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A B S T R A C T

Introduction and Objectives: The absence of melanoma 2 (AIM2) protein triggers the activation of the inflam-

masome cascade. It is unclear whether AIM2 plays a role in hepatocellular carcinoma (HCC) and radiofre-

quency ablation (RFA), which uses radiofrequency waves to treat tumors. In this study, we investigated if

RFA could induce pyroptosis, also called cell inflammatory necrosis, in HCC through AIM2-inflammasome sig-

naling in vivo and in vitro.

Materials and Methods: BALB/c nude mice were used to generate HepG2 or SMMC-7721 cell-derived tumor

xenografts. HCC cells with knockdown or overexpression of AIM2 were created using short hairpin

RNA (shRNA) and expression vector transfection, respectively, for functional and mechanistic

studies. Downstream effects were examined using flow cytometry, qRT-PCR, ELISAs, and other molecular

assays.

Results: RFA significantly suppressed tumor growth in HCC cell xenografts. Flow cytometry analysis

revealed that RFA could induce pyroptosis. Furthermore, AIM2, NLRP3, caspase-1, g-H2AX, and DNA-PKc

had significantly greater expression levels in liver tissues from mice treated with RFA compared with those

of the controls. Additionally, interleukin (IL)-1b and IL-18 expression levels were significantly higher in

the HCC cell-derived xenograft mice treated with RFA compared with those without RFA. Notably, a signifi-

cantly greater effect was achieved in the RFA complete ablation group versus the partial ablation group.

Knockdown or overexpression of AIM2 in HCC cells demonstrated that AIM2 exerted a role in RFA-induced

pyroptosis.

Conclusions: RFA can suppress HCC tumor growth by inducing pyroptosis via AIM2. Therefore, therapeutically

intervening with AIM2-mediated inflammasome signaling may help improve RFA treatment outcomes for

HCC patients.

© 2024 Published by Elsevier España, S.L.U. on behalf of Fundación Clínica Médica Sur, A.C. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)
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1. Introduction

Hepatocellular carcinoma (HCC) is one of the most common

malignancies and a leading cause of cancer-related deaths globally

[1]. According to Global Burden of Disease data, there are approxi-

mately 750,000 HCC cases worldwide [2]. In recent years, global

HCC incidence and mortality rates have significantly increased [3].

Notably, the majority of HCC cases occur in Asian countries [4]. In

China, the HCC incidence is considerably high, accounting for

approximately 50% of all newly diagnosed HCC cases across the

world, with about 326,000 patients dying each year. This can be

attributed to the particularly high prevalence of chronic hepatitis B

virus (HBV) infection [4−6]. In fact, HBV and hepatitis C virus (HCV)

are common causes of chronic hepatitis and progressively cause

inflammation of the liver. Although the exact pathogenic mecha-

nisms underlying HCC remain to be elucidated, hepatic inflamma-

tion and inflammasome-mediated molecular mechanisms have
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been proposed to play roles in the pathogenesis of HBV- and HCV-

related HCC. In addition, HCC is considered an inflammation-related

malignancy [7−10]. For example, nonalcoholic steatohepatitis

(NASH) is a progressive form of nonalcoholic fatty liver disease that

is associated with hepatocyte injury and liver inflammation. NASH

is a major risk factor for developing HCC and involves complex

immune responses that are not fully clear.

Currently, curative treatments are viable for less than 30% of new

HCC patients, and sorafenib is the standard treatment for advanced

stages [3]. Of the various treatment methods for HCC, radiofrequency

ablation (RFA) has emerged as an effective and safe approach for

patients with small-sized tumors, usually 3 cm or less in diameter.

Compared with traditional hepatic resection and liver transplanta-

tion, RFA has been associated with less invasiveness and a shorter

hospital stay. Under the guidance of imaging, one or more thin nee-

dles are inserted through the skin into the tumor. A RF current is

then established, which generates a high temperature and leads to

tumor cell necrosis [11]. Despite the advantages and increasing appli-

cation of RFA for treating HCC, the molecular details underlying its

specific mechanism of action are not well understood.

Recent advances in genomic profiling have identified frequent muta-

tions in genes such as telomerase reverse transcriptase (TERT), catenin

beta 1 (CTNNB1), and tumor protein P53 (TP53), which help to classify

HCC molecular subtypes [3]. These genomic discoveries have enabled

new clinical therapies targeting specific genetic alterations through pre-

clinical validation models, including genetically engineered mice and

xenograft models, as well as various HCC cell lines. Pathway analyses

have shown that Wingless + Int-1 (WNT)/b-catenin, vascular endothe-

lial growth factor (VEGF), and mechanistic target of rapamycin (mTOR)

are critical for HCC progression, facilitating the development of agents

including sorafenib, regorafenib, and lenvatinib [3].

Absent in melanoma 2 (AIM2) is a cytosolic receptor in the pyrin

and hematopoietic expression, interferon-inducible nature, and

nuclear localization (HIN) domain-containing protein family [12,13].

AIM2 can sense and bind to both double-stranded DNA and apopto-

sis-associated speck-like protein, thus triggering activation of the

inflammasome signaling cascade and assembly of the AIM2 inflam-

masome [14−16]. Activation of the AIM2 inflammasome, which con-

sists of multiple proteins, represents a key aspect of inflammation

pathways. The AIM2 inflammasome can activate caspase-1, leading

to the induction, maturation, and release of key pro-inflammatory

cytokines, such as interleukin (IL)-1b and IL-18 [17]. Therefore, the

AIM2 inflammasome possesses both pro-inflammatory and pro-

pyroptotic properties to mediate pyroptosis, a type of programmed

cell death that is also known as cell inflammatory necrosis. During

this process, the cells continue to expand until the cell membrane

bursts, which results in cellular content release and activation of a

strong inflammatory response.

Pyroptosis has been implicated in host defense mechanisms, thus

combating microbial invasion, carcinogenesis, and cancer progres-

sion. Several previous studies have reported that AIM2 expression

levels are decreased in HCC tissues compared with histologically nor-

mal tissues [18,19]. Additionally, lower AIM2 expression levels are

significantly correlated with more advanced HCC [20,21]. Currently,

how AIM2 is involved in HCC remains largely unknown. In addition,

whether AIM2 exerts a role in the RFA mechanism of action in HCC

has not yet been explored.

In the present study, we aimed to investigate the roles of AIM2 in

HCC and explore the use of RFA for treating this disease. In vitro

experiments with hepatoma cells and in vivo work with a xenograft

tumor mouse model were conducted. Our results suggested that

AIM2-mediated activation of inflammasome signaling is an impor-

tant cell death mechanism in HCC. Lower AIM2 levels are significantly

correlated with more advanced HCC cases. The findings obtained in

this study may offer a better understanding of the biological function

of AIM2, the AIM2 inflammasome, and pyroptosis in HCC, thereby

potentially helping to improve RFA-based treatment methods for

HCC. This investigation may also support more effective and person-

alized treatment strategies for HCC.

2. Materials and Methods

2.1. Cell culture

Two human HCC cell lines, HepG2 and SMMC-7721, were

obtained from Shanghai Binsui Biotechnology (Shanghai, China) and

used for the in vitro studies. The HepG2 and SMMC-7721 cells were

cultured in Roswell Park Memorial Institute (RPMI) 1640 medium

(Hyclone, Marlborough, MA, USA) supplemented with 10% fetal

bovine serum (FBS), 100 mg/mL streptomycin, and 100 units/mL pen-

icillin. Cells were incubated at 37°C and 5% CO2.

2.2. 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 given access to tap

water ad libitum throughout the experimental period. To establish

the HepG2 and SMMC-7721 cell-derived tumor xenograft animal

models, BALB/c nude mice were subcutaneously injected with HepG2

cells (1 £ 107 cells suspended in 100 mL of serum-free medium) or

SMMC-7721 cells (1 £ 107 cells suspended in 100 mL of serum-free

medium). HepG2 or SMMC-7721 cell-derived xenograft nude mice

were randomly assigned to receive RFA complete ablation (no

remaining tumor), RFA partial ablation (some tumor remaining), or

no ablation as a control (non-ablation). Blood samples were taken

from the mice via the jugular vein, then were centrifuged at

1,110 £ g for five minutes to separate the serum. Four weeks follow-

ing the treatment, the mice were anesthetized and sacrificed by cer-

vical dislocation, then the tumors were collected. The weights and

volumes of the excised tumors were analyzed.

The study involving experimental mice was reviewed and

approved by the Ethics Committee of Changzhou First People’s Hospi-

tal (Approval No. 2018-025). All methods were carried out in accor-

dance with the local institutional and national guidelines and

regulations. In addition, the experiments were performed in compli-

ance with the international regulations for the use of laboratory ani-

mals.

2.3. 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 protocol. For

the in vitro study, RFA was performed using a thermal needle to treat

SMMC-7721 cells.

2.4. Histology

Tumor tissues from the HepG2 and SMMC-7721 cell-derived

xenograft nude mice were formalin fixed, paraffin-embedded (FFPE),

then cut into 2-mm sections. After staining with hematoxylin and

eosin (H&E), the slides were examined by light microscopy.

2.5. Immunohistochemistry (IHC)

IHC analysis was performed to assess the protein expression lev-

els of AIM2, Nod-like receptor pyrin domain-containing 3 (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 processed into FFPE blocks. These FFPE liver tissue sam-

ples were sectioned and hydrated, then incubated with primary
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antibodies (1:1000 for all), including those targeting AIM2 (Abcam,

Cambridge, UK, ab204995), NLRP3 (Abcam, ab263899), and caspase-

1 (Abcam, ab207802), at 4°C overnight. The sections were then incu-

bated with horseradish peroxidase (HRP)-conjugated secondary anti-

bodies at 37°C for 30 minutes. The slides were incubated with 3,30-

diaminobenzidine (DAB), a substrate for HRP, using a DAB Peroxidase

Substrate kit according to the manufacturer’s instructions (Vector

Laboratories, Burlingame, CA, USA). Images were taken using an

Olympus digital electron microscope (Olympus, Tokyo, Japan). The

immunoreactivities of the IHC images were evaluated for each slide.

2.6. Overexpression of AIM2

The pcDNA 3.1 vector was used to construct the expression vector

(OS-AIM2) by inserting the AIM2-encoding cDNA sequence. The suc-

cessful construction of OS-AIM2 was verified by sequencing. SMMC-

7721 cells were transfected with OS-AIM2 for overexpression of

AIM2 using Lipofectamine 2000 Reagent (Invitrogen, Carlsbad, CA,

USA).

2.7. Knockdown of AIM2

AIM2 was knocked down using short hairpin RNAs (shRNAs).

Two shRNAs were designed to target AIM2 (AIM2-shRNA1 and

AIM2-shRNA2). A scramble shRNA was used as a negative control.

The specific sequences were as follows: AIM2-shRNA1, forward: 50-

CCGGCAGCCATCAGAAATGATGTCGCAAACTCGAGGAATTTTGCGA-

CATCATTTCTGATGGCTGTTTTTG-30, reverse: 50-AATTCAAAAACAGC-

CATCAGAAATGATGTCGCAAAATTCCTCGAGTTTGCGACATCATTTCT-

GATGGCTG-30; AIM2-shRNA2, forward: 50-CCGGGAGATAA

GGTTCGACTTACATTCTTCTCGAGAAGAATGTAAGTCGAACCTTATCTCT

TTTTG-30, reverse: 50-AATTCAAAAAGAGATAAGGTTCGACTTA-

CATTCTTCTCGAGAAGAATGTAAGTCGAACCTTATCTC-30; scramble,

forward: 50-CCGGAACAGTCGCGTTTGCGACTGGCTCGAGCCAGTCG-

CAAACGCGACTGTTTTTTTG-30, reverse: 50-AATTCAAAAAAA-

CAGTCGCGTTTGCGACTGGCTCGAGCCAGTCGCAAACGCGACTGTT-30.

SMMC-7721 cells were transfected with shRNAs using Lipofect-

amine 2000 Reagent.

2.8. Lactate dehydrogenase (LDH) release assay

Cellular damage and proliferation were measured using an LDH

release assay. LDH is a cytosolic enzyme that is released into the cul-

ture medium upon cell membrane damage, making it a useful marker

for evaluating cell viability and cell death [22]. LDH can also be used

as a marker of cell proliferation owing to its role in the metabolic pro-

cesses of rapidly dividing cells [23]. In this study, SMMC-7721 cell

culture supernatants were examined using an LDH release assay kit

(Abcam) according to the manufacturer’s instructions. Cells (1 £ 105

cells/mL) were seeded in 96-well plates for these assays, with 100 mL

cell suspension per well.

2.9. Flow cytometry analysis of pyroptotic cells

Pyroptosis was measured on a flow cytometer (Becton, Dickinson

and Company, Franklin Lakes, NJ, USA). Fluorescent-labeled inhibitors

of caspase (FLICA) probe assays (AAT Bioquest, Sunnyvale, CA, USA)

were conducted to examine pyroptosis according to the manufac-

turer’s instructions. Pyroptotic cells were specifically stained by fluo-

rescein acetoxymethyl (FAM)-FLICA-caspase-1 and propidium iodide

staining.

2.10. Enzyme-linked immunosorbent assays (ELISAs)

ELISAs were performed to determine the serum levels of IL-1b

and IL-18 in HepG2 and SMMC-7721 cell-derived xenograft nude

mice treated with or without RFA, as well as in the SMMC-7721 cell

culture supernatants, following instructions included in the specific

Abcam kits. For ELISAs, cells (1 £ 105 cells/mL) were seeded in 96-

well plates, with 100 mL cell suspension per well.

2.11. Real-time quantitative reverse transcription−polymerase chain

reaction (qRT-PCR)

Total RNA was extracted from SMMC-7721 cells using TRIzol (Invi-

trogen). The total RNA samples were reverse transcribed into cDNA

using the Vazyme Biotech (Nanjing, China) reverse transcription kit

according to the manufacturer’s instructions. Then, qRT-PCR reactions

(20 mL) were performed to measure the relative mRNA expression lev-

els of target genes (pyroptosis-related genes) using the 2 £ ChamQ Uni-

versal SYBR qPCR Master Mix (Vazyme Biotech) and 10 mM of each

primer. b-actin expression was used as an internal control. The relative

mRNA levels of target genes were obtained by using the 2-DDCt method,

with all assays performed in triplicate. Fold-change values were calcu-

lated by comparative Ct analysis after normalization to b-actin. The
sequences of the primers used in the qRT-PCR analysis were as follows:

AIM2, forward primer: 5ʹ-ATCAGGAGGCTGATCCCAAA-3ʹ, reverse

primer: 5ʹ-TCTGTCAGGCTTAACATGAG-3ʹ; b-actin, forward primer: 5ʹ-

GGCACCACACCTTCTACAATG-3ʹ, reverse primer: 5ʹ-TAGCACAGCCTGGA-

TAGCAAC-3ʹ; NLRP3, forward primer: 5’-AAAGAGATGAGCC-

GAAGTGGG-3’, reverse primer: 5’-TCAATGCTGTCTTCCTGGCA-3’;

caspase-1, forward primer: 5’-CGACAAGGTCCTGAAGGAGA-3’, reverse

primer: 5’-CCCTTTCGGAATAACGGAGT-3’; gamma H2A histone family

member X (g-H2AX), forward primer: 5’-AGCACTTGGTAACAGGCA-

CATCTTC-3’, reverse primer: 5’-GTCCACATAGCCAGCCGTGA-3’; DNA-

dependent protein kinase catalytic subunit (DNA-PKc), forward primer:

5’-CCAGCTCTCACGCTCTGATATG-3’, reverse primer: 5’-CAAACG-

CATGCCCAAAGTC-3’; IL-1b, forward primer: ATGATGGCTTATTA-

CAGTGGCAA, reverse primer: GTCGGAGATTCGTAGCTGGA; IL-18,

forward primer: ATGCTCTGTTTGGGCTGGATA, reverse primer: GTGA-

GAGTCGATTTCTGTGGC.

2.12. Western blot analysis

Western blot analysis was performed to examine the hepatic pro-

tein levels of AIM2 and key inflammasome- and pyroptosis-related

proteins, such as NLRP3 (Abcam, ab263899), caspase-1 (Abcam,

ab207802), g-H2AX (Abcam, ab81299), and DNA-PKc (Thermo Fisher

Scientific, 18-2). The protein expression of glyceraldehyde-3-phos-

phate dehydrogenase (GAPDH) (Abcam, ab9485) was used as a load-

ing control. Briefly, total protein was extracted from 20 mg of tumor

tissue using radioimmunoprecipitation assay (RIPA) buffer (Solarbio,

Beijing, China) supplemented with 1% protease inhibitor and phos-

phatase inhibitor. Lysis was performed on ice for 30 minutes, fol-

lowed by centrifugation at 12,000 £ g at 4°C for 10 minutes. The

supernatant was collected and protein quantification was performed

using a bicinchoninic acid (BCA) protein concentration assay kit

(Thermo Fisher Scientific, Waltham, MA, USA) following the manu-

facturer’s instructions.

Next, 30−50mg of total protein was separated on 4%−15% sodium

dodecyl sulfate−polyacrylamide gels. After electrophoretic transfer

onto Immun-Blot polyvinylidene difluoride membranes (Biotides

Company, Beijing, China), the blots were blocked with phosphate-

buffered saline (PBS) containing 5% nonfat dry milk and 0.1% Tween-

20, followed by incubation with primary antibody (1:1000 for all)

overnight at 4°C. The membranes were then incubated with second-

ary antibodies (1:10,000) at room temperature for 1 hour. Chemilu-

minescence development using DAB and H2O2 was then performed.

A chemiluminescence imaging system (Bio-Rad, Hercules, CA, USA)

was used to determine the relative optical density of each specific

band.
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2.13. Statistical analysis

Statistical analysis was conducted with SPSS software version 16.0

for Windows (SPSS Inc., Chicago, IL, USA). All experiments included at

least triplicate samples for each treatment group, and the data are

expressed as the mean § standard deviation (SD). Representative

images are presented for the IHC and western blot results. Analysis of

variance (ANOVA) was applied to compare the means of multiple

groups. P < 0.05 indicated a statistically significant difference

between groups.

2.14. Ethical statements

The Ethics Committee of [Anonymized for double-blind peer

review] approved all animal experiments (Approval No. 2018-25).

The study was conducted in compliance with the ARRIVE guidelines

to ensure ethical reporting of animal research.

3. Results

3.1. RFA suppressed tumor growth in subcutaneous xenograft nude mice

We initially assessed the effects of RFA on in vivo tumor growth in

subcutaneous xenograft nude mice. As shown in Fig. 1A/B, HepG2

and SMMC-7721 cell-derived xenograft tumors in the no-RFA control

group grew progressively. However, RFA treatment markedly sup-

pressed tumor growth after four weeks of treatment, as demon-

strated by the significantly smaller tumor size and lower tumor

weight compared with those of the controls. It was also noted that

the tumor sizes were significantly smaller and the tumor weights

were significantly lower in the HepG2 and SMMC-7721 cell-derived

xenograft nude mice treated with complete RFA ablation than in

those treated with partial RFA ablation after four weeks of treatment

(P < 0.05) (Fig. 1A/B). Consistent with these changes, H&E staining of

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 (Fig. 1C). In addition, flow cytometry analysis

showed that the percentages of pyroptotic 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 (Fig. 1D).

Statistical analysis indicated that the proportion of pyroptotic tumor

cells was significantly increased in the subcutaneous xenograft nude

mice treated with RFA partial or complete ablation compared with

the no-RFA ablation control group (P < 0.01) (Fig. 1D). Moreover,

there was a significantly greater effect in the RFA compete ablation

group compared with the partial ablation group (P < 0.01).

Fig. 1. Inhibitory effects of radiofrequency ablation (RFA) on 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. The mean tumor sizes and weights were analyzed in the following three groups: No ablation as a control (Non-ablation), RFA

partial ablation, and RFA complete ablation. (A) HepG2 cell-derived xenograft nude mice. Tumor growth was significantly suppressed four weeks after RFA partial or complete abla-

tion, as indicated by the smaller tumor size and lower tumor weight compared with the no-RFA treatment control mice. (B) SMMC-7721 cell-derived xenograft nude mice. Tumor

growth was significantly suppressed four weeks after RFA complete ablation, as indicated by the smaller tumor size and lower tumor weight compared with the no-RFA treatment

control mice. (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 com-

pared 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. *P < 0.05; ***P < 0.001.
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3.2. RFA induced pyroptosis in subcutaneous xenograft nude mice

Given the inhibitory effects of RFA on tumor growth, we next

assessed pyroptosis levels in subcutaneous xenograft nude mice at

different time points after RFA treatment. IHC and western blot anal-

yses were performed to examine the expression levels of key proteins

involved in the inflammasome and pyroptosis in liver tissues from

the HepG2 and SMMC-7721 cell-derived xenograft nude mice. The

IHC results showed that the AIM2, NLRP3, and caspase-1 protein

expression levels were significantly greater in the liver tissue sections

of the HepG2 and SMMC-7721 cell-derived xenograft nude mice

treated with RFA partial or complete ablation compared with those

of the control group (P < 0.05) (Fig. 2A/B). In addition, a greater effect

of RFA on AIM2, NLRP3, and caspase-1 protein expression was

observed in the HepG2 and SMMC-7721 cell-derived xenograft nude

mice treated with complete ablation in comparison with partial abla-

tion (Fig. 2A/B). Western blot analysis revealed similar findings to the

IHC results. Additionally, the mRNA and protein levels of g-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 ablation (P < 0.05) (Fig. 2C−F). A

greater effect was observed in the complete ablation group compared

with the partial ablation group (Fig. 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 IL-1b and IL-18 serum levels in the HepG2 and

SMMC-7721 cell-derived xenograft nude mice treated with com-

plete ablation compared with those treated with partial ablation

(Fig. 3).

3.3. AIM2 was involved 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 SMMC-7721

cells in vitro. Cell proliferation was evaluated using LDH release

assays. The results revealed that shRNA-mediated knockdown of

AIM2 enhanced the proliferation of SMMC-7721 cells in a time-

dependent manner (P < 0.05) (Fig. 4A). In contrast, overexpression of

AIM2 using the OS-AIM2 expression vector attenuated the prolifera-

tion of SMMC-7721 cells in a time-dependent manner (P < 0.05)

(Fig. 4B). In addition, exposure to RFA resulted in a marked increase

in LDH release compared with no-RFA treatment. Furthermore, over-

expression of AIM2 with OS-AIM2 enhanced the LDH release com-

pared with the control SMMC-7721 cells (P < 0.05) (Fig. 4C).

Pyroptosis is a form of programmed cell death that can affect

tumor cell proliferation. Therefore, we examined the effects of RFA

on pyroptosis in hepatoma SMMC-7721 cells with overexpression or

knockdown of AIM2. Flow cytometry assays showed that RFA could

induce pyroptosis compared with no RFA (P < 0.05) (Fig. 5A). Addi-

tionally, overexpression of AIM2 with OS-AIM2 enhanced pyroptosis,

whereas knockdown of AIM2 with shAIM2 diminished pyroptosis, in

SMMC-7721 cells (P < 0.05) (Fig. 5A).

Furthermore, qRT-PCR assays revealed that the hepatic g-H2AX

and DNA-PKc mRNA levels were significantly greater in the SMMC-

7721 cells treated with RFA versus those not treated with RFA. More-

over, overexpression of AIM2 increased hepatic g-H2AX and DNA-

PKc mRNA expression levels, while AIM2 knockdown led to a

decrease in the hepatic g-H2AX and DNA-PKc mRNA expression lev-

els, in SMMC-7721 cells (P < 0.05) (Fig. 5B). Similarly, the western

blot results showed that the hepatic g-H2AX, DNA-PKc, and caspase-

1 protein expression levels were significantly greater in the SMMC-

7721 cells treated with RFA versus those not treated with RFA. Simi-

lar to the mRNA expression patterns, overexpression of AIM2

increased hepatic g-H2AX and DNA-PKc protein expression levels. In

contrast, knockdown of AIM2 suppressed the hepatic g-H2AX and

DNA-PKc protein levels in SMMC-7721 cells (P < 0.05) (Fig. 5C).

We next found that RFA treatment caused increased hepatic IL-1b

and IL-18 mRNA expression levels in SMMC-7721 cells, as well as

secreted protein levels in the cell culture supernatant (P < 0.05)

(Fig. 6). Notably, SMMC-7721 cells with AIM2 overexpression exhib-

ited dramatic increases in both hepatic IL-1b and IL-18 mRNA expres-

sion levels and protein secretion. In contrast, AIM2 knockdown in

SMMC-7721 cells inhibited both hepatic IL-1b and IL-18 mRNA

expression levels and protein secretion (P < 0.05) (Fig. 6). These

results supported our hypothesis that AIM2 can exert a biological

role in RFA-induced pyroptosis in HCC.

4. Discussion

The major novel findings of this study can be summarized as fol-

lows: (1) RFA treatment significantly inhibited tumor growth in

BALB/c nude mice bearing HepG2 or SMMC-7721 cell-derived xeno-

grafts compared with the controls that did not receive RFA (Fig. 1);

(2) RFA induced pyroptotic cell death of HepG2 or SMMC-7721 cells

in the xenograft nude mice, as evidenced by significantly elevated

expression levels of AIM2, NLRP3, caspase-1, g-H2AX, and DNA-PKc

in the liver tissues of the mice treated with RFA versus those of the

controls (Fig. 2). Additionally, the serum levels IL-1b and IL-18 were

significantly greater in the HepG2 or SMMC-7721 cell-derived xeno-

graft mice treated with RFA compared with those not receiving RFA

(Fig. 3). More pronounced effects were observed in the complete

ablation group versus the partial ablation group of xenograft nude

mice (Fig. 2−3); (3) Functional and mechanistic in vitro studies indi-

cated that AIM2 exerts a direct role in RFA-induced pyroptosis. These

findings were supported by experiments using knockdown or over-

expression of AIM2 in SMMC-7721 cells (Fig. 4−6). Collectively, our

results help elucidate the effects of RFA on the proliferation of hepa-

toma cells and induction of pyroptosis through AIM2-inflammasome

signaling.

It has been well documented that hepatic inflammation is cru-

cially involved in HCC development [8]. Over the last decade, there

has been rapid progress in our understanding of inflammasome acti-

vation and its role in HCC pathogenesis, along with the complex

interplay between inflammasome activation and other innate

immune pathways (e.g., cyclic GMP-AMP synthase [cGAS]−stimula-

tor of interferon genes [STING] signaling) [24]. For example, AIM2-

like receptors are reportedly capable of inducing inflammasome acti-

vation, thereby further triggering caspases. Once activated, caspases

can mediate the generation, maturation, and secretion of pro-inflam-

matory cytokines, mainly IL-1b and IL-18. As a result, excessive

secretion of IL-1b and IL-18 can ultimately induce a form of pro-

grammed cell death referred to as pyroptosis [25−27], which can

occur through canonical (caspase-1-dependent), non-canonical (cas-

pase-4/5/11-dependent), and caspase-3-dependent pathways. Its key

effectors, gasdermin proteins, form pores in the cell membrane that

cause cell lysis and inflammatory cytokine release [28]; therefore,

pyroptosis is closely linked to inflammation [29]. This relationship

was experimentally confirmed in a mouse model, where NLRP3

inflammasome activation led to severe liver inflammation, hepato-

cyte pyroptosis, and fibrosis [30].

HBV and HCV infections are well-known causes of HCC. In fact,

nearly 90% of HCC cases are associated with chronic hepatic inflam-

mation [31,32]. Therefore, inflammasome-associated molecular

mechanisms have been a major focus of HCC research. In the present

study, we found that RFA treatment could induce pyroptosis in nude

mice bearing HepG2 or SMMC-7721 cell-derived xenografts, as well

as in SMMC-7721 cells in vitro. Our findings further supported that

the AIM2-activated inflammasome could activate caspase-1, through

which it enhanced the production and secretion of IL-1b and IL-18,

then ultimately pyroptosis.
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Fig. 2. Levels of inflammasome- and pyroptosis-related molecules with radiofrequency ablation (RFA) in xenograft mouse models. HepG2 and SMMC-7721 cell-derived xenograft

nude mice were treated with RFA partial ablation, RFA complete ablation, or no ablation as a control (Non-ablation). 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, g-H2AX, and DNA-PKc (C) mRNA and (D) protein expression levels in HepG2 cell-derived xenograft nude mice. Hepatic AIM2, NLRP3,

caspase-1, g-H2AX, and DNA-PKc (E) mRNA and (F) protein expression levels in SMMC-7721 cell-derived xenograft nude mice. The hepatic AIM2, NLRP3, caspase-1, g-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 abla-

tion compared with the no-RFA ablation control mice. There were greater effects on these protein levels in the complete ablation group versus the partial ablation group. Data are

presented as the mean § SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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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. Addi-

tionally, lower AIM2 expression levels are significantly correlated

with more advanced HCC [20,21,33], as well as with poorer tumor

differentiation and greater invasion and metastasis abilities. Overall,

these observations suggest that the loss of AIM2 may contribute to

HCC progression [20,21]. Moreover, Ma et al. showed that overex-

pressing AIM2 could significantly suppress tumor growth in a xeno-

graft mouse model of HCC [20]. Furthermore, the potential role of

AIM2 in HCC development has been recently investigated, with the

results demonstrating that genetic silencing of AIM2 or caspase-1/11

could protect mice from the occurrence of HCC [34,35]. Our findings

are consistent with these previous studies. To date, the exact roles of

AIM2 and AIM2-activated inflammasomes in the action of RFA treat-

ment for HCC have not been explored. Our results indicate that the

inhibitory effects of RFA on the proliferation of hepatoma cells may

involve the induction of pyroptosis through AIM2-inflammasome sig-

naling. We postulated that exposure to RFA can cause cellular

damage, triggering the release of self-DNA that can be sensed by

AIM2 and other inflammasomes (e.g., cGAS), activating their respec-

tive pathways in the absence of infection and further enhancing

inflammation.

Recent findings suggest that pyroptosis and IL-1b secretion, while

usually coupled, can occur independently under certain conditions

[36]. This uncoupling can contribute to prolonged inflammation or

increased lethality, depending on the predominant process. In the

present study, we observed both pyroptosis and cytokine release,

suggesting a coupled response to RFA. Further investigation into the

potential uncoupling of these processes in the context of RFA and

HCC could provide additional mechanistic insights concerning

inflammation and cell death.

Inflammasomes are multimolecular complexes with central roles

in caspase-1 activation and pyroptosis induction [37]. In addition to

their canonical functions, recent discoveries have revealed broader

roles for inflammasomes in regulating various biological processes (e.

g., eicosanoid storms, autophagy, and metabolism). These emerging

functions highlight the multifaceted nature of inflammasomes and

Fig. 3. Serum levels of interleukin (IL)-1b and IL-18 with radiofrequency ablation (RFA) in xenograft mouse models. The serum levels of IL-1b and IL-18 were examined by enzyme-

linked immunosorbent assays (ELISAs) in (A) HepG2 cell-derived xenograft nude mice and (B) SMMC-7721 cell-derived xenograft nude mice after 4 weeks of RFA partial ablation,

RFA complete ablation, or no ablation. Data are presented as the mean § SD. *P < 0.05; **P < 0.01; ***P < 0.001.
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their potential as therapeutic targets in various diseases. Here, we

focused on canonical functions of the AIM2 inflammasome in mediat-

ing pyroptosis and cytokine release in response to RFA. Future studies

exploring the non-canonical functions of AIM2 and other inflamma-

somes in the context of HCC could provide a more comprehensive

understanding of their roles in tumor biology and treatment

responses.

The regulation of inflammasome activity is a complex process

involving multiple mechanisms [38]. Positive regulation can occur

through transcriptional upregulation of inflammasome components

and post-translational modifications (e.g., ubiquitination and phos-

phorylation). Negative regulation can be mediated by microRNAs,

inhibitory proteins, and cellular processes such as autophagy. In our

study, we observed increased expression of AIM2 and NLRP3 in RFA-

treated xenograft mice, suggesting a role for transcriptional regula-

tion in the activation of these inflammasomes. Future studies could

explore post-translational modifications and negative regulatory

mechanisms that modulate AIM2 and NLRP3 activities in the context

of RFA and HCC.

The long-term outcomes and prognostic factors for RFA in HCC

have been investigated [39]. In a study of 1,170 primary HCC patients,

RFA achieved complete tumor ablation in 99.4% of treatments, with

5-year and 10-year survival rates of 60.2% and 27.3%, respectively.

Thus, RFA constitutes a potentially curative treatment for HCC, capa-

ble of achieving long-term survival. Despite the high local control

rates, distant recurrences remained frequent (5-year and 10-year

rates of 74.8% and 80.8%, respectively). These findings highlight the

importance of understanding the molecular mechanisms that under-

lie the effects of RFA, as well as the need for combinatorial

approaches to prevent recurrence.

In recent years, immune-based treatments have emerged as

promising strategies for HCC [40]. Considering the chronic

inflammation associated with HCC, immunotherapy represents an

attractive approach to harness the immune system for disease con-

trol. Various immune-based strategies are in development; there is

particular interest in the combination of immunotherapy with stan-

dard treatments (e.g., RFA). Combinatorial approaches have shown

potential in small studies; further research is needed to optimize

these strategies and inform patient selection.

Despite advancements in HCC research, it remains challenging to

translate preclinical findings into clinical applications. The so-called

"valley of death" between basic research and clinical translation is

characterized by high attrition rates, irreproducible data, and limited

clinical impact [41]. Confirmatory multicenter studies can enhance

the robustness and translatability of preclinical evidence before clini-

cal trials begin [42]. The successful development of the B-cell lym-

phoma 2 (BCL2) inhibitor venetoclax provides a compelling example

of how preclinical research can guide clinical development [43].

Extensive preclinical studies regarding apoptosis and BCL2 biology

informed the design and optimization of venetoclax, leading to clini-

cal success in the treatment of hematologic malignancies. Similarly,

clinical studies are necessary to validate the translatability of our

findings.

This study has some potential limitations. First, we found that

AIM2 expression levels were markedly elevated in response to RFA in

the mice bearing HepG2 or SMMC-7721 cell-derived xenografts, as

well as in cell culture. However, 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-asso-

ciated DNA, assemble and activate the inflammasome complex, then

promote the secretion of pro-inflammatory cytokines that thus

induce pyroptosis. Given that compelling evidence of the actions of

AIM2 beyond the inflammasome complex has been reported [44

−49], it would be interesting to explore whether AIM2 can play an

Fig. 4. Effects of AIM2 knockdown or overexpression on SMMC-7721 cell proliferation and lactate dehydrogenase (LDH) release. Proliferation assays showed the effects of (A)

knockdown or (B) overexpression of AIM2 on SMMC-7721 cell viability. Knocking down AIM2 expression with an AIM2-specific short hairpin RNA (shRNA) (shAIM2) enhanced the

proliferation of SMMC-7721 cells compared with the scrambled shRNA control. By contrast, overexpression of AIM2 with an expression vector (OS-AIM2) attenuated the prolifera-

tion of SMMC-7721 cells compared with the negative control (NC). (C) An LDH release assay revealed the effects of AIM2 knockdown or overexpression on LDH release in SMMC-

7721 cells with or without exposure to RFA. Data are presented as the mean § SD. P < 0.05 indicated a significant difference between groups.

F. He, Z. He and C. Wang Annals of Hepatology 29 (2024) 101532

8



Fig. 5. Effects of AIM2 knockdown or overexpression on radiofrequency ablation (RFA)-induced pyroptosis in SMMC-7721 cells. (A) Effects of AIM2 overexpression or knockdown

on RFA-induced pyroptosis. Pyroptosis was determined by flow cytometry. Overexpression of AIM2 with an expression vector (OS-AIM2) induced the pyroptosis of SMMC-7721

cells compared with the negative control (NC). By contrast, knockdown of AIM2 with an AIM2-specific short hairpin RNA (shRNA) (shAIM) inhibited the pyroptosis of SMMC-7721

cells compared with the scrambled shRNA control. (B) The effects of AIM2 overexpression or knockdown on the mRNA levels of pyroptosis-related molecules before and after RFA

were examined in SMMC-7721 cells using qRT-PCR assays. (C) Western blot analysis of the effects of AIM2 overexpression or knockdown on the protein levels of pyroptosis-related

molecules before and after RFA in SMMC-7721 cells. P < 0.05 indicated a significant difference between groups.
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inflammasome-independent role in HCC and RFA treatment. Further

in-depth investigations of the underlying molecular mechanisms are

currently underway in our laboratory. Second, we utilized LDH meas-

urements to assess both cell death and proliferation. More targeted

markers, such as proliferating cell nuclear antigen (PCNA; highly

expressed during DNA synthesis [50]) and Ki-67 antigen (present

during all active phases of the cell cycle [51,52]), could be used to

specifically evaluate cell proliferation. Future analyses involving

these markers would enable more direct assessment of proliferative

activity in HCC cells. Finally, this exploratory analysis used small sam-

ple sizes based on standard laboratory practices and ethical consider-

ations; additional studies with larger sample sizes and detailed

power analyses are needed to confirm our findings.

5. Conclusions

Taken together, we found that RFA treatment could suppress

tumor growth and induce pyroptosis in in vitro and in vivo models of

HCC. In addition, we identified AIM2-mediated activation of inflam-

masome signaling as an important cell death mechanism. Therefore,

these findings advance our understanding of the biological function

of AIM2. Therapeutic intervention with AIM2-mediated inflamma-

some signaling may help improve RFA treatment outcomes for HCC

patients.
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Fig. 6. Effects of AIM2 knockdown or overexpression on pro-inflammatory cytokine production by SMMC-7721 cells. AIM2 was overexpressed in SMMC-7721 cells using an expres-

sion vector (OS-AIM2). AIM2 was knocked down in SMMC-7721 cells using short hairpin RNAs (shRNAs). (A) qRT-PCR analysis was conducted to measure the mRNA expression lev-

els of interleukin (IL)-1b and IL-18. (B) Enzyme-linked immunosorbent assays (ELISAs) were performed to determine the IL-1b and IL-18 levels in the cell culture supernatant of

SMMC-7721 cells. P < 0.05 indicated a significant difference between groups.
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