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Abstract. Insufficient radiofrequency ablation (iRFA) often 
leads to residual hepatocellular carcinoma (HCC) progres-
sion. However, the mechanism is still poorly understood. 
In the present study, we demonstrated that LC3B protein 
expression levels were significantly increased in the residual 
hepatocellular carcinoma cells after radiofrequency abla-
tion (RFA) treatment in vivo. Moreover, iRFA promoted 
autophagy, autophagosome formation and autophagic flux in 
Huh-7 and SMMC7721 cell lines in vitro. In addition, iRFA 
induced HCC cell viability and invasion. However, blockade 
of autophagy by the autophagosome inhibitor 3-methyladenine 
(3-MA) suppressed iRFA-induced cell viability and invasion. 
Furthermore, we revealed that the expression of liver cancer 
stem cell marker CD133 was also significantly increased in 
the residual hepatocellular carcinoma cells after RFA treat-
ment in vivo, and was positively correlated with LC3B protein 
expression. iRFA also promoted CD133 protein expression in 
Huh-7 and SMMC7721 cell lines in vitro. CD133 was local-
ized to autophagosomes, and was suppressed by 3-MA or 
chloroquine (CQ) after iRFA treatment. CD133 downregula-
tion also suppressed iRFA-induced cell viability, invasion and 
autophagy. Collectively, our results indicated that RFA may 
promote residual HCC cell progression by autophagy and 
CD133 feedback loop.

Introduction

Hepatocellular carcinoma (HCC) is the fifth most common 
malignant tumor worldwide and is the third leading cause 

of cancer-related mortality (1). For the treatment of HCC, a 
variety of modalities have been used, including molecular-
targeted therapy, transarterial chemoembolization (TACE), 
liver transplantation and local tumor ablation [e.g., irrevers-
ible electroporation and radiofrequency ablation (RFA)] (2). 
Among these, RFA is accepted as a potentially curative local 
treatment for patients with early-stage HCC (3). However, 
tumor tissues experience insufficient radiofrequency ablation 
(iRFA) with temperatures (60-42˚C) too low to kill all of the 
cancer cells, resulting in rapid and aggressive recurrence of 
HCC after RFA (4-6). For instance, Yoshida et al (7) revealed 
that iRFA promoted HCC spread and growth by transiently 
inducing EMT-like changes and an enhanced malignant 
potential. Liu et al (8) reported that RFA increased VEGF 
expression via CaMKII-induced ERK activation, and then 
accelerated residual HCC growth. However, the mechanisms 
underlying the RFA-induced tumor promotion remain largely 
unexplored.

Autophagy is an evolutionarily conserved, intracellular 
self-protective mechanism for the degradation of cytoplasmic 
material, damaged organelles and aggregate-prone proteins 
in lysosomes (9,10). Recently, considerable evidence has 
supported that autophagy plays a critical role in many human 
diseases, including cancer. In pancreatic cancer, the inhibition 
of autophagy suppressed cell growth in vitro and tumor progres-
sion in vivo (11). In HCC, LC3-II (a key autophagic marker) 
expression levels were positively related with the development 
and a poor prognosis of HCC (12). Chang et al (13) revealed 
that inhibition of autophagy reduced viability of HCC. 
Moreover, autophagy can act as an accomplice of survival, 
malignant progression and distant metastasis of HCC cells 
under adverse conditions (11). Peng et al (14) demonstrated 
that hypoxia-induced autophagy resulted in resistance of HCC 
cells to chemotherapeutic agents. In the present study, our 
results indicated that LC3B expression was upregulated in the 
residual hepatocellular carcinoma cells after RFA treatment 
in vivo. However, the role of autophagy in rapid and aggressive 
recurrence of HCC after RFA remains largely unknown. Thus, 
we sought to determine the potential role and mechanism of 
autophagy in rapid and aggressive recurrence of HCC after 
RFA. Our results demonstrated that autophagy and the CD133 
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feedback loop are indispensable for iRFA-induced tumor cell 
progression in HCC.

Materials and methods

Ethics statement. In the present study, the use of human tissue 
samples and all experimental procedures and protocols were 
approved by the Ethics Committee of the First Affiliated 
Hospital of Third Military Medical University with the 
following reference no. 2013(47).

Patients and samples. Hepatocellular carcinoma (HCC) 
tissues were obtained from 31 patients who underwent surgical 
resection between December 2013 and December 2015 at 
the Southwest Hospital, Third Military Medical University. 
Sixteen specimens were obtained from HCC patients with 
radiofrequency ablation (RFA) treatment at our hospital, and 
the remaining 15 specimens were obtained from HCC patients 
with non-RFA treatment. RFA treatment was performed 
with the patient under endotracheal general anesthesia. Then, 
patients were submitted to RFA with ultrasonography guid-
ance, utilizing a generator providing 460 kHz alternating 
current and a semi-flax retractable multi-pronged curved 
electrode-needle (RITA Medical Systems, Inc., Mountain 
View, CA, USA). The average target temperature was set at 
100-110˚C, and ablation was continued for 25 min depending 
on the desired ablation size. The process was monitored by 
real-time ultrasound to ensure 1-cm margins.

Immunohistochemical analysis. Human HCC tissues were 
fixed in 4% paraformaldehyde overnight, and subsequently 
embedded in paraffin. The paraffin-embedded tissues were 
cut into standard 6 µm sections, deparaffinated in xylene 
and rehydrated through graded alcohol solutions. Antigen 
retrieval was performed 10 min at 92˚C in EDTA (10 mmol/l, 
pH 8.0) in a water bath. Endogenous peroxidases were inac-
tivated by immersing the sections in 0.3% hydrogen peroxide 
(H2O2) for 12 min. Next, the sections were blocked with 5% 
goat serum for 60 min at 37˚C. The slides were incubated 
with rabbit polyclonal antibody against human LC3B 
(1:1,000; cat. no. ab63817; Abcam, Cambridge, MA, USA) 
and mouse monoclonal antibody against human CD133 (1:50; 
cat. no. MAB4399-I; EMD Millipore, Billerica, MA, USA) 
overnight at 4˚C. Next, the slides were treated with the appro-
priate HRP-conjugated goat antibody against rabbit/mouse 
(1:1,500; cat. no. KIT-5920; Maixin Biotechnology, Co., Ltd., 
Fuzhou, China) for 45 min at 37˚C, and then developed with 
3,3'-diaminobenzidine. Finally, the slides were counterstained 
with hematoxylin and mounted. The slides were examined 
under an Olympus light microscope (Leeds Precision 
Instruments, Minneapolis, MN, USA). LC3B and CD133 
protein expression in tissues were determined according 
to methods described by Pinheiro et al (15). Sections were 
semi-quantitatively scored for the extent of immunoreactions 
as follows: 0, 0% immunoreactive cells; 1, <5% immunore-
active cells; 2, 5-50% immunoreactive cells; and 3, >50% 
immunoreactive cells. Additionally, the staining intensity was 
semi-quantitatively scored as 0 (negative), 1 (weak), 2 (inter-
mediate), or 3 (strong). The final immunoreaction score was 
defined as the sum of both parameters.

Cell lines and cell culture. Huh-7 and SMMC7721 cells were 
obtained from the Cell Bank Type Culture Collection of the 
Chinese Academy of Sciences (Shanghai, China). Huh-7 
cells were cultured in Dulbecco's modified Eagle's medium 
(DMEM; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, 
MA, USA) containing 10% fetal bovine serum (FBS; Gibco; 
Thermo Fisher Scientific, Scoresby VIC, Australia) and 1% 
penicillin-streptomycin (Gibco; Thermo Fisher Scientific) at 
37˚C in a humidified atmosphere of 5% CO2. SMMC7721 cells 
were cultured in RPMI-1640 medium (Invitrogen; Thermo 
Fisher Scientific) containing 10% FBS (Gibco; Thermo Fisher 
Scientific).

Heat treatment. iRFA treatment was performed in vitro as 
previously described (7). Huh-7 and SMMC7721 cells were 
seeded onto 6-well plates (5x104 cells/well) and further incu-
bated for 24 h. Next, the plates were sealed and submerged 
in a water bath at a temperature setting of 50˚C for 10 min. 
Thereafter, the cells were maintained at 37˚C for 12, 24 and 
48 h. The cells that survived the treatment were used in subse-
quent experiments.

Autophagy inhibitors and knockdown of CD133. 
3-Methyladenine (3-MA) and chloroquine (CQ) were purchased 
from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany) 
and used to inhibit autophagy in Huh-7 and SMMC7721 cells. 
Huh-7 and SMMC7721 cells after heat treatment were incu-
bated at 37˚C for 12, 24 or 48 h in the absence or presence of 
3-MA (5 mM) or CQ (5 µM) (16). Then, the cells were used for 
western blotting, transmission electron microscopy, confocal 
microscopy, CCK-8 and cell invasion assay.

The CD133 siRNA (CD133 KD) and negative control 
siRNA (con) were obtained from Shanghai GeneChem Co., Ltd. 
(Shanghai, China). The sequences used for the experiments were 
as follows: CD133 KD: 5'-CCUUUGUCUUUGGUGCAAA-3' 
con: 5'-UUCUCCGAACGUGUCACGU-3'.

Huh-7 and SMMC7721 cells were transfected using 
Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific) in 
96-well or 6-well plates and then were further incubated for 
24 or 48 h, according to the manufacturer's instructions.

Western blotting. Tissues and cells were lysed in RIPA protein 
lysis buffer (Thermo Fisher Scientific, Rockford, IL, USA) 
containing protease inhibitors. The protein concentration was 
determined using a BCA protein assay (Beyotime Institute of 
Biotechnology, Jiangsu, China). Next, the proteins were dena-
tured and separated via SDS-PAGE gel (15% for separating 
LC3B and 6% for separating CD133) and then transferred to 
nitrocellulose transfer membranes (Whatman, Piscataway, 
NJ, USA). The membranes were blocked with 5% non-fat 
powdered milk in phosphate-buffered saline (PBS) for 1 h at 
room temperature and then incubated with rabbit polyclonal 
antibody against human LC3B (1:800; cat. no. L7543; Sigma-
Aldrich; Merck KGaA), mouse monoclonal antibody against 
human CD133 (1:500; cat. no. MAB4399-I; EMD Millipore), 
or rabbit polyclonal antibody against human GAPDH (1:200; 
cat. no. sc-25778; Santa Cruz Biotechnology, Dallas, TX, USA) 
overnight at 4˚C. The membranes were then washed exten-
sively with TBST and incubated with goat antibody against 
mouse (1:10,000; cat. no. ab97040; Abcam) and goat antibody 
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against rabbit (1:1,000; cat. no. ab7085; Abcam) for 1 h at 
room temperature. The signal was detected using an enhanced 
chemiluminescence system (Thermo Fisher Scientific) in 
accordance with the manufacturer's protocol. The results were 
normalized to GAPDH and expressed as relative densities.

Transmission electron microscopy. Huh-7 and SMMC7721 
cells were exposed to iRFA treatment alone or iRFA treatment 
with 3-MA and then further incubated for 24 h. Next, the cells 
were fixed with 2.5% glutaraldehyde and then rinsed three 
times (30 min each) with 0.1 M PBS. Subsequently, the cells 
were fixed with 1% osmium tetroxide for 2 h and gradient-
dehydrated in acetone, saturated, and embedded in epoxy 618. 
Semi-thin slices and then ultra-thin slices were prepared 
and stained with uranium and lead. Finally, autophagy was 
evaluated using transmission electron microscopy (Tecnai 10; 
Philips, Eindhoven, The Netherlands).

Confocal microscopy. Huh-7 and SMMC7721 cells were 
exposed to iRFA treatment in the presence of 3-MA or 
CD133-siRNA and then further incubated for 24 h. After treat-
ment, the cells were washed with PBS, incubated for 10 min 
at 37˚C in 4% paraformaldehyde and then permeabilized with 
0.1% Triton X-100. Next, the cells were incubated for 1 h with 
a primary antibody at 37˚C, washed extensively with PBS 
buffer, and then incubated for 1 h with a secondary antibody. 
The primary antibodies used were mouse monoclonal anti-
body against human CD133 (1:50; cat. no. MAB4399-I; EMD 
Millipore) and rabbit polyclonal antibody against human LC3B 
(1:200; cat. no. L7543; Sigma-Aldrich; Merck KGaA) and the 
secondary antibodies were Alexa Fluor 488-conjugated goat 
anti-rabbit (1:500; cat. no. A-11034; Thermo Fisher Scientific) 
and Alexa Fluor 568-conjugated goat anti-mouse (1:400; 
cat. no. A-21134; Thermo Fisher Scientific). After staining, 
coverslips were mounted with Vectashield (cat. no. H1200; 
Vector Laboratories, Burlingame, CA, USA) and analyzed 
by Radiance 2000 laser scanning confocal microscope (Carl 
Zeiss Microimaging, Thornwood, NY, USA). The number of 
autophagosomes using confocal microscopy were counted 
according to the methods described by Kader et al (17). The 
LC3B puncta were identified as highly fluorescent green 
aggregates. The number of LC3B puncta was quantified using 
the NIH ImageJ 1.41 software (National Institutes of Health, 
Bethesda, MD, USA) and 45 cells/group from 3 independent 
experiments were analyzed.

Cell Counting Kit -8 (CCK-8) assay. Cell viability was detected 
by CCK-8 assay (Beyotime Institute of Biotechnology) 
according to the manufacturer's instructions. Huh-7 and 
SMMC7721 cells were exposed to iRFA treatment in the pres-
ence of 3-MA or CD133-siRNA and then further incubated for 
24 h. After treatment, the cells were cultured in 96-well plates 
(3x103 cells/well) and further incubated for 12, 24, 36 and 
48 h. The CCK-8 solution was added to each well. Next, the 
absorbance at 450 nm was measured with a microplate reader 
(Thermo Fisher Scientific). All the assays were performed in 
triplicate.

Cell invasion assay. Huh-7 and SMMC7721 cells were exposed 
to iRFA treatment in the presence of 3-MA or CD133-siRNA 

and then further incubated for 24 h. Next, Transwell chambers 
(Costar; Corning Inc., Corning, NY, USA) were coated with 
50 µg reconstituted basement membrane matrix (BD 
Biosciences, San Jose, CA, USA). Then, 2x104 cells in 100 µl 
serum-free medium were seeded into the upper chambers. A 
total of 600 µl of DMEM containing 10% FBS was added to 
the lower chamber. After 48 h of incubation, the cells on the 
lower surface of the membrane were stained with crystal 
violet for 30 min and washed with PBS. The cells were 
counted in six random fields under a light microscope at an 
x200 magnification.

Statistical analysis. The data were analyzed using SPSS 
18.0 statistical software (SPSS, Inc., Chicago, IL, USA) and 
presented as the means ± SD from at least 3 independent 
experiments. The differences between groups in the western 
blot analysis, cell viability and cell invasion assays were 
analyzed using either the Student's t-test or the one-way 
ANOVA. The association between LC3B and CD133 in 
HCC tissues was calculated using the Spearman's correlation 
coefficient. P<0.05 was considered to indicate a statistically 
significant result.

Results

RFA promotes LC3B protein expression levels in human HCC 
tissues. To determine the effect of RFA on autophagy in human 
HCC tissues, we analyzed the LC3B protein expression levels in 
16 HCC specimens with RFA treatment and 15 HCC specimens 
with non-RFA treatment by immunohistochemical analysis and 
western blotting. Immunohistochemical analysis results indi-
cated that the expression of the LC3B protein was increased by 
77.0% in HCC specimens with RFA treatment compared with 
that of HCC specimens with non-RFA treatment (Fig. 1A). As 
shown in Fig. 1B, western blotting results demonstrated that 
the expression of the LC3B protein was increased by 1.67-fold 
in HCC specimens with RFA treatment compared with that of 
HCC specimens with non-RFA treatment. These data provided 
us with experimental evidence that RFA induced LC3B protein 
expression levels in the human HCC tissues.

iRFA induces autophagy in HCC cells in vitro. To further 
address whether autophagy could be induced in HCC cells 
during iRFA, we investigated the LC3B-II protein expres-
sion in vitro, which is considered an accurate indicator of 
autophagy (18). Western blot analysis demonstrated that the 
ratio of LC3B-II to GAPDH in Huh-7 cells with iRFA treat-
ment was increased by 2.67-fold after 12 h, 12.16-fold after 
24 h and 10.33-fold after 48 h, respectively. In the other group, 
the expression of LC3B-II in SMMC7721 cells with iRFA 
treatment was upregulated by 2.8-fold after 12 h, 8.51-fold 
after 24 h and 5.72-fold after 48 h, respectively. In addition, p62 
(SQSTM1, an autophagy-specific substrate) protein expression 
levels in Huh-7 cells with iRFA treatment was decreased by 
~43.4% after 12 h, 76.2% after 24 h and 78.3% after 48 h, 
respectively. Moreover, the expression of p62 in SMMC7721 
cells with iRFA treatment was reduced by ~78.3% after 12 h, 
87.0% after 24 h and 93.0% after 48 h, respectively (Fig. 2A).

To further evaluate the effect of iRFA on autophagic flux, 
the autophagy inhibitors 3-MA and CQ were used. Our results 
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demonstrated that 3-MA attenuated the levels of LC3B-II 
protein and significantly increased the accumulation of p62 
protein (Fig. 2B), which is consistent with its ability to block 
autophagosome formation (19). Conversely, CQ, which blocks 
the maturation of autophagosomes and digestion of autophagic 
substrates (20), resulted in significant accumulation of LC3B-II 
and p62 protein in Huh-7 and SMMC7721 cells after iRFA 
treatment (Fig. 2B).

To further confirm that iRFA induces autophagy in 
Huh-7 and SMMC7721 cells, we analyzed autophagy by 
confocal microscopy and transmission electron microscopy 
(TEM). As shown in Fig. 2C, the formation of LC3B puncta 
in Huh-7 and SMMC7721 cells after iRFA treatment was 
increased by 7.50-fold and 11.50-fold when compared with the 
control group, respectively (Fig. 2C). TEM results of Huh-7 
and SMMC7721 cells after iRFA treatment also revealed 
an increase in the number of autophagosomes (Fig. 2D). In 
addition, 3-MA treatment reversed the effect of iRFA on the 
number of autophagosomes in Huh-7 and SMMC7721 cells 
(Fig. 2C and D).

Inhibition of autophagy suppresses the enhanced cell viability 
and invasion of HCC cells after iRFA treatment. To determine 
the effect of iRFA on HCC progression, the viabilities and 
invasion abilities of Huh-7 and SMMC7721 cells were assessed 
by CCK-8 and Transwell assays, respectively. The results of 
CCK-8 assay indicated that the cell viability of iRFA-treated 
Huh-7 and SMMC7721 cells was increased by 32.1 and 33.8%, 
respectively, when compared with the control group (Fig. 3A, 
P<0.01). Similarly, the invasive potential of iRFA-treated 
Huh-7 and SMMC7721 cells was increased by 0.97- and 
1.15-fold, respectively, when compared with the control group 
(Fig. 3B, P<0.01). Next, to determine whether iRFA-induced 

autophagy played an important role in enhanced cell viability 
and invasion of HCC cells, autophagy was inhibited by 3-MA 
treatment. The results revealed that the cell viability of Huh-7 
and SMMC7721 cells exposed to iRFA treatment with 3-MA 
was decreased by 21.0 and 19.6% when compared with the 
viability of cells exposed to iRFA treatment alone, respec-
tively (Fig. 3A). Moreover, the invasive potential of Huh-7 
and SMMC7721 cells exposed to iRFA treatment with 3-MA 
was suppressed by 47.1 and 40.1% when compared with the 
invasive potential of cells exposed to iRFA treatment alone, 
respectively (Fig. 3B).

CD133 is upregulated after iRFA treatment. Previous studies 
have demonstrated that tumor initiation and maintenance 
and high metastatic potential in several cancers have been 
linked to cancer stem cells (CSCs) (21). In pancreatic cancer, 
blockade of autophagy by pharmacological or genetic inhibi-
tors reduced CSC populations, sphere-forming ability, drug 
resistance and tumor formation (22). However, the relationship 
between autophagy and CSCs in rapid and aggressive recur-
rence of HCC after RFA remains to be explored. To determine 
whether CD133 could be induced in HCC cells during iRFA, 
we investigated CD133 protein expression in vivo, which 
has recently been identified as a critical CSC marker (23). 
Immunohistochemical analysis results indicated that CD133 
protein expression was increased by 1.06-fold in HCC 
specimens with RFA treatment compared with that of HCC 
specimens with non-RFA treatment (P<0.01; Fig. 4A). In line 
with the previous data, western blot analysis demonstrated 
that CD133 protein expression was increased by 1.10-fold 
and was positively correlated with LC3B protein expression 
in HCC specimens (r=0.636, P<0.01; Fig. 4B). Next, CD133 
protein levels were determined in Huh-7 and SMMC7721 

Figure 1. RFA induces LC3B protein expression in the residual HCC cells in vivo. LC3B protein expression was determined in 16 HCC specimens with RFA 
treatment and 15 HCC specimens with non-RFA treatment by (A) immunohistochemical analysis and (B) western blotting. **P<0.01.
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Figure 2. Autophagy is induced after iRFA treatment in vitro. (A) Huh-7 and SMMC7721 cells were exposed to iRFA treatment for 10 min, and cultured 
at 37˚C for 12, 24 and 48 h. Then, LC3B and p62 protein expression was determined by western blotting. (B) Huh-7 and SMMC7721 cells were exposed to 
iRFA treatment in the absence or presence of 3-MA (5 mM) or CQ (5 µM), and cultured at 37˚C for 24 and 48 h. Autophagic flux was measured by western 
blotting. (C and D) Huh-7 and SMMC7721 cells were exposed to iRFA treatment in the absence or presence of 3-MA (5 mM), and cultured at 37˚C for 24 h. 
Autophagosome formation was visualized by confocal microscopy and transmission electron microscopy. *P<0.05; **P<0.01.
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cells after iRFA treatment for 12, 24 and 48 h at 50˚C. Our 
results demonstrated that CD133 protein expression in Huh-7 
cells with iRFA treatment was increased by 1.79-fold after 12 
h, 4.43-fold after 24 h and 3.57-fold after 48 h, respectively. 
In the other group, CD133 protein expression in SMMC7721 
cells exposed to iRFA treatment was upregulated by 1.67-
fold after 12 h, 5.94-fold after 24 h and 4.06-fold after 48 h, 
respectively (Fig. 4C). Furthermore, confocal microscopy 
results indicated that the CD133 protein colocalized with 
the autophagy protein LC3B in Huh-7 and SMMC7721 cells 
after iRFA treatment (Fig. 4D). These results demonstrated 
that CD133 played an important role in rapid and aggressive 
recurrence of HCC after RFA.

Inhibition of autophagy suppresses CD133 expression of 
HCC cells after iRFA treatment. To determine whether iRFA-
induced autophagy played an important role in regulating the 
expression of the CD133 protein, autophagy was inhibited by 
3-MA or CQ treatment. Western blotting results demonstrated 
that the expression of the CD133 protein in Huh-7 cells exposed 
to iRFA treatment with 3-MA or CQ) was suppressed by 61.4% 
after 24 h and 60.2% after 48 h, respectively, when compared 
with that of cells exposed to iRFA treatment alone (Fig. 5A, 
P<0.05). In addition, the decrease in CD133 protein expression 

of Huh-7 cells exposed to iRFA treatment with CQ exceeded 
63% when compared with that of cells exposed to iRFA treat-
ment alone (Fig. 5A, P<0.05). A similar effect occurred in 
SMMC7721 cells, wherein there was a significant decrease in 
the CD133 protein expression (Fig. 5A). Furthermore, confocal 
microscopy results indicated that both the CD133 protein 
and the autophagy protein LC3B in iRFA-treated Huh-7 and 
SMMC7721 cells after inhibition of autophagy (3-MA) was 
significantly decreased (Fig. 5B).

CD133 knockdown suppresses the enhanced cell viability and 
invasion of HCC cells after iRFA treatment. To assess whether 
iRFA-induced CD133 played an important role in enhanced 
cell viability and invasion of HCC cells, we transfected the 
iRFA-treated Huh-7 and SMMC7721 cells with CD133-siRNA 
or negative control siRNA. As shown in Fig. 6A, CD133 protein 
expression in iRFA-treated Huh-7 and SMMC7721 cells trans-
fected with CD133-siRNA was downregulated by 73.5 and 
88.9% when compared with that in cells transfected with the 
negative control siRNA, respectively (Fig. 6A). Moreover, cell 
viability in iRFA-treated Huh-7 and SMMC7721 cells after 
CD133 knockdown was suppressed by 35.6 and 38.0% when 
compared with that in cells transfected with the negative 
control siRNA, respectively (Fig. 6B). Similarly, the invasion 

Figure 3. Blocking of autophagy partially reverses the effect of iRFA treatment on HCC cell viability and invasion. (A) Cell viability analysis of Huh-7 and 
SMMC7721 cells with iRFA treatment in the absence or presence of 3-MA (5 mM). (B) Huh-7 and SMMC7721 cells were exposed to iRFA treatment in the 
absence or presence of 3-MA (5 mM), and cultured at 37˚C for 48 h. Then, cell invasion was detected. Data are presented as the mean ± SD (n=3). *P<0.05; 
**P<0.01.
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abilities determined using Transwell assay in iRFA-treated 
Huh-7 and SMMC7721 cells after CD133 knockdown were 
suppressed by 53.2 and 51.9%, respectively (Fig. 6C).

CD133 knockdown suppresses autophagy of HCC cells after 
iRFA treatment. In HCC, CD133 is involved in cell survival 
through regulation of autophagy and glucose uptake (24). To 

Figure 4. CD133 protein is upregulated and positively correlated with the LC3B-II protein in vivo. (A) CD133 protein expression was determined in 16 HCC 
specimens with RFA treatment and 15 HCC specimens with non-RFA treatment by immunohistochemical analysis. (B) CD133 protein expression was deter-
mined in 16 HCC specimens with RFA treatment and 15 HCC specimens with non-RFA treatment by western blotting. GAPDH was used as a loading control. 
The Spearman's correlation analysis clearly demonstrated positive correlation between CD133 and LC3B-II protein expression (r=0.636, P<0.01). (C) Huh-7 
and SMMC7721 cells were exposed to iRFA treatment for 10 min, and cultured at 37˚C for 12, 24 and 48 h. Then, CD133 protein expression was determined 
by western blotting. GAPDH was used as a loading control. (D) Huh-7 and SMMC7721 cells were exposed to iRFA treatment for 10 min, then cultured at 37˚C 
for 24 h, and subjected to confocal microscopic analysis. *P<0.05; **P<0.01.
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provide evidence that CD133 plays a role in the regulation 
of autophagy after iRFA treatment, we assessed the effect 
of CD133 knockdown on the expression of LC3B-II and p62 
protein in iRFA-treated Huh-7 and SMMC7721 cells. As 
shown in Fig. 7A, LC3B-II protein expression determined 
using western blotting in iRFA-treated Huh-7 and SMMC7721 
cells transfected with CD133-siRNA was decreased by 87.5 
and 79.5% when compared with that in cells transfected with 
the negative control siRNA, respectively (Fig. 7A). However, 
the p62 protein in iRFA-treated Huh-7 and SMMC7721 cells 
after CD133 knockdown was increased by 2.47- and 1.50-fold 
when compared with that in cells transfected with the negative 
control siRNA, respectively (Fig. 7A). Furthermore, confocal 
microscopy results revealed that the formation of LC3B puncta 
in iRFA-treated Huh-7 and SMMC7721 cells after inhibition 
of the CD133 protein was decreased by 71.5 and 72.0% when 
compared with the control group, respectively (Fig. 7B).

Discussion

Radiofrequency ablation (RFA) is accepted as a safe and effec-
tive therapy for the early stages of primary HCC (25). However, 
iRFA treatment has been reported as a risk factor of local 
recurrence (4). Thus, it is urgently required to understand the 

mechanisms by which local recurrence is induced to improve 
prognosis of HCC patients.

Recently, autophagy was revealed to be important in 
maintaining cancer cell survival through conferring stress 
tolerance and limiting damages (26). For instance, sorafenib-
induced autophagy acts as a chemoresistance mechanism in 
HCC (27). In the present study, we revealed that LC3B (a key 
autophagic marker) expression was significantly induced in 
the residual HCC cells after RFA treatment in vivo (Fig. 1). 
In addition, iRFA treatment leaded to autophagy, autophago-
some formation and autophagic flux in Huh-7 and SMMC7721 
cells in vitro (Fig. 2). Therefore, we concluded that autophagy 
may play an important role in promoting rapid and aggres-
sive recurrence of HCC after iRFA treatment. To determine 
the effect of autophagy on iRFA-induced rapid and aggres-
sive recurrence of HCC, we blocked autophagy using 3-MA 
in Huh-7 and SMMC7721 cells exposed to iRFA treatment. 
Our results revealed that the inhibition of autophagy by 
3-MA suppressed iRFA treatment-induced cell viability and 
invasion of HCC cells (Fig. 3). Thus, these findings demon-
strated that autophagy acted as an accomplice of survival, 
malignant progression of HCC cells under iRFA treatment . 
In contrast, numerous studies have revealed that autophagy 
also functioned as a tumour suppressor in HCC. Li et al (28) 

Figure 5. Inhibition of autophagy suppresses CD133 expression of HCC cells after iRFA treatment. (A) Huh-7 and SMMC7721 cells were exposed to iRFA 
treatment in the absence or presence of 3-MA (5 mM) or CQ (5 µM), and cultured at 37˚C for 24 and 48 h. Then, CD133 protein expression was determined by 
western blotting. GAPDH was used as a loading control. (B) Huh-7 and SMMC7721 cells were exposed to iRFA treatment in the absence or presence of 3-MA 
(5 mM), then cultured at 37˚C for 24 h, and subjected to confocal microscopy analysis. *P<0.05; **P<0.01.
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Figure 6. CD133 downregulation suppresses the enhanced cell viability and invasion of HCC cells after iRFA treatment. (A) The iRFA-treated Huh-7 and 
SMMC7721 cells were transfected with CD133-siRNA (CD133 KD) or negative control siRNA (con), and then CD133 protein expression was determined by 
western blotting. GAPDH was used as a loading control. (B and C) Cell viabilities and invasion abilities in iRFA-treated Huh-7 and SMMC7721 cells after 
CD133 knockdown were detected by CCK8 assay and Transwell cell-culture, respectively. Data are presented as the mean ± SD (n=3). **P<0.01.

Figure 7. CD133 downregulation suppresses autophagy of HCC cells after iRFA treatment. (A) The iRFA-treated Huh-7 and SMMC7721 cells were transfected 
with CD133-siRNA (CD133 KD) or negative control siRNA (con), and then LC3B and p62 protein expression was determined by western blotting. GAPDH 
was used as a loading control. (B) Huh-7 and SMMC7721 cells transfected with CD133-siRNA (CD133 KD) or negative control siRNA (con) were exposed to 
iRFA treatment, then cultured at 37˚C for 24 h, and subjected to confocal microscopic analysis. *P<0.05; **P<0.01.
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revealed that blocking of autophagy reversed the proliferation 
inhibition and cell death effects of IFN-γ on HCC cells. In 
addition, Tay et al (29) revealed that lncRNA PTENP1-
induced autophagy may act as an inhibitory factor for HCC 
cell survival. These findings suggest that the role of autophagy 
in cancer is complex and is likely dependent on the micro-
environment and genetic context.

Recent studies have demonstrated that high expression 
levels of putative hepatic stem/progenitor cell biomarkers 
such as CD133 confer enhanced malignant potential in 
HCC (30,31). In addition, iRFA treated-HCC cells displayed 
a higher CD133 expression and malignant potential (7). 
Moreover, Yang et al (22) found that blockade of autophagy 
by pharmacological or genetic inhibitors reduced CSC popu-
lations, sphere-forming ability, drug resistance and tumor 
formation in pancreatic cancer. In HCC, autophagy is essential 
for the survival and maintenance of CD133+ liver cancer stem 
cells (32). Thus, we proposed that induction of autophagy 
mediated by iRFA treatment contributes to aggressive recur-
rence of HCC via the promotion of progenitor characteristics. 
Further investigation supported this conclusion. First, we 
found that CD133 protein expression was significantly 
upregulated in vivo and in vitro and was positively correlated 
with LC3B protein expression in HCC specimens (Fig. 4B; 
r=0.636, P<0.01). Second, CD133 protein colocalized with the 
autophagy protein LC3B in Huh-7 and SMMC7721 cells after 
iRFA treatment (Fig. 4D). Third, inhibition of autophagy by 
3-MA or CQ significantly suppressed the expression of the 
CD133 protein in iRFA-treated Huh-7 and SMMC7721 cells 
(Fig. 5A and B). Fourth, CD133 knockdown by CD133-siRNA 
significantly suppressed cell viability and invasion ability in 
iRFA-treated Huh-7 and SMMC7721 cells (Fig. 6).

Notably, CD133 has been indicated to improve the resis-
tance of glioma cells to a nutrient-deprived microenvironment 
by participating in autophagosome biogenesis (33). Meanwhile, 
Chen et al (24) found that CD133 is involved in cell survival 
through regulation of autophagy and glucose uptake in HCC. To 
further explore whether CD133 could regulate autophagosome 
biogenesis in iRFA-treated Huh-7 and SMMC7721 cells, we 
downregulated CD133 protein expression by CD133-siRNA. 
Our results indicated that CD133 downregulation significantly 
suppressed LC3B-II protein expression and autophagosome 
biogenesis, and induced p62 protein expression in iRFA-
treated Huh-7 and SMMC7721 cells (Fig. 7). Thus, our results 
strongly indicated that iRFA treatment could also promote 
autophagy by inducing CD133 protein expression.

In conclusion, we identified a new mechanism by which 
iRFA promotes rapid growth and invasion of HCC cells by 
regulating autophagy and the CD133 feedback loop. These 
findings provide novel effective targets for the prevention and 
treatment of this undesirable effect during RFA therapy.
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