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1. Abstract

1.1. Background: Hepatic inflammation and inflammasome-me-
diated mechanisms are involved in the pathogenesis of Hepato-
cellular Carcinoma (HCC), and Absent in Melanoma 2 (AIM2)
triggers activation of the inflammasome cascade. Until now, it re-
mains unclear whether and how AIM2 plays a role in HCC and
Radiofrequency Ablation (RFA). This study aimed to investigate
whether RFA induces pyroptosis in HCC through AIM2-inflam-
masome signaling in vivo and in vitro.

1.2. Methods: BALB/c nude mice were used to generate HepG2
or SMMC-7721 cell-derived tumor xenografts. HCC cells with
knockout or overexpression of AIM2 were created for functional
and mechanistic studies.

1.3. Results: We found that RFA significantly suppressed the tu-
mor growth in mice bearing HCC xenografts. Flow cytometry anal-
ysis revealed that RFA induced pyroptosis. Furthermore, AIM2,
NLRP3, caspase-1, y-H2AX, and DNA-PKc had significantly
greater expression levels in the liver tissues from mice treated with
RFA versus those of the controls. In parallel, the expression levels
of Interleukin (IL)-1p and IL-18 were significantly greater in the
HepG2 and SMMC-7721 cell-derived xenograft mice treated with
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RFA compared to those without receiving RFA. Of note, a greater
effect was achieved in the RFA complete ablation group versus the
partial ablation group. Moreover, studies in cell lines with knock-
out or overexpression of AIM2 demonstrated that AIM2 exerted a
role in RFA-induced pyroptosis.

1.4. Conclusion: The findings of this study indicate that RFA
suppresses tumor growth through inducing pyroptosis and that
AIM2-mediated pyroptosis is an important cell death mechanism.
Therefore, intervention of AIM2-mediated inflammasome signal-
ing may assist in improving RFA treatment for HCC.

2. Introduction

Hepatocellular Carcinoma (HCC) is among the most common
malignancies and a leading cause of cancer-related deaths glob-
ally [1]. It has been noted that the majority of HCC cases occur
in Asian countries [2]. For instance, in China, the incidence of
HCC is considerably high, accounting for approximately 50% of
all newly diagnosed HCC cases across the world, and can be at-
tributed to the particularly high prevalence of chronic Hepatitis B
Virus (HBV) infection [2-4]. In fact, HBV and Hepatitis C Virus
(HCV) are common causes of chronic hepatitis and progressive-
ly cause inflammation of the liver. Although the exact pathogenic
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mechanisms underlying HCC remain to be elucidated, hepatic in-
flammation and inflammasome-mediated molecular mechanisms
have been proposed to play a role in the pathogenesis of HBV- and
HCV-related HCC; in addition, HCC is considered an inflamma-
tion-related malignancy [5-8]. Of the curative treatments for HCC,
Radiofrequency Ablation (RFA) has emerged as an effective and
safe treatment for patients with a small-sized tumor, usually 3cm
or less in diameter. In comparison with traditional hepatic resec-
tion and liver transplantation, RFA has been associated with less
invasiveness and a shorter hospital stay. Despite the advantages
and increasing application of RFA in the treatment of HCC, the
molecular mechanisms underlying the action of RFA are not well
understood.

Absent in Melanoma 2 (AIM2) is a cytosolic receptor in the py-
rin and HIN domain-containing protein family [9, 10]. AIM2 has
been shown to sense and bind to double-stranded DNA and to ap-
optosis-associated speck-like protein, thus triggering activation of
the inflammasome signaling cascade and orchestrating assembly
of the AIM2 inflammasome [11-13]. Activation of the AIM2 in-
flammasome, which consists of multiple proteins, represents one
key aspect of the inflammation pathways. The AIM2 inflammas-
ome can activate caspase-1, leading to induction, maturation, and
release of key proinflammatory cytokines such as interleukin-1
(IL-1P) and interleukin-18 (IL-18) [14]. Therefore, the AIM2 in-
flammasome possesses both proinflammatory and propyroptotic
properties to mediate pyroptosis, which has been implicated in the
host defense, thus combating microbial invasion, carcinogenesis,
and cancer progression. A number of previous studies have report-
ed that AIM2 expression is decreased in HCC tissues versus histo-
logically normal tissues and that lower levels of AIM2 are signifi-
cantly correlated with more advanced HCC. Until now, it remains
largely unknown whether and how AIM2 plays a role in HCC. In
addition, whether and how AIM2 exerts a role in the mechanism of
action of RFA for HCC has not yet been explored.

In the present study, we aimed to investigate the roles of AIM2
in HCC and the action of RFA for the treatment of HCC in mice
with xenograft tumors as well as in hepatoma cells. The findings
obtained through conducting this study may offer a better under-
standing of the biological function of AIM2, the AIM2 inflammas-
ome, and pyroptosis in HCC, thereby assisting in improving RFA
treatment for HCC.

3. Materials and Methods
3.1. Experimental Animals

BALB/c nude mice (4—6 weeks old) were purchased from Jiangsu
Synthgene Biotechnology Co., Ltd. (Nanjing, Jiangsu, China). The
mice were housed under controlled conditions and were allowed
tap water ad libitum throughout the period of the animal experi-
ments. To establish the HepG2 and SMMC-7721 cell-derived tu-
mor xenograft animal models, BALB/c nude mice were subcuta-
neously injected with HepG2 cells (1 x 107 cells suspended in 100
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pL of serum-free RPMI1640 medium) or SMMC-7721 cells (1 %
107 cells suspended in 100 pL of serum-free RPMI1640 medium).
HepG2 or SMMC-7721 cell-derived xenograft nude mice were
randomly assigned to receive RFA complete ablation, RFA partial
ablation, or no ablation as a control (nonablation). Four weeks fol-
lowing the treatment, the mice were anesthetized and sacrificed by
cervical dislocation, and the tumors were collected. The weights
and volumes of the excised tumors were analyzed.

The study involving experimental mice was reviewed and ap-
proved by the Ethics Committee of Changzhou First People’s
Hospital (Approval No. 2018-025). All methods were carried out
in accordance with the local institutional and national guidelines
and regulations. In addition, they were performed in compliance
with the international regulations for the use of laboratory animals.

3.2. RFA

HepG2 or SMMC-7721 cell-derived xenograft nude mice were
treated with RFA using a Cool-tipTM RFA Electrode kit (Covidien
IIc, Mansfield, MA, USA), according to the manufacturer’s pro-
tocol. For the in vitro study, RFA was performed using a thermal
needle to treat SMMC-7721 cells.

3.3. Histology

Tumor tissues of the HepG2 and SMMC-7721 cell-derived xeno-
graft nude mice were fixed, paraffin-embedded, and cut into 2-pum-
thick sections. After staining with hematoxylin and eosin (H&E),
the slides were examined by light microscopy.

3.4. Immunohistochemistry

Immunohistochemical analysis was carried out to assess the pro-
tein expression of AIM2, NLRP3, and caspase-1 in the liver tissues
from HepG2 and SMMC-7721 cell-derived xenograft nude mice
treated with or without RFA. The liver tissues were collected, fixed
in 10% formalin, and embedded in paraffin. The paraffin sections
of'the liver tissues were hydrated, and the slides were then incubat-
ed with primary antibodies, including those targeting AIM2 (Bioss
Antibodies, Beijing, China), NLRP3 (Abcam, Cambridge, UK),
and caspase-1 (Abcam, Cambridge, UK), at 4 °C overnight. The
resulting slides were then incubated with 3,3’-diaminobenzidine
(DAB), a substrate for horseradish peroxidase using a DAB Per-
oxidase Substrate kit, according to the manufacturer’s instructions
(Vector Laboratories, Burlingame, CA, USA). Images were taken
by an Olympus digital electron microscope (Olympus, Tokyo, Ja-
pan). The immunoreactivities of the immunohistochemical images
were evaluated for each slide.

3.5. Cell Culture

Two human hepatocellular carcinoma cell lines, including HepG2
and SMMC-7721, were obtained from Shanghai Binsui Biotech-
nology (Shanghai, China) and used for the in vitro studies. The
HepG2 and SMMC-7721 cells were cultured in RPMI1640 medi-
um (Hyclone, Marlborough, MA, USA) supplemented with 10%

(v/v) fetal bovine serum, 100 pg/mL streptomycin, and 100 units/
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mL penicillin.
3.6. Overexpression and Knockout of AIM2

The pcDNA 3.1 vector was used to construct the expression vector
(OS-AIM2) by inserting the cDNA sequence encoding AIM2. The
successful construction of the expression vector OS-AIM2 was
verified by sequencing. SMMC-7721 cells were transfected with
0OS-AIM2 for overexpression of AIM2 using Lipofectamine 2000
Reagent (Invitrogen, Carlsbad, CA, USA). Silencing of AIM2
was achieved by CRISPR/Cas-9 gene editing of the AIM gene
in SMMC-7721 cells. SMMC-7721 cells were transfected with
CRISPR/Cas-9-AIM2 for knockout of AIM2 using Lipofectamine
2000 Reagent (Invitrogen, Carlsbad, CA, USA).

3.7. Lactate Dehydrogenase Release Assay

Cellular damage was measured by a lactate dehydrogenase (LDH)
release assay in which the LDH levels in the cell culture superna-
tant of SMMC-7721 cells were determined using an LDH release
assay kit (Abcam, Cambridge, UK), according to the manufactur-
er’s instructions.

3.8. Flow Cytometry Analysis of Pyroptotic Cells

Pyroptosis was measured on a flow cytometer (Becton, Dickin-
son and Company, Franklin Lakes, NJ, USA). Fluorescent-labe-
led inhibitors of caspase (FLICA) probe assays (AAT Bioquest,
Sunnyvale, CA, USA) were conducted to examine the pyroptosis,
according to the manufacturer’s instructions. Pyroptotic cells were
specifically stained by FAM-FLICA-caspase-1 and propidium io-
dide staining.

3.9. Enzyme-Linked Immunosorbent Assay (ELISA)

ELISA was carried out to determine the serum levels of IL-1p and
IL-18 in HepG2 and SMMC-7721 cell-derived xenograft nude
mice treated with or without RFA as well as in the cell culture
supernatant of SMMC-7721 cells using ELISA kits (Abcam, Cam-
bridge, UK), according to the manufacturer’s instructions.

3.8. Real-Time Quantitative Reverse Transcription—Polymer-
ase Chain Reaction (QRT-PCR)

Total RNA was extracted from SMMC-7721 cells using TRIzol
(Invitrogen, Waltham, MA, USA). The total RNA samples were
transcribed into cDNA, according to the manufacturer’s instruc-
tions. QRT-PCR was carried out to measure the mRNA expression
of target genes (pyroptosis-related genes). The mRNA expression
of B-actin was used as an internal control. The relative mRNA lev-
els of target genes were obtained by using the 2-AACt method,
with all assays performed in triplicate. Fold-change values were
calculated by comparative Ct analysis after normalization to -ac-
tin. The primers used in the qRT-PCR analysis were as follows:
AIM2, forward primer: 5'-ATCAGGAGGCTGATCCCAAA-3";
reverse primer: 5-TCTGTrCAGGCTTAACATGAG-3'; B-actin,
forward primer: 5-GGCACCACACCTTCTACAATG-3', reverse
primer: 5-TAGCACAGCCTGGATAGCAAC-3'.
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3.9. Western Blot Analysis

Western blot analysis was performed to examine the hepatic pro-
tein levels of AIM2 as well as the key inflammasome- and py-
roptosis-related proteins, such as NLRP3 (Abcam, Cambridge,
UK), caspase-1 (Abcam, Cambridge, UK), y-H2AX (Abcam,
Cambridge, UK), and DNA-PKc (Sangon Biotech, Shanghai,
China). The protein expression of glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a loading control. In brief,
30-50 pg of total protein was separated on 4-15% sodium do-
decyl sulfate—polyacrylamide gels. After electrophoretic transfer
onto ImmunBlot polyvinylidene difluoride membranes, the re-
sulting membranes were blocked with phosphate-buffered saline
containing 5% nonfat dry milk and 0.1% Tween-20, followed by
incubation with primary antibody overnight at 4 °C. The mem-
branes were then incubated with secondary antibodies (dilution,
1:10,000) at room temperature for 1 h. An imaging system was
used to determine the relative optical density of each specific band
in the western blot analysis.

3.10. Statistical Analysis

Statistical analysis was conducted with SPSS software version
16.0 for Windows (SPSS, Chicago, IL, USA). All experiments
included at least triplicate samples for each treatment group, and
data were expressed as the mean + Standard Deviation (SD). For
the immunohistochemistry and western blot results, representative
images are presented. Analysis of Variance (ANOVA) was applied
to compare means of multiple groups. P < 0.05 indicated a signifi-
cant difference between groups.

4. Results

4.1. RFA Suppressed Tumor Growth in Subcutaneous Xeno-
graft Nude Mice

We initially assessed the effects of RFA on in-vivo tumor growth
in subcutaneous xenograft nude mice. As shown in Figure 1. A-B,
HepG2 and SMMC-7721 cell-derived xenograft tumors grew pro-
gressively in the control nude mice without the RFA treatment as
a control, whereas RFA treatment markedly suppressed the tumor
growth as demonstrated by the significantly smaller tumor size and
the lower tumor weight compared with those of the controls after
four weeks of treatment. It was also noted that the mean tumor
sizes were significantly smaller and the tumor weights were sig-
nificantly lower in the HepG2 and SMMC-7721 cell-derived xen-
ograft nude mice treated with complete RFA ablation than in those
treated with partial RFA ablation after four weeks of treatment (P <
0.05) (Figure 1A—B). The results also indicated that the inhibitory
effects on the in-vivo tumor growth were greater in the HepG2 and
SMMC-7721 cell-derived xenograft nude mice treated with com-
plete RFA than in those treated with partial RFA ablation (Figure
1A-B). Consistent with the changes in the tumor size and weight,
H&E staining of tumor sections revealed a significant reduction in
the number of tumor cells in the HepG2 and SMMC-7721 cell-de-
rived xenograft nude mice treated with complete or partial RF/%
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ablation, compared with the control mice (Figure 1C). In addition,
flow cytometry analysis showed that the percentages of pyroptot-
ic cells were 12.62%, 10.75%, and 5.49% (HepG2) and 26.42%,
9.84%, and 3.53% (SMMC-7721) in the complete, partial, and no
RFA ablation groups, respectively (Figure 1D). Statistical analysis
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indicated that the proportion of pyroptotic cells was significantly
increased in the tumor cells of the subcutaneous xenograft nude
mice treated with RFA partial or complete ablation, compared with
no RFA ablation as a control (P < 0.01) (Figure 1D). Moreover,
there was a significantly greater effect in the RFA compete ablation
group compared with the partial ablation group (P <0.01).

Figure 1: Inhibitory effects of radiofrequency ablation (RFA) on xenotransplant tumor growth in subcutaneous xenograft nude mice. HepG2 and
SMMC-7721 cell-derived xenograft nude mice were used to examine the effects of RFA on tumor growth, and the mean tumor sizes and weights
were analyzed in the following three groups: No ablation as a control (Nonablation), RFA partial ablation, and RFA complete ablation. (A) HepG2
cell-derived xenograft nude mice. Four weeks after RFA partial or complete ablation, the tumor growth was significantly suppressed as indicated by
the smaller tumor size and lower tumor weight compared with the control mice without RFA treatment. (B) SMMC-7721 cell-derived xenograft nude
mice. Four weeks after RFA complete ablation, the tumor growth was significantly suppressed as indicated by the smaller tumor size and lower tumor
weight compared with the control mice without RFA treatment. (C) Histological findings of tumor sections from HepG2 and SMMC-7721 cell-derived
xenograft nude mice. Hematoxylin and eosin staining of the tumor sections revealed a significant reduction in the number of tumor cells in the HepG2
and SMMC-7721 cell-derived xenograft nude mice treated with complete or partial RFA ablation compared with the control mice. (D) Flow cytometry

analysis of pyroptotic cells in subcutaneous xenograft nude mice treated with complete or partial RFA ablation in comparison with the control mice.

Data are presented as the mean + SD, and P < 0.05 indicated a significant difference between groups. *P<0.05; ***P<0.001.

4.2. RFA Induced Pyroptosis in Subcutaneous Xenograft Nude
Mice

Given the inhibitory effects of RFA on tumor growth, we next as-
sessed pyroptosis in subcutaneous xenograft nude mice at differ-
ent time points after RFA treatment. Immunohistochemistry and
western blot analysis were performed to examine the key proteins
involved in the inflammasome and in pyroptosis in the liver tissues
from the HepG2 and SMMC-7721 cell-derived xenograft nude
mice. The immunohistochemistry results showed that the protein
levels of AIM2, NLRP3, and caspase-1 were significantly great-
er in the liver tissue sections from the HepG2 and SMMC-7721
cell-derived xenograft nude mice treated with RFA partial or com-
plete ablation, compared with those in the control group (P < 0.05)
(Figure 2A—B). In addition, a greater effect of RFA on the protein
expression of AIM2, NLRP3, and caspase-1 was observed in the
HepG2 and SMMC-7721 cell-derived xenograft nude mice treated
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with RFA complete ablation in comparison with partial ablation
(Figure 2A—B). Western blot analysis revealed similar findings to
the immunohistochemistry results. Additionally, the mRNA and
protein levels of y-H2AX and DNA-PKc were significantly greater
in the HepG2 and SMMC-7721 cell-derived xenograft nude mice
treated with RFA partial or complete ablation versus no RFA ab-
lation (P < 0.05) (Figure 2C—F), and a greater effect was found in
the RFA complete ablation group versus the partial ablation group
(Figure 2C-F).

The mean levels of serum IL-1B and IL-18 were significantly
greater in the HepG2 and SMMC-7721 cell-derived xenograft
nude mice treated with RFA partial or complete ablation after four
weeks of treatment (P < 0.05) (Figs. 3A-B). Notably, there was a
greater effect of RFA on the serum levels of IL-1p and IL-18 in the
HepG2 and SMMC-7721 cell-derived xenograft nude mice treated
with RFA complete ablation in comparison with those treated with
partial ablation (Figure 3).
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Figure 2: The levels of inflammasome- and pyroptosis-related molecules before and after radiofrequency ablation (RFA) in subcutaneous xenograft
nude mice. HepG2 and SMMC-7721 cell-derived xenograft nude mice were treated with RFA partial ablation, FRA complete ablation, or no ablation
as a control (Nonablation). After 4 weeks, the liver tissues were collected for subsequent analysis. Immunohistochemical analysis of inflammasome
proteins before and after RFA in (A) HepG2 cell-derived xenograft nude mice and (B) SMMC-7721 cell-derived xenograft nude mice. Hepatic AIM2,
NLRP3, caspase-1, y-H2AX, and DNA-PKc (C) mRNA and (D) protein expression levels in HepG2 cell-derived xenograft nude mice. Hepatic AIM2,
NLRP3, caspase-1, y-H2AX, and DNA-PKc (E) mRNA and (F) protein expression levels in SMMC-7721 cell-derived xenograft nude mice. The hepat-
ic AIM2, NLRP3, caspase-1, y-H2AX, and DNA-PKc mRNA and protein expression levels were significantly greater in the HepG2 and SMMC-7721
cell-derived xenograft nude mice treated with RFA partial or complete ablation versus no RFA ablation, and there were greater effects on these protein
levels in the RFA complete ablation group versus the partial ablation group. Data are expressed as the mean + SD. P < 0.05 indicated a significant dif-
ference between groups. *P<0.05; **P<0.01; ***P<0.001.
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Figure 3: Serum levels of IL-1f and IL-18 before and after radiofrequency ablation (RFA) in subcutaneous xenograft nude mice. The serum levels of
IL-1p and IL-18 were examined by ELISA in (A) HepG2 cell-derived xenograft nude mice and (B) SMMC-7721 cell-derived xenograft nude mice after
4 weeks of RFA partial ablation, FRA complete ablation, or no ablation. Data are expressed as the mean + SD. P < 0.05 indicated a significant difference

between groups. *P<0.05; **P<0.01; ***P<0.001.

4.3. AIM2 Exerted a Role in RFA-Induced Pyroptosis in
Hepatoma Cells

Intrigued by the animal study findings, we further investigated the
biological role of AIM2 in RFA-induced pyroptosis in hepatoma
SMMC-7721 cells. A cell proliferation assay revealed that down-
regulation of AIM2 enhanced the proliferation of SMMC-7721
cells in a time-dependent manner (Figure 4A); by contrast, over-
expression of AIM2 attenuated the proliferation of SMMC-7721
cells in a time-dependent manner (Figure 4B). In addition, expo-
sure to RFA resulted in a marked increase in LDH release in com-
parison with no RFA treatment. Furthermore, overexpression of
AIM2 with Lv-AIM enhanced the LDH release compared with the
control SMMC-7721 cells (Figure 4C).

Pyroptosis is a form of programmed cell death that can affect tu-
mor cell proliferation. Therefore, we examined the effects of RFA
on pyroptosis in hepatoma SMMC-7721 cells with overexpression
or silencing of AIM2. Flow cytometry assays showed that RFA
induced pyroptosis compared with no RFA (Fig. 5SA). Additional-
ly, overexpression of AIM2 with Lv-AIM2 enhanced pyroptosis,
whereas silencing of AIM2 with shAIM2 diminished pyroptosis in
SMMC-7721 cells (Figure 5A).

gqRT-PCR revealed that the hepatic y-H2AX and DNA-PKc mRNA
levels were significantly greater in the SMMC-7721 cells treat-
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ed with RFA versus those not treated with RFA. Moreover, over-
expression of AIM2 increased hepatic y-H2AX and DNA-PKc
mRNA expression, while silencing of AIM2 led to a decrease in
the hepatic y-H2AX and DNA-PKc mRNA levels in the SMMC-
7721 cells (Figure 5B). Similarly, the western blot results showed
that the hepatic y-H2AX, DNA-PKc, and caspase-1 levels were
significantly greater in the SMMC-7721 cells treated with RFA
versus those not treated with RFA and that overexpression of AIM2
increased hepatic -H2AX and DNA-PKc protein expression; by
contrast, silencing of AIM2 suppressed the hepatic y-H2AX and
DNA-PKc protein levels in SMMC-7721 cells (Figure 5C).

Furthermore, RFA treatment caused increases in hepatic IL-13
and IL-18 mRNA expression in SMMC-7721 cells as well as pro-
tein expression in the cell culture supernatant (Figure 6). Notably,
SMMC-7721 cells with overexpression of AIM2 exhibited dra-
matic increases in both hepatic IL-1f and IL-18 mRNA expression
as well as protein expression in the cell culture supernatant. In
contrast, silencing of AIM2 in SMMC-7721 cells inhibited both
hepatic IL-1p and IL-18 mRNA expression as well as protein ex-
pression in the cell culture supernatant (Figure 6). Consistent with
the changes in hepatic IL-1 and IL-18 mRNA expression, the pro-
tein levels in the cell culture supernatant were also altered. These
results were in agreement with AIM2 exerting a biological role in
RFA-induced pyroptosis in HCC.
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Figure 4: Effects of silencing or overexpression of AIM2 on the proliferation of SMMC-7721 cells and LDH release. A proliferation assay showed
the effects of (A) silencing or (B) overexpression of AIM2 on the cell viability of SMMC-7721 cells. Silencing of AIM2 with AIM2-specific ShARNA
(shAIM) enhanced the proliferation of SMMC-7721 cells compared with the scrambled shRNA control. By contrast, overexpression of AIM2 with Lv-
AIM attenuated the proliferation of SMMC-7721 cells in comparison with the nonspecific control (NC). A lactate dehydrogenase (LDH) release assay
revealed (C) the effects of silencing or overexpression of AIM2 on the supernatant LDH activity with or without exposure to RFA. Data are expressed
as the mean + SD. P < 0.05 indicated a significant difference between groups.

Figure 5: Effects of overexpression and silencing of AIM2 on radiofrequency ablation (RFA)-induced pyroptosis and pyroptosis-related molecules
in SMMC-7721 cells. (A) Effects of overexpression and silencing of AIM2 on radiofrequency ablation (RFA)-induced pyroptosis. Pyroptosis was de-
termined by flow cytometry. Overexpression of AIM2 with Lv-AIM induced the pyroptosis of SMMC-7721 cells in comparison with the nonspecific
control (NC). By contrast, silencing of AIM2 with AIM2-specific ShiRNA (shAIM) inhibited the pyroptosis of SMMC-7721 cells compared with the
scrambled shRNA control. (B) RT-PCR analysis of the effects of overexpression and knockout of AIM2 on the mRNA levels of pyroptosis-related
molecules before and after RFA in SMMC-7721 cells. (C) Western blot analysis of the effects of overexpression and knockout of AIM2 on the protein
levels of pyroptosis-related molecules before and after RFA in SMMC-7721 cells.
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Figure 6: Effects of overexpression and silencing of AIM2 on the cytokine levels in SMMC-7721 cells and in the cell culture supernatant. gqRT-PCR

analysis was conducted to measure the mRNA expression levels of IL-1p and IL-18, and ELISA was performed to determine the serum levels of IL-
1B and IL-18 in the cell culture supernatant of SMMC-7721 cells. (A) The effects of overexpression of AIM2 with Lv-AIM2 on the cytokine levels in
SMMC-7721 cells and in the cell culture supernatant. (B) The effects of silencing of AIM2 with Lv-shAIM2 on the cytokine levels in SMMC-7721

cells and in the cell culture supernatant.

5. Discussion

The major novel findings of this study are summarized as follows:
[1] RFA treatment significantly inhibited tumor growth in BALB/c
nude mice bearing HepG2 or SMMC-7721 cell-derived xenografts
compared with the controls not receiving RFA (Figure 1). [2] RFA
induced pyroptotic cell death of HepG2 or SMMC-7721 cells in
the xenograft nude mice, as evidenced by the fact that the levels
of AIM2, NLRP3, caspase-1, y-H2AX, and DNA-PKc in the liver
tissues were significantly elevated in the mice treated with RFA
versus those of the controls (Figure 2); the serum levels IL-1p and
IL-18 were significantly greater in the HepG2 or SMMC-7721
cell-derived xenograft mice treated with RFA compared to those
not receiving RFA (Figure 3); and greater effects were observed in
the RFA complete ablation group versus the partial ablation group
of xenograft nude mice (Figure 2-3). (3) Functional and mechanis-
tic studies performed in vitro indicated that AIM2 exerted a direct
role in RFA-induced pyroptosis; these findings were supported by
studies using knockout or overexpression of AIM2 (Figure 4-6).
These results suggest that RFA suppresses the inhibitory effects of
RFA on the proliferation of hepatoma cells involved in the induc-
tion of pyroptosis through AIM2-inflammasome signaling.

It has been well documented that hepatic inflammation represents
a key event in the development of HCC [6]. The last decade has
witnessed rapid progress in the understanding of activation of the
inflammasome in the pathogenesis of HCC. For instance, it has
been found that AIM2-like receptors are capable of inducing the
activation of inflammasomes and thereby further activating caspas-
es. Once activated, caspases can mediate the generation, matura-
tion, and secretion of proinflammatory cytokines, mainly IL-13
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and IL-18. As a result, excessive secretion of these inflammatory
cytokines (e.g., IL-1p and IL-18) ultimately causes a form of cell
death, referred to as pyroptosis [15-17]. HBV and HCV infections
are well known causes of HCC. In fact, nearly 90% of HCC cases
are associated with chronic hepatic inflammation, for which HCC
is a good example of inflammation-related cancer [18, 19]. There-
fore, inflammasome-associated molecular mechanisms have been
a major focus in HCC research. In the present study, we found
that RFA treatment induced cell death in the form of pyroptosis in
nude mice bearing HepG2 or SMMC-7721 cell-derived xenografts
as well as in hepatoma cells. Our findings further supported that
the AIM2-activated inflammasome activated caspase-1, through
which it enhanced the formation and secretion of inflammatory
cytokines (IL-1pB and IL-18) and resulted in pyroptosis.

Numerous previous studies have shown that the hepatic AIM2
levels are significantly reduced in HCC samples compared with
matched histologically normal tissues from the same patients and
that a lower AIM2 expression is significantly correlated with more
advanced HCC [20-22]. In addition, it has been found that low-
er AIM2 levels are significantly correlated with more advanced
HCC, poorer tumor differentiation, and greater invasion and me-
tastasis abilities, suggesting that the loss of AIM2 may contrib-
ute to the progression of HCC [20, 21]. Moreover, Ma et al. have
shown that the overexpression of AIM2 significantly suppressed
the tumor growth in a xenograft mouse model [20]. Furthermore,
the potential role of AIM2 in the development of HCC has been re-
cently investigated, and the results demonstrate that genetic silenc-
ing of AIM2 or caspase-1/11 protects mice against the occurrence
of HCC [23, 24]. Our findings are consistent with these previous
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studies. To date, the exact roles of AIM2 and AIM2-activated in-
flammasomes in the action of RFA treatment for HCC have not
been explored. Our results indicate that the inhibitory effects of
RFA on the proliferation of hepatoma cells may involve the in-
duction of pyroptosis through AIM2-inflammasome signaling. We
postulated that exposure to RFA can cause cellular damage, trig-
gering the release of self-DNA, which can also be sensed by AIM2
and thereby lead to the assembly and activation of the inflammas-
ome complex in response to RFA but in the absence of infection.

Our study may have some potential limitations. For instance, we
found that AIM2 was markedly elevated in response to RFA in
the mice bearing HepG2 or SMMC-7721 cell-derived xenografts
as well as in cell cultures, but the molecular pathways through
which AIM2 is upregulated remain unknown. We propose that, in
the absence of infection caused by pathogens, AIM2 may sense
RFA-associated DNA, assemble, activate the inflammasome com-
plex, and promote secretion of inflammatory cytokines, thus in-
ducing pyroptosis. Given that compelling evidence of the actions
of AIM2 beyond the inflammasome complex has been reported
[25-30], it would be interesting to explore whether AIM2 can play
an inflammasome-independent role in HCC and RFA treatment for
HCC. Further in-depth investigations on the underlying molecular
mechanisms are currently underway in our laboratory.

6. Conclusions

Taken together, we found that RFA suppressed tumor growth, and,
more notably, RFA treatment induced pyroptosis in HCC. In addi-
tion, AIM2-mediated activation of inflammasome signaling was
identified as an important cell death mechanism. Therefore, these
findings advance our understanding of the biological function of
AIM2, and intervention of AIM2-meidated inflammasome signal-
ing may assist in improving RFA treatment for HCC.
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