B and C) Hepatocarcinoma 
cells were transfected with the GFP-LC3 plasmid, and then were cultured in nutrient-free or nutrient-containing medium with or without autophagy inhibitor 
3-MA (10 mM). Autofluorescence of GFP-LC3 was evaluated by fluorescence microscopy. (B) Representative images are shown. The percentages of cells 
with punctuate GFP-LC3 fluorescence were evaluated relative to all GFP-positive cells. Data (mean ± SD) represent the mean of at least 3 independent experi-
ments. (C) Cells presenting >2 autophagosomes/cell were scored as having an autophagic reaction; *P<0.05 compared to cells in nutrient-containing medium, 
**P<0.05 compared to cells in nutrient-free medium. (D) Representative electron microscopic images are shown. An arrow indicates autophagosome. The high 
magnification image (the column labeled autophagosome) shows that the autophagic vacuoles contained electron dense material and degraded subcellular 
organelles. FN, full nutrient; NF, nutrient-free.
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Figure 3. Inhibition of autophagy by 3-MA enhances nutrient deprivation-induced apoptosis in hepatocarcinoma cells. Hepatocarcinoma cells were cultured in 
nutrient-free or nutrient-containing medium with or without autophagy inhibitor 3-MA. (A) The morphology of cells was observed, and images were captured 
under a microscope. Representative morphologic images are shown. (B) Cell viability was determined by WST-8 assay. The viability of the untreated cells 
was regarded as 100%. Data (mean ± SD) represent the means of at least 3 independent experiments; *P<0.05 compared to cells in nutrient-free media. FN, full 
nutrient; NF, nutrient-free. (C) Cell death was quantified using flow cytometry with Annexin V and propidium iodide double staining as described in Materials 
and methods. Results (mean ± SE) represent the average of 3 experiments. (D) DAPI staining was used to identify morphological features of cell apoptosis such 
as nuclear condensation and fragmentation. (E) Quantitative analysis of cell apoptosis in D. FN, full nutrient, NF, nutrient-free.



GUO et al:  IMPAIRED AUTOPHAGY INCREASES CHEMOSENSITIvITY DURING NUTRIENT DEPRIvATION778

and the autophagy inhibitor (3-MA) was applied to examine 
the viability of the cells. Cell morphology was detected by 
inverted phase contrast microscope. Typical apoptotic changes 
were observed in 3-MA-treated cells during nutrient depriva-
tion, including marked rounding, shrinkage and detachment 
from the culture dish (Fig. 3A). These results were confirmed 

by WTS-8 assay. 3-MA treatment resulted in significantly 
increased cell death (Fig. 3B). Similar results were further 
obtained by Annexin v/PI staining analysis; 3-MA treatment in 
nutrient-deprived medium induced significantly increased the 
apoptosis of cells (Fig. 3C). DAPI staining also demonstrated 
that 3-MA treatment markedly induced chromatin condensa-

Figure 4. Inhibition of autophagy by 3-MA amplifies chemotherapeutic agent-induced cell death during nutrient deprivation in hepatocarcinoma cells. Hep3B and 
SMMC-7721 cells were treated with 3-MA in the presence of 5-FU (100 µg/ml) and cisplatin (8 µg/ml) for 12 h during nutrient deprivation. (A) The morphology 
of cells was observed, and images were captured under a microscope. Representative morphologic images are shown. (B) Cell viability was determined by WST-8 
assay. The viability of the untreated cells was regarded as 100%. Data (mean ± SD) represent the means of at least 3 independent experiments. *P<0.05 compared 
to cells without 3-MA, **P<0.05 compared to cells without chemotherapeutic agent. (C) Cell death was quantified using flow cytometry with Annexin V and 
propidium iodide double staining as described in Materials and methods. Results (mean ± SE) represent the average of 3 experiments. FN, full nutrient; NF, 
nutrient-free.
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tion in HCC cells during nutrient deprivation (Fig. 3D and E). 
The concentration of these inhibitors did not affect the cell 
viability in nutrient-containing medium. These data suggested 
that inhibition of autophagy by 3-MA resulted in increased 
apoptosis in HCC cells during nutrient deprivation.

To determine whether inhibition of autophagy by 3-MA 
enhanced the chemotherapeutic sensitivity of the HCC cells, 
Hep3B and SMMC-7721 cells were treated with 3-MA in the 
presence of the chemotherapeutic agents, 5-FU or cisplatin 
during nutrient deprivation. As shown in Fig. 4A, a signifi-
cantly increased amount of cell death was observed following 
the combination treatment of 3-MA and 5-FU or cisplatin by 
observation of cell morphology. WTS-8 assay also showed 
that the combination treatment (3-MA and 5-FU or cisplatin) 
exhibited a much greater extent of cell death (Fig. 4B). 

Similar effects were further confirmed by Annexin v/PI 
staining analysis; co-treatment of 3-MA and 5-FU or cisplatin 
induced significantly more robust cell death under the same 
conditions (Fig. 4C). DAPI staining also demonstrated that 
3-MA treatment markedly induced chromatin condensation 
in HCC cells following treatment with the chemotherapeutic 
agents during nutrient deprivation (data not shown). These 
results were further determined by immunoblotting, where the 
combination treatment caused an increased level of cleaved 
PARP in the SMMC-7721 cells (data not shown). JC-1 staining 
also confirmed that the combination treatment (3-MA and 
5-FU or cisplatin) caused a significant loss of mitochondrial 
membrane potential (data not shown). These results suggested 
that autophagy contributes to chemotherapy insensitivity in 
HCC cells during nutrient deprivation.

Figure 5. Inhibition of autophagy by si-Beclin 1 increases nutrient deprivation-induced apoptosis in hepatocarcinoma cells. (A) SMMC-7721 cells were 
transfected with siRNA negative control or siRNA for Beclin 1 for 36 h followed by incubated in nutrient-free medium for 12 h, and whole cell lysates were 
subjected to western blotting for Beclin 1. siNT (si-non-target), RNAi negative control. (B) The morphology of cells was observed, and images were captured 
under a microscope. Representative morphologic images are shown. (C) Cell viability was determined by WST-8 assay. The viability of the untreated cells 
was regarded as 100%. Data (mean ± SD) represent the means of at least 3 independent experiments; *P<0.05 compared to cells at NF+si-NT. FN: full 
nutrient, NF: nutrient-free. (D) DAPI staining was used to identify morphological features of cell apoptosis such as nuclear condensation and fragmentation. 
(E) Quantitative analysis of cell apoptosis in D. FN, full nutrient; NF, nutrient-free.
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Knockdown of Beclin 1 by specific siRNA enhances chemo-
sensitivity of HCC cells during nutrient deprivation. To 
confirm the role of the autophagic machinery in nutrient 

deprivation-induced cell apoptosis, we used siRNA to inhibit the 
Beclin 1 gene, essential to autophagosome generation (21,22). 
Silencing of Beclin 1 (Fig. 5A) significantly increased nutrient 

Figure 6. Inhibition of autophagy by si-Beclin 1 enhances chemotherapeutic agent-induced cell death during nutrient deprivation in hepatocarcinoma cells. Hep3B 
and SMMC-7721 cells were transfected with siRNA for Beclin 1 in the presence of 5-FU (100 µg/ml) and cisplatin (8 µg/ml) for 12 h during nutrient starvation. 
(A) The morphology of cells was observed, and images were captured under a microscope. Representative morphologic images are shown. (B) Cell viability was 
determined by WST-8 assay. The viability of the untreated cells was regarded as 100%. Data (mean ± SD) represent the means of at least 3 independent experiments. 
*P<0.05 compared to cells without si-Beclin 1, **P<0.05 compared to cells without chemotherapeutic agent. (C) Cell death was quantified using flow cytometry 
with Annexin v and propidium iodide double staining as described in Materials and methods. Results (mean ± SE) represent the average of 3 experiments. FN, 
full nutrient; NF, nutrient-free.
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deprivation-induced cell death (Fig. 5B and C). DAPI staining 
revealed that silencing of Beclin 1 induced cell apoptosis in 
the HCC cells (Fig. 5D and E). Together, those data strongly 
suggest that HCC cells respond to nutrient shortage by acti-
vating autophagy to resist apoptosis.

To further confirm that inhibition of autophagy enhances 
chemotherapy-induced apoptosis, HCC cells were treated with 
chemotherapeutic agents for 12 h after exposure to Beclin 1 
siRNA. Knockdown of Beclin 1 significantly augmented 
chemotherapeutic agent-induced apoptosis (Fig. 6), suggesting 
that this pathway promotes drug resistance. Together with the 
findings in Figs. 1 and 4, these results suggest that autophagy 
contributes to chemotherapy resistance in HCC cells during 
nutrient deprivation. Thus, nutrient deprivation-induced 
autophagy in HCC cells is a survival mechanism which 
protects cells from nutrient shortage and chemotherapy.

Effect of nutrient deprivation-induced autophagy on mitochon-
dria in HCC cells. Autophagy is known as the only pathway 
for degrading organelles, such as mitochondria (8). Previous 
studies have shown that decreased mitochondrial mass by 
autophagy may be accompanied by reduced levels of apoptosis 
induced by pro-apoptotic agents (23-25). To characterize the 
mechanism by which autophagy promotes the survival of HCC 
cells during nutrient deprivation, we tested whether enhanced 
autophagy during nutrient deprivation can reduce mitochon-
drial mass in HCC cells. SMMC-7721 cells were cultured 
for 12 h in nutrient-deprived medium with or without 3-MA. 
The expression level of mitochondrial gene Nd2 was used to 
indirectly measure mitochondria mass. Mne1 gene was used as 
the internal control. As shown in Fig. 7A and B, Nd2 mRNA 

expression was significantly reduced in the SMMC-7721 
cells during nutrient deprivation, and significantly restored 
when 3-MA was used. Moreover, ultrastructural analyses by 
transmission electron microscopy (TEM) showed that the 
mitochondrion is enclosed by double membrane-bound vacu-
olar structures in HepG2 cells (Fig. 2D). Thus, the changes of 
mitochondria may be a critical step for autophagy inhibition-
induced cell apoptosis.

Discussion

Autophagy plays an important role in maintaining cellular 
homeostasis and facilitates cell survival against adverse condi-
tions, such as nutrient deprivation. However, the role of nutrient 
deprivation-induced autophagy in chemotherapy is poorly 
understood. In the present study, we showed that autophagy 
performs a vital role in hepatocarcinoma (HCC) cell survival 
during nutrient deprivation, not only since it protects cells 
from nutrient deprivation-induced apoptosis, but also provides 
cellular protection from exposure to chemotherapeutic agents. 
In the present study, we found that HCC cells cultured in 
nutrient-deficient medium showed more resistance to chemo-
therapeutic agents than their counterparts in nutrient-containing 
medium. Meanwhile, nutrient-deficient HCC cells exhibited the 
increased autophagy activity, as is shown by elevated levels of 
endogenous LC3-II, increased amount of characteristic green 
dots in the cytoplasm and massive accumulation of autophago-
somes; inhibition of autophagy by 3-MA apparently decreased 
formation of the green dots and the accumulation of LC3II and 
autophagosomes. In summary, these data indicated that HCC 
cells exhibited chemoresistance accompanied by autophagy 
activation under nutrient deprivation.

Recently, several studies have suggested that autophagy 
plays an important role in maintaining cell survival during 
nutrient deficiency (26). Consistent with those findings, we 
observed that autophagy directly contributes to the survival 
of HCC cells in response to the shortage of nutrients. 
Nutrient-starved HCC cells treated with an inhibitor of 
autophagy (3-MA or si-Beclin 1) underwent mass cell death. 
The results of cell viability assays indicated that the increased 
cell death by autophagy inhibition was associated by increased 
apoptosis. Thus, the survival mechanism in HCC during 
nutrient deprivation is likely due to the reduced apoptotic 
potential of the cells.

Our previous data showed that HCC exhibited properties 
of chemoresistance accompanied by autophagy activation 
under nutrient deprivation. Therefore, we tested the effect of 
autophagy inhibition on chemosensitivity. We observed that 
inhibition of autophagy by 3-MA significantly enhanced 
sensitivity of the HCC cells to cisplatin and 5-FU. Identical 
data were obtained by inhibiting autophagy with siRNA 
against Beclin 1. These data implied that autophagy mediates 
the chemoresistance of HCC cells under nutrient deprivation. 
These results can be supported by several studies suggesting 
that autophagy-delayed apoptosis may contribute to drug 
resistance (3,27). The relationship between autophagy and 
apoptosis is quite complicated. Under some stress condition, 
autophagy restrains stress-induced apoptosis to facilitate tumor 
cell survival (28). Moreover, several studies have demonstrated 
that autophagy may promote apoptosis (29). Meanwhile, 

Figure 7. Effect of nutrient deprivation-induced autophagy on mitochondria 
in HCC cells. (A) Hepatocarcinoma cell line SMMC-7721 was cultured 
in nutrient-free or nutrient-containing medium with or without autophagy 
inhibitor 3-MA. Cells were collected, and total RNA was prepared and 
real-time PCR assays were performed to detect Nd2 and Nem1 mRNA levels. 
The Nd2 mRNA expression levels were normalized to those of Nem1 and are 
the means ± SD of at least 3 independent experiments; #P<0.05 compared to 
cells in nutrient-containing + 3-MA medium; *P<0.05 compared to cells in 
nutrient-free + 3-MA medium. (B) PCR products were separated by 2% aga-
rose gel electrophoresis, and bands were visualized under ultraviolet (Uv) 
radiation after staining with ethidium bromide. A representative example of 
an experiment that was repeated 3 times is shown.
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in a certain context, autophagy and apoptosis could be 
simultaneously activated by the same stimulus without any 
connection (30). Taken together, our current data suggest that 
induction of autophagy confers two advantages for survival of 
HCC cells during nutrient deprivation. One is rescuing cells 
from nutrient deficiency-induced cell apoptosis, and the other 
is keeping cells from chemotherapy-induced cell death.

What is the functional relevance of nutrient deprivation-
induced autophagy activation in HCC? Recent studies have 
revealed that tumors always suffer the adversity of nutrient 
deficiency, even after the construction of tumor vessels (31,32). 
This phenomenon suggests that tumor cells including HCC 
may physiologically face a shortage of nutrients during 
development. Moreover, treatment of HCC, such as TACE 
and TAE (10) also leads to nutrient deficiency. Thus, nutrient 
shortage-induced autophagy is commonly activated in HCC. 
Although the role of autophagy in tumors is controversial, the 
present study clearly showed that autophagy is the primary 
cell survival mechanism following nutrient deficiency in HCC 
cells. It has been well demonstrated that failure to induce cell 
death by anticancer treatment contributes to chemotherapeutic 
failure and tumor progression. Thus, the present study indi-
cates that in a nutrient deficient microenvironment, activation 
of autophagy may be an adaptive and a protective mechanism 
for HCC development, and the combination of the inhibition of 
autophagy and conventional chemotherapeutic agents could be 
an effective therapy for HCC. Nutrient deprivation is a type of 
metabolic stress that causes ROS accumulation. The relation-
ship between ROS and autophagy is quite complicated. ROS, 
particularly mitochondrial ROS, could induce autophagy 
activation (33,34). However, removal of ROS by induction 
of autophagy could promote cell survival (35). In the present 
study, the role of ROS in autophagy activation and HCC cell 
survival needs further studies.

Although autophagy was suggested by numerous studies 
that it can promote cell survival in response to adverse condi-
tions such as nutrient deprivation, the mechanism underlying 
the effect of autophagy on promoting cell survival remains 
poorly defined. It has been suggested that clearance of mito-
chondria and then prevention of the diffusion of pro-apoptotic 
factors, such as cytochrome c, may help cells to escape apop-
tosis in response to cell death stimuli (23,24). In the present 
study, we observed that the mitochondria mass was significant 
decreased under nutrient-deficient condition, and inhibition of 
autophagy by 3-MA distinctly restored the number of mito-
chondria. These results suggest that enhanced autophagy may 
reduce mitochondrial mass. Although it is possible that there 
exist other factors that contribute to the survival of HCC cells 
during nutrient deprivation (36), we provide a persuasive data 
to suggest that reduced mitochondrial mass by activation of 
autophagy may play a beneficial role in promoting HCC cell 
survival under nutrient deprivation.

Taken together, the present study suggests that enhanced 
autophagy protects HCC cells from nutrient deprivation and 
chemotherapy-induced cell death. This is likely consistent 
with decreased mitochondrial mass. The physiologic roles of 
autophagy in tumor progression may closely connect with their 
microenvironments. These results further expand our under-
standing of the relevant role of autophagy in cancer formation 
and progression and may provide new strategies for HCC 

treatment. It may be reasonable to predict that drugs impairing 
the nutrient deprivation-induced autophagy pathway may be 
beneficial for chemotherapy of HCC during TACE. We also 
would like to extend the present study to other cancers. Further 
studies on the molecular mechanism by which autophagy 
promotes chemoresistance are warranted, and may possibly 
facilitate cancer therapy.
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