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Background

The absent in melanoma 2 (AIM2) inflammasome is a multi-protein platform that recognizes aberrant cytoplasmic double-stranded DNA(dsDNA) and induces cytokine maturation, release, and pyroptosis. Some studies found that the AIM2 inflammasome was a double-edged sword in many cancers. However, there have been fewer studies on AIM2 inflammasomes in pan-cancer.



Methods

Gene expression was analyzed using The Cancer Genome Atlas (TCGA) database and The Genotype-Tissue Expression (GTEx) database. Immunohistochemistry (IHC) was used to validate the expression of the AIM2. We used the survival curve to explore the prognostic significance of the AIM2 inflammasomes in pan-cancer. Mutations and methylation of AIM2 inflammasome-related genes (AIM2i-RGs) were also comprehensively analyzed. Single sample gene set enrichment analysis was used to calculate the AIM2 inflammasomes score and explore the correlation of the AIM2 inflammasomes score with immune-related genes and immune infiltrations. The function of AIM2 inflammasomes in pan-cancer was analyzed at the single-cell level. Single-cell transcriptome sequencing (scRNA-seq) data was used to assess the activation state of the AIM2 inflammasomes in the tumor microenvironment.



Results

We found that AIM2i-RGs were aberrantly expressed in tumors and were strongly associated with prognosis. In pan-cancer, the expression of AIM2i-RGs was positively associated with copy number variation and negatively associated with methylation. In AIM2i-RGs, missense mutations were the predominant type of single nucleotide polymorphism. Moreover, we found that the drugs dimethyloxallyl glycine (DMOG) and Z-LNle-CHO may be sensitive to the AIM2 inflammasomes. The AIM2 inflammasomes score was significantly and positively correlated with the tumor immunity score and the stroma score. In most tumors, the AIM2 inflammasomes score was significantly and positively correlated with CD8+ T cell abundance in the tumor microenvironment. Additionally, the AIM2 inflammasomes score was significantly correlated with immune checkpoint genes in pan-cancer as well as immune checkpoint therapy-related markers including tumor mutational burden (TMB), microsatellite instability(MSI), and tumor immune dysfunction and exclusion(TIDE). scRNA-seq analysis suggested that AIM2 inflammasomes differ significantly among different cells in the tumor microenvironment. IHC confirmed low expression of AIM2 in colorectal cancer.



Discussion

AIM2 inflammasomes may be a new target for future tumor therapy It is likely involved in tumor development, and its high expression may serve as a predictor of tumor immunotherapy efficacy.
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Introduction

Tumors, one of the causes of high morbidity and mortality, accounted for 740,000 deaths worldwide in 2021, that is, approximately >13% of all deaths (1). In the course of cancer research, the relationship between cancer and immune cells has gradually gained attention as the seventh major feature, in addition to the six major features such as self-sufficiency of cancer growth signals, unlimited replication potential, evasion of apoptosis, insensitivity to anti-growth signals, sustained angiogenesis, and tissue invasion/metastasis. In recent years, the emergence of cancer immunotherapy has transformed cancer treatment by modulating the relationship between the human immune system and cancer (2).Unfortunately, most people show limited or no response to it, and the effectiveness of cancer immunotherapy still needs to be improved (3).Therefore, it is valuable to identify people who are sensitive to immunotherapy prior to treatment. Therefore, there is an urgent need to find a molecular biomarker that can predict clinical outcomes and rate the effectiveness of immunotherapy.

In the study of the relationship between cancer and inflammation, it was found that inflammation plays a critical role in the occurrence, development, progression, angiogenesis, and invasion of cancer (4). Inflammasomes are multimeric protein complexes that form in cells (5) and play an important role in host defense (6), auto-inflammation (7), cancer (8), neurodegenerative diseases, cardiovascular diseases, obesity and associated metabolic syndrome (9). After recognizing the double-stranded DNA (ds DNA), absent in melanoma 2 (AIM2) inflammasomes, the prototype, and most characteristic member of the AIM2-like receptor (ALR) induce the activation of cysteine protease caspase-1 by aggregating an articulated protein ASC (CARD-containing apoptosis-associated specific protein), and this activation can lead to the inflammatory cytokine interleukin (IL)-1β and pre-IL-18 maturation and release, which eventually becomes active (5). Early studies found that the overexpression of AIM2 could reverse the melanoma phenotype (10).Therefore, AIM2 has always been present as a tumor suppressor. In contrast, AIM2 is thought to be an oncogenic factor in squamous cell carcinoma (SCC) of the skin and endometrial cancers (11, 12). In the absence of AIM2, the growth of SCC is inhibited by inducing cell cycle regulatory genes that inhibit cell death and promote cell proliferation (12). The mechanism may be due to the indirect effect of cytokines released by SCC cells on the activation of AIM2 inflammasomes. Because of the different immune responses of AIM2 inflammasomes, they are considered a double-edged sword in many cancers. For example, in AIM2 overexpression and silencing in hepatocellular carcinoma cells (HCC) studies, the anticancer effect of AIM2 was mediated by inflammasomes and induced by pyroptosis. Hepatitis B virus x protein-induced AIM2 deficiency was associated with increased cell migration and invasion (13, 14).In contrast, AIM2 gene deletion resulted in reduced liver injury and tumor development in a diethylnitrosamine-induced mouse model of hepatocellular carcinoma, suggesting that AIM2 plays a deleterious role in the development of HCC (15). Finally, AIM2 inflammasome is low expressed in Melanoma (16, 17), Colon cancer (18), Hepatocellular carcinoma (14, 15), Renal carcinoma (19, 20), Breast cancer (21), Prostate cancer (22, 23), playing a tumor suppressive role. It is highly expressed in SCC and plays a tumor promoting role. What’s more, AIM2 inflammasome inhibits the proliferation of cancer cells in glioblastoma multiform (16).

Although the role of AIM2 have been reported in limited types of cancers. However, there have not been many studies on AIM2 in pan-cancer yet. We performed a pan-cancer analysis of AIM2 in multiple cancer types using The Cancer Genome Atlas (TCGA) database. We further explored the association of AIM2 in cancer through prognosis analysis, immune infiltration analysis, methylation level analysis, and tumor purity. These findings provide important insights for future studies on AIM2 in pan-cancer.



Method


Single-cell transcriptome sequencing data analysis

The preparation and data analysis of scRNA-Seq was performed as previously described (24). The single-cell sequencing datasets was downloaded from GEO database (GSE152938). In brief, fresh tumor samples were obtained from the operating room to the laboratory in cold Hank’s balanced salt solution. After the samples were washed and were cut into 2–4 mm pieces. The tissue species were digested for 30 min at 37°C with gentle agitation in a digestion solution in HBSS. Samples were washed, filtered, erythrocytes removed and cell viability assayed before single cell sequencing. Two kidney renal clear cell carcinoma (KIRC) samples were collected from patients undergoing radical nephrectomy. The patients were not receiving any anti-tumor treatment therapy prior to sampling, including chemotherapy, radiotherapy, immunotherapy and Chinese medicine. All samples were sequenced using the Hiseq X10 (Illumina, San Diego, CA) with standard parameters. Preliminary sequencing files (.bcl) were converted to FASTQ files on CellRanger (version 3.0.2). R (version 3.5.2) and Seurat R package (version 3.1.1) were used for Quality Control (QC) and secondary analysis.



Paraffin-embedded tissue collection

Paired cancers and paracancerous tissues were derived from 114 colon cancer patients from the Affiliated Cancer Hospital of Guangxi Medical University. There were 64 males and 50 females with a mean age of 65.57 years, stage I-II 46 cases and stage III-IV 68 cases. All patients were diagnosed with colon cancer and had not received chemotherapy or radiotherapy before tissue collection. Tumor specimens are all derived from surgically excised specimens and the time between isolation and fixation does not exceed 30 minutes. Written informed consent was acquired from all patients. The study was approved by the Ethics and Anthropology Committee of the Affiliated Cancer Hospital of Guangxi Medical University. All experiments and methods were performed in accordance with relevant guidelines and regulations.



Immunohistochemical staining

All cancer specimens were immersed in formalin. Before staining, tissues were cut to 5 μm thickness and placed on glass slides. Endogenous peroxidase activity was inhibited and blocked by de-paraffinizing, rehydrating, and using 5% bovine serum albumin at 37°C for 30 min. The treated sections were incubated with anti-AIM2 (Signalway Antibody LLC, #36253) at 4°C overnight and washed three times with PBS. After that, incubation with secondary anti-peroxidation sunflower at 37°C for 30 minutes is required. After washing three times again with PBS, the sections were developed in diaminobenzidine and microscopic images were made by light microscopy.



Data collection

The UCSC XENA database was used to download the TCGA and GTEx RNA expression spectra and clinical data, respectively (25). The TCGA database contains a total of 33 common tumors, please refer to Supplementary Table 1 for the full names and abbreviations of the tumors. Copy number variation (CNV) data and methylation data were gathered from the TCGA. We used the GTEx database to analyze gene performance in normal tissues (26).



Survival analysis

We performed univariate Cox regression analysis and Kaplan-Meier survival analysis using the R package. Univariate Cox regression analysis was used to assess the correlation of the expression of AIM2 inflammasomes with overall survival (OS), disease-specific survival (DSS), and progression-free interval (PFI) (25). Kaplan-Meier survival profiles were used to analyze and contrast disparities in survival time (27).



Immune cell infiltration analysis

We analyzed the correlation of AIM2 inflammasomes with tumor-infiltrating immune cells, immune-activating genes, immune suppressor genes, chemokines, and chemokine receptors using single-sample gene set enrichment analysis (ssGSEA). Immune scores represented the infiltration of immune cells in tumor tissues.



Methylation analysis

DNA methylation maps of patients were downloaded from the TCGA database (27). Methylation datasets of matched tumors and normal specimens from 14 cancer types were studied. The spearman’s correlation coefficient was used to compute the correlation of paired mRNA expression with the methylation dataset, which was then subjected to the t-distribution test. False discovery rate (FDR) adjusted p-values were used to identify genes with an FDR ≤0.05. Cox regression was implemented to estimate the hazard (risk of death). The hypermethylation group exhibited worse survival if the hazard ratio was >0. Hyper-worse was classified as high risk; otherwise, it was considered low risk (26).



Pathway exploration for AIM2 inflammasomes at the single-cell level

To get further insight into the function and pathways of the AIM2 inflammasome in pan-cancer, we searched different databases. The Cancer Single-Cell State Atlas (CancerSEA) database (http://biocc.hrbmu.edu.cn/CancerSEA/) provides diverse functional states of specific genes at the single-cell level in different cancer types, allowing researchers to bypass the limitation of tumor heterogeneity. Correlations between AIM2 inflammasomes and functional states in various cancers were performed based on the CancerSEA database.



Evaluation of the AIM2 inflammasomes score

The AIM2 inflammasomes score was calculated based on ssGSEA using the AIM2 inflammasome-related gene set, which was downloaded from the GSEA database (AIM2_INFLAMMASOME_COMPLEX), to quantify the expression levels of these genes for each cancer. R software gene set variation analysis package was used to perform the ssGSEA, which calculated the enrichment score of a gene set in a given sample.



TIDE score analysis of AIM2 inflammasomes

A potential immune checkpoint blockade (ICB) response was predicted using the TIDE algorithm. TIDE utilizes a suite of gene expression markers to evaluate two separate mechanisms of tumor immune evasion, including dysfunction of tumor-infiltrating cytotoxic T lymphocytes (CTL) and rejection of CTL by immunosuppressive factors. Patients with high TIDE scores show a greater chance of tumor immune escape, and therefore, have a lower reaction rate to ICB treatment.



Drug sensitivity analysis

The small molecules (n = 265), cell lines(n=860) and genes(n=17419) were collected from the Genomics of Drug Sensitivity in Cancer (GDSC) database. Analysis of the correlations among gene expression and drug sensitivity according to the method employed by Rees et al. (28). The half maximal inhibitory concentration (IC50) values for drugs and gene expression profiles for all cancer cell lines were downloaded from the GDSC. The Spearman’s correlation coefficients of the transcript levels and IC50 were calculated.



Statistical analysis

Gene expression associations were estimated using Spearman’s correlation test. Student ‘s T test was used to compare the gene expression differences between the two groups. Kaplan-Meier survival curve was utilized to assess the prognostic significance of the indexes. Cox proportional risk models were applied to compute adjusted risk ratios. P < 0.05 was considered statistically significant (26).




Result


Differential expression of AIM2-related genes in pan-cancer and its impact on prognosis

We first assessed the expression of AIM2i-RGs in tumors and found that the expression of AIM2i-RGs differed in different tumors, suggesting that the expression pattern of AIM2i-RGs is tumor-specific (Figure 1A).




Figure 1 | Differential expression of AIM2 inflammasome-related genes (AIM2i-RGs) in pan-cancer and its impact on prognosis. (A) Expression analysis of AIM2i-RGs in 33 tumors. Red represents high expression and blue represents low expression. (B) Differential expression analysis of AIM2i-RGs. Red indicates high expression in the tumor, blue indicates low expression in the tumor, and the larger the circle the smaller the P-value (Student’s t-test). (C) Analysis of the prognostic effect of the expression of AIM2i-RGs. Blue indicates Hazard Rate (HR) <1 and red indicates HR >1. (**p < 0.01, ***p < 0.001; COX regression).



In a differential expression analysis of AIM2i-RGs in 33 tumors, we found that PYCARD had significantly higher expression in Bladder Urothelial Carcinoma (BLCA), Breast invasive carcinoma (BRCA), Cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), Colon adenocarcinoma (COAD), Esophageal carcinoma (ESCA), Glioblastoma multiforme (GBM), KIRC, Kidney renal papillary cell carcinoma (KIRP), Acute Myeloid Leukemia (LAML), Brain Lower Grade Glioma (LGG), Liver hepatocellular carcinoma (LIHC), Pancreatic adenocarcinoma (PAAD), Rectum adenocarcinoma (READ), Stomach adenocarcinoma (STAD), Testicular Germ Cell Tumors(TGCT), Thyroid carcinoma(THCA), and Uterine Corpus Endometrial Carcinoma(UCEC) (all P < 0.05). In contrast, CASP12 had significantly higher expression in CESC, COAD, ESCA, KIRP, Prostate adenocarcinoma (PRAD), READ, Skin Cutaneous Melanoma (SKCM), STAD, and TGCT and lower expression in BLCA, BRCA, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma (DLBC), KIRC, Lung adenocarcinoma (LUAD), Lung squamous cell carcinoma (LUSC), Ovarian serous cystadenocarcinoma (OV), PAAD, THCA, Thymoma(THYM), UCEC, and Uterine Carcinosarcoma(UCS) (all P < 0.05). AIM2 had significantly higher expression in DLBC, LAML, LUAD, LUSC, and PRAD and lower in BLCA, BRCA, CESC, COAD, ESCA, GBM, Head and Neck squamous cell carcinoma (HNSC), KIRC, LGG, OV, PAAD, SKCM, STAD, and THYM (all P < 0.05) (Figure 1B). In our analysis of the prognostic effect of the expression of AIM2i-RGs, we found that: High expression of the PYCARD showed a good prognosis in BRCA, STAD, and Uveal Melanoma(UVM)and was a protective factor for patients. High expression of the PYCARD showed a bad prognosis in KIRC, KIRP, and LGG and was a hazard factor for patients. High expression of CASP12 showed a good prognosis in GBM, HNSC, KIRC, PAAD, and SKCM. High expression of CASP12 showed a bad prognosis in KIRP, STAD, and UVM. High expression of the AIM2 showed a good prognosis in BLCA, OV, and SKCM. High expression of the AIM2 showed a bad prognosis in KIRC, KIRP, and UVM. High expression of CASP1 showed a good prognosis in MESO and STAD. High expression of CASP1 showed a bad prognosis in LAML, LGG, LIHC and THYM. High expression of CASP4 showed a good prognosis in MESO. High expression of CASP1 showed a bad prognosis in GBM, KIRC, LGG, LIHC, LUSC, PAAD (Figure 1C, all P < 0.05).



Analysis of AIM2i-RGs and gene mutation

We further investigated the genetic variation analysis of AIM2i-RGs in 33 different tumors and found that they were associated with CNV in the vast majority of tumors. For the CASP12, Het Amplification was the predominant type of CNV in DLBC, UVM, LGG, and Kidney Chromophobe (KICH). Het Deletion was the predominant type of CNV in READ, STAD, LUSC, UCEC, LIHC, THYM, BRCA, Cholangiocarcinoma (CHOL), ESCA, Adrenocortical carcinoma (ACC), BLCA, GBM, UCS, Sarcoma (SARC), HNSC, CESC, Pheochromocytoma and Paraganglioma (PCPG), SKCM, and TGCT. For the AIM2, Het Amplification was the predominant type of CNV in the majority of tumors, and Het Deletion was the predominant type of CNV in the AIM2 only in KICH (Figure 2A).




Figure 2 | Distribution of copy number variation (CNV) pie charts for AIM2 inflammasome-related genes (AIM2i-RGs) with oncogene variant analysis in 33 tumors (A) Each CNV pie chart represents the CNV combinations of homozygous/heterozygotes of each AIM2i-RGs in each tumor. A single pie represents the proportional distribution of the different types of CNVs for a single gene in single cancer, with different colors representing the different types of CNVs. Heterozygous Amplification and Heterozygous Amplification; Homozygous Amplification and Homozygous Amplification; Heterozygous Deletion and Heterozygous Deletion; Homozygous Deletion and Homozygous Deletion; None, no CNV. (B) Correlation of CNV with mRNA expression. The size of the points represents statistical significance; the larger the point, the higher the statistical significance (Spearman’s correlation test). (C) Single nucleotide variant (SNV) frequencies of AIM2i-RGs in 26 tumors. Color shades represent the magnitude of mutation frequencies. The number size represents the frequency of samples with the corresponding mutated gene for particular cancer. No number indicates that no mutation has occurred in any region of the gene, and “0” indicates that no mutation has occurred in the coding region of the gene. (D) SNV Oncoplot. The side and top bar graphs show the number of variants in each sample or gene.



We analyzed the correlation between the expression levels of AIM2i-RGs and CNV. The expression of CASP1 was positively correlated with CNV in STAD, KIRP, TGCT, THYM, LUAD, CESC, BLCA, LUSC, PAAD, ESCA, OV, SKCM, BRCA, and HNSC (Figure 2B, all p < 0.05). The expression of AIM2 was positively correlated with CNV in KIRP, KIRC, KICH, THYM, and CESC and negatively correlated with CNV in LIHC, STAD, LUAD, PAAD, SKCM, BRCA, and HNSC (Figure 2B, all p < 0.05). The above results show that CNV was one of the factors contributing to the elevated expression of the genes mentioned above.

We analyzed the mutations and variant types of AIM2i-RGs in each tumor (Figure 2C) and found that among the five genes, CASP1 had a higher percentage of single nucleotide variants (SNVs) in UCEC (32%). AIM2 had a higher percentage of SNVs in UCEC, SKCM, LUSC, COAD, STAD, LUAD, and OV, with AIM2 accounting for the highest proportion of SNVs in UCEC (21%). CASP4 had a higher percentage of SNVs in UCEC, SKCM, LUSC, COAD, STAD, and LUAD, with CASP4 accounting for the highest proportion of SNVs in UCEC (19%). Generally, PYCARD had a low proportion of SNV in the pan-cancer gene variants, with a maximum of 3% SNV in UCEC (Figure 2C). Missense mutations were the most common type of singly nucleotide polymorphisms (SNPs) for the above five genes in pan-cancer (Figure 2D), with CASP1 accounting for the highest percentage of SNPs at 39%. The remaining genes were AIM2 (33%), CASP4 (29%), PYCARD (9%), and CASP12 (7%) (Figure 2D).



Differential analysis of methylation of AIM2i-RGs in pan-cancer

Changes in DNA methylation have been observed in a variety of cancers, and they are thought to contribute to carcinogenesis. We analyzed the differential methylation of AIM2i-RGs in 14 tumors to better understand the mechanisms by which AIM2i-RGs affect tumorigenesis. We found that among the 14 tumors, AIM2 had low methylation levels in 12 tumors (PRAD, ESCA, UCEC, KIRP, COAD, BLCA, LIHC, LUAD, LUSC, HNSC, KIPC, and BRCA), on the other hand, AIM2 had high methylation levels in only one tumor (THCA) (all P < 0.05). PYCARD had high methylation levels in PRAD, THCA, UCEC, COAD, BLCA, and LUAD, and low methylation levels in PAAD, ESCA, LIHC, HNSC, KIRC, and BRCA (all P < 0.05) (Figure 3A). Meanwhile, by analyzing the correlation between the expression of AIM2i-RGs and methylation in 33 tumors, we also found that the expression of AIM2 was negatively correlated with methylation in SKCM, THCA, LUAD, ACC, COAD, BLCA, TGCT, LGG, KIRP, BRCA, Rectum adenocarcinoma Esophageal carcinoma (READ), LUSC, SARC, KIRC, LIHC, STAD, LAML, HNSC, CESC, UVM, ESCA, Mesothelioma (MESO), UCEC, PRAD, PAAD, KICH, PCPG, Lymphoid Neoplasm Diffuse Large B-cell Lymphoma (DLBC), THYM, and CHOL (all P < 0.05). The expression of PYCARD was negatively correlated with methylation in SKCM, THCA, LUAD, ACC, COAD, BLCA, TGCT, LGG, KIRP, BRCA, READ, LUSC, SARC, KIRC, LIHC, STAD, LAML, HNSC, CESC, UVM, ESCA, MESO, UCEC, PRAD, PAAD, KICH, GBM, PCPG, and THYM (all P < 0.05). The expression of CASP1 was negatively correlated with the methylation levels in SKCM, THCA, LUAD, ACC, COAD, BLCA, TGCT, LGG, KIRP, BRCA, READ, LUSC, SARC, KIRC, LIHC, STAD, LAML, HNSC, CESC, UVM, ESCA, UCEC, PRAD, PAAD, KICH, GBM, PCPG, UCS, and CHOL (all P < 0.05) (Figure 3B).




Figure 3 | Differential methylation analysis of AIM2 inflammasome-related genes in pan-cancer (A) Differential methylation of AIM2i-RGs in 14 tumors. The different shades of color indicate the magnitude of the methylation levels, with red dots representing increased methylation in tumors and blue dots representing decreased methylation in tumors (Student’s t-test). (B) Correlation of methylation with the mRNA gene expression. The different shades of color indicate the magnitude of the correlation, with red dots representing positive correlation and blue dots representing negative correlation (Spearman’s correlation test).





Drug sensitivity analysis of AIM2i-RGs

Genomic aberrations influence clinical response to therapy, which could be used as a potential biomarker for cancer drug screening. We integrated drug sensitivity (IC50) and gene expression profile data to better understand the role of AIM2i-RGs in chemotherapy or targeted therapy. Spearman’s correlation analysis showed that the expression of CASP4, PYCARD, CASP1, and AIM2 was negatively correlated with drug sensitivity to AUY922, Bosutinib, dimethyloxallyl glycine (DMOG), and Z-LNle-CHO (all P < 0.05) (Figure 4). These results suggest that modulating the expression of AIM2i-RGs may help improve sensitivity to chemotherapy and targeted drug therapy.




Figure 4 | Drug sensitivity analysis of AIM2 inflammasome-related genes. Correlation of Genomics of Drug Sensitivity in Cancer(GDSC) drug sensitivity with mRNA expression. The shades of the color indicate the size of the correlation, red dots represent positive correlation and blue dots represent negative correlation. The size of the dots represents the statistical significance, the larger the dot, the higher the statistical significance (Spearman’s correlation test).





Immunohistochemical validation of AIM2 expression

We examined the expression of AIM2 in 114 pairs of colorectal cancers versus paracancerous using immunohistochemistry and showed that AIM2 was significantly low expressed in colorectal cancers (Figures 5A, B, P=0.026). Survival analysis suggested that the OS of colorectal cancer patients in the low AIM2 group was significantly lower than that in the high expression group (Figure 5C, P=0.036), which was consistent with our analysis and previous reports (29–32).




Figure 5 | Immunohistochemical validation of AIM2 expression and prognosis. (A) Representative images of immunohistochemical detection of AIM2 expression in colorectal cancer. (B) Statistical results of AIM2 expression. (Green point represents mean values; Student’s t-test) (C) Survival analysis of AIM2. Patients were divided into high and low expression groups based on AIM2 expression (Log-rank test).





Differential expression of the AIM2 inflammasomes score and correlation with staging

We constructed an AIM2 inflammasomes score based on the ssGSEA algorithm to comprehensively assess the status of the AIM2 inflammasomes. We explored the association between the AIM2 inflammasomes score and AIM2i-RGs, and the results showed that the AIM2 inflammasomes score was significantly positively correlated with AIM2i-RGs (Figure 6A). Additionally, we observed significant strong correlations between AIM2i-RGs, suggesting a close association between the AIM2i-RGs (Figure 6A). In GTEx and TCGA, we estimated AIM2 inflammasomes scores between tumor and normal samples from 33 cancers. AIM2 inflammasomes scores were significantly increased in cancer samples than in normal samples, including in BLCA, CESC, COAD, DLBC, ESCA, GBM, HNSC, KIRC, KIRP, LAML, LGG, LIHC, OV, PAAD READ, SKCM, STAD, and TGCT (all P < 0.05). AIM2 inflammasomes scores were expressed at lower levels in BRCA, LUAD, LUSC, PRAD, THYM, and UCS than in normal samples (all P < 0.05) (Figure 6B). Most tumors had higher AIM2 inflammasomes scores than normal samples, suggesting that AIM2 inflammasomes may play a vital role in tumor development.




Figure 6 | Differential expression of the AIM2 inflammasomes scores. (A) Correlation analysis of AIM2 inflammasome-related genes expression. The shades of color indicate the magnitude of the correlation, with red dots representing positive correlation and blue dots representing negative correlation. The size of the dots represents the correlation coefficient, the larger the dot, the stronger the correlation (Spearman’s correlation test). (B) AIM2 inflammasomes scores between tumor and normal samples for 33 cancers. *p < 0.05, ***p < 0.001, and ****p < 0.0001 ; ns, no statistical significance. (Student’s t-test).



We further investigated the pan-cancer expression levels of the AIM2 inflammasomes scores at different stages. We found that AIM2 inflammasomes scores were significantly elevated in the early stages in COAD, HNSC, and LIHC (all P < 0.05). In contrast, AIM2 inflammasomes scores were only detected in KIRC with elevated scores in the late tumor stages (Supplementary Figure 1).



Prognostic significance of the AIM2 inflammasomes score in tumors

To explore the correlation between the expression of AIM2 inflammasomes and tumor survival, we performed OS, DSS, and PFI analyses based on the AIM2 inflammasomes score. The results of Kaplan-Meier survival curves for AIM2 inflammasomes score in different tumors are shown in Supplementary Figures 2–4 (all P < 0.05). We explored the prognostic significance of the AIM2 inflammasomes scores, using univariate Cox regression analysis. The OS results showed that high AIM2 inflammasomes scores showed a good prognosis in ACC, BLCA, BRCA, CHOL, LIHC, LUAD, MESO, READ, SARC, STAD, and THCA and were protective factors for patients. High AIM2 inflammasomes scores showed a bad prognosis in KIRC, LAML, LGG, LUSC, PAAD, THYM, UCS, and UVM and were hazard factors for patients (all P < 0.05) (Figure 7A). The DSS results showed that high AIM2 inflammasomes scores showed a good prognosis in ACC, BLCA, CHOL, LIHC, LUAD, MESO, SARC, SKCM, STAD, THCA, and UCS and were protective factors for patients. High AIM2 inflammasomes scores showed a bad prognosis in KIRC, LGG, LUSC, PAAD, UCEC, and UVM and were hazard factors for patients (all P < 0.05) (Figure 7B). The PFI results showed that high AIM2 inflammasomes scores showed a good prognosis in ACC, BLCA, BRCA, CHOL, COAD, LIHC, LUAD, LUSC, MESO, READ, SKCM, STAD, TGCT, and THCA and were protective factors for patients. High AIM2 inflammasomes scores showed a bad prognosis in GBM, KIRC, KIRP, LGG, PAAD, PRAD, THYM, and UVM and were hazard factors for patients (all P < 0.05) (Figure 7C). These results suggest that AIM2 inflammasomes scores have the potential to supplement traditional prognostic predictors and aid in the prediction of prognosis in patients with a wide range of tumors.




Figure 7 | A Forest plot of the univariate Cox regression analysis of AIM2 inflammasomes. (A) OS is overall survival (COX regression). (B) DSS is disease-specific survival (COX regression). (C) PFI is the progression-free interval (COX regression).





Analysis of the function of the AIM2 inflammasomes score at the single-cell level

We analyzed the correlation between AIM2 inflammasomes scores and 14 functional states in different tumors using CancerSEA data. The AIM2 inflammasomes scores were positively correlated with apoptosis in ALL, AML, CML, HNSCC, and MEL, and negatively correlated with apoptosis in UM (all P < 0.05). The AIM2 inflammasomes scores were positively correlated with inflammation in AML, BRCA, NSCLC, PC, and RB, and negatively correlated with inflammation in CML, MEL, and UM (all P < 0.05). The AIM2 inflammasomes scores were positively correlated with metastasis in AML, CML, HNSCC, and NSCLC, and negatively correlated with metastasis in LUAD and UM (all P < 0.05) (Figure 8).




Figure 8 | Correlation of the AIM2 inflammasomes scores with 14 functional status in different tumors. Red represents positive correlation and blue represents negative correlation. **p < 0.01, and ***p < 0.001 (Spearman’s correlation test).





Correlation of the AIM2 inflammasomes score with tumor purity

When we examined the correlation between AIM2 inflammasomes scores and tumor-infiltrating immune cells in 33 tumors, we found that AIM2 inflammasomes scores had a significant positive correlation with the levels of T cell follicular helper, natural killer (NK) cell activated, macrophage M2, T cell CD8, and macrophage M1 infiltration in most tumors. Additionally, the AIM2 inflammasomes score showed a negative correlation with T cell CD4 naïve infiltration levels in ACC, BLCA, LGG, LIHC, PRAD, SARC, TGCT, THCA, and THYM (all P < 0.05) (Figure 9).




Figure 9 | Immune cell infiltration analyses. Relevance of the AIM2 inflammasomes scores to tumor-infiltrating immune cells in 33 tumors. The red color indicates a positive correlation and the blue color indicates a negative correlation. **p < 0.01, and ***p < 0.001. (Spearman’s correlation test).



In an analysis of the tumor ImmuneScore, the AIM2 inflammasomes score was found to be positively correlated with the level of immune cell infiltration in GBM, PRAD, ESCA, CESC, MESO, OV, UCEC, PAAD, SARC, COAD, LUAD, BLCA, KIRP, BRCA, STAD, LUSC, TGCT, LIHC, THYM, SKCM CHOL, LAML, KICH, UVM, KIRC, READ, UCS, THCA, LGG, ACC, HNSC, DLBC, and PCPG (all P < 0.05) (Figure 10A and Supplementary Figure 5). In an analysis of the tumor StromalScore, the AIM2 inflammasomes score was positively correlated with the stromal cell score in PCPG, ACC, KICH, LGG, CHOL, PRAD, KIRP, LUSC, UCS, LUAD, BRCA, PAAD, GBM, THYM, STAD, LIHC, SARC, THCA, KIRC, and COAD (all P < 0.05). The AIM2 inflammasomes score was negatively correlated with stromal cell score in CESC, HNSC, and LAML (all P < 0.05) (Figure 10B). In the analysis of the tumor MicroenvironmentScore, the AIM2 inflammasomes score was positively correlated with the tumor microenvironment score in TGCT, PCPG, LGG, THCA, KICH, ACC, KIRC, UCS, KIRP, UVM, CHOL, SARC, LUAD, GBM, LAML, LIHC, BRCA, PRAD, OV, STAD, MESO, LUSC, UCEC, PAAD, THYM, DLBC, CESC, SKCM, READ, BLCA, ESCA, COAD, and HNSC (all P < 0.05) (Figure 10C).




Figure 10 | Correlation of AIM2 inflammasomes scores with tumor purity (A) Correlation of AIM2 inflammasomes scores with tumor Immune Score (Spearman’s correlation test). (B) Correlation of AIM2 inflammasomes scores with tumor Stromal Score (Spearman’s correlation test). (C) Correlation of AIM2 inflammasomes scores with tumor Microenvironment Score (Spearman’s correlation test) (all P < 0.05).





Correlation of the AIM2 inflammasomes score with immune-related genes

Immune checkpoint genes have been shown to have a significant effect on immune cell infiltration and immunotherapy. Thereafter, we explored the association between AIM2 inflammasomes scores and immune checkpoint genes (ICG) in human tumors to explore the potential of AIM2 inflammasomes in immunotherapy. The results of the correlation between AIM2 inflammasomes scores and ICG showed that in the vast majority of tumors, AIM2 inflammasomes scores were positively correlated with the expression of LGALS9, CD86, PDCD1LG2, HAVCR2, LAIR1, CD48, ICOS, PDCD1, TIGIT, CD27, and LAG3, and negatively correlated with the expression of TNFSF9 (all P < 0.05) (Figure 11A). Additionally, we investigated the correlation between AIM2 inflammasomes scores and 23 immunosuppressive genes. The AIM2 inflammasomes score was positively correlated with the expression of LGALS9, PDCD1LG2, HAVCR2, CD96, CD244, TIGIT, LAG3, PDCD1, CTLA4, IDO1, and BTLA in the majority of tumors (all P < 0.05) (Figure 11B). The results of the correlation between AIM2 inflammasomes scores and 46 immune-activating genes in pan-cancer showed that the AIM2 inflammasomes score was positively correlated with KLRK1, CD27, TNFSF13B, CD86, CD48, TMIGD2, TNFRSF18, LTA, TNFRSF17, TNFRSF13B, TNFRSF4 CD40LG, CD28, CD70, KLRC1, CD80, TNFRSF9, IL2RA, TNFRSF8, C10orf54, TNFSF14, MICB, TMEM173, CD40, and ENTPD1 in the vast majority of tumors (all P < 0.05) (Figure 11C). Additionally, we investigated the correlation of AIM2 inflammasomes scores with chemokines and their receptor genes. The results showed that the AIM2 inflammasomes scores were positively correlated with the expression of CCL5, CXCL13, CXCL11, CXCL9, CXCL10, CCL3, XCL2, CCL4, XCL1, CCL21, CCL8, CCL13, CCL22, CCL23, and CCL19 chemokine genes in the vast majority of tumors, and negatively correlated with the expression of CCL11, CCL26, and CXCL2 (all P < 0.05) (Figure 11D). The AIM2 inflammasomes score was positively correlated with CXCR3, CXCR6, CCR5, CCR2, CCR1, XCR1, and CCR7 chemokine receptor genes and negatively correlated with CXCR1, CX3CR1, CCR3, and CCR8 in the vast majority of tumors (all P < 0.05) (Figure 11E).




Figure 11 | Association of AIM2 inflammasomes scores with immune-related genes. (A) Relevance between AIM2 inflammasomes scores and immune checkpoint in human tumors (Spearman’s correlation test). (B) Correlation between AIM2 inflammasomes scores and immunosuppressive genes in human tumors (Spearman’s correlation test). (C) Correlation between AIM2 inflammasomes scores and immune activation genes in human tumors (Spearman’s correlation test). (D) Correlation between AIM2 inflammasomes scores and chemokines in human tumors (Spearman’s correlation test). (E) Correlation between AIM2 inflammasomes scores and chemokine receptors in human tumors (Spearman’s correlation test). **p < 0.01, and ***p < 0.001.





Correlation of the AIM2 inflammasomes score with the markers of immunotherapeutic response

Tumor immune escape can be monitored to predict the survival of patients with cancer treated with drugs. AIM2 inflammasomes scores were positively correlated with tumor mutation burden (TMB) in GBM, UVM, PCPG, UCS, KICH, LGG, READ, HNSC, THCA, KIRC, SKCM, STAD, COAD, MESO, BRCA, SARC, CESC, LIHC, KIRP, PAAD, ESCA, BLCA, UCEC, PRAD, LUSC, and OV (all P < 0.05) (Figure 12A). Thus, AIM2 inflammasomes scores were positively correlated with TMB in a majority of tumors. We also analyzed the correlation between AIM2 inflammasomes scores and microsatellite instability (MSI) with the following results. In KIRC, the AIM2 inflammasomes scores were positively correlated with MSI (all P < 0.05). The AIM2 inflammasomes scores were negatively correlated with MSI in GBM, STAD, SARC, CESC, LIHC, and TGCT (all P < 0.05) (Figure 12B). Currently, TIDE scores are the most promising marker of ICB response. TIDE scores have been reported to be more accurate than programmed death-1 (PD-L1) expression levels and TMB in predicting survival outcomes in cancer patients treated with ICB agents. Patients with high TIDE scores have a higher chance of tumor escape, therefore, they exhibit lower response rates to ICB therapy. In our analysis of TIDE and AIM2 inflammasomes scores for 22 tumors, we observed a negative correlation between all AIM2 inflammasomes scores and TIDE scores, which was significant in LAML, UCEC, OVM, SARC, UVM, OVR, and BRCA (Figure 12C) (Supplementary Figure 6). These results suggest that AIM2 inflammasomes may be associated with ICB response and may be a potential marker for ICB treatment.




Figure 12 | Relationship between AIM2 inflammasomes scores and markers of immunotherapeutic response in human cancers. (A) Correlation of AIM2 inflammasomes scores with tumor mutation burden in cancer (Spearman’s correlation test). (B) Correlation of AIM2 inflammasomes scores with microsatellite instability in cancer (Spearman’s correlation test). (C) Correlation of AIM2 inflammasomes scores with tumor immune dysfunction and exclusion scores. *p < 0.05, **p < 0.01, and ***p < 0.001 (Spearman’s correlation test).





Single-cell transcriptome analysis of the AIM2 inflammasomes in the KIRC tumor microenvironment

scRNA-seq was performed on two in-house KIRC samples. Following QC using Seurat, 13124 high-quality single-cell transcriptome information was used for subsequent analysis. Cell clustering analysis based on the t-Distributed Stochastic Neighbor Embedding (tSNE) algorithm showed that the above cells could be classified into 11 clusters, namely KIRC1, KIRC2, KIRC3, monocyte1, monocyte2, macrophage, mast cells, endothelial cells, NK cells, CD4+ T cells, and CD8+ T cells (Figure 13A). Marker genes were significantly differentially expressed in different cell clusters (Supplementary Figure 7). Additionally, we found that tumor cells from two different sources of KIRC samples shared the same cluster (KIRC3) and unique clusters (KIRC1 and KIRC2) (Figure 13B). The above results suggest that KIRC cell types are heterogeneous. We used ssGSEA to impute AIM2 inflammasomes scores for KIRC tumor microenvironment cells and compared the differences in AIM2 inflammasomes scores across cell types (Figure 13C). Interestingly, we found significant differences in AIM2 inflammasomes scores across different cells (Figure 13D). Monocyte1 had significantly higher AIM2 inflammasomes scores than any of the other cells, suggesting AIM2 inflammasomes were significantly activated in the KIRC tumor microenvironment (P < 0.05). KIRC cells had the lowest AIM2 inflammasomes score, suggesting that the AIM2 inflammasomes reflect the tumor microenvironment rather than the tumor itself. The AIM2 inflammasomes scores differed significantly among the different KIRC cell clusters, suggesting that AIM2 inflammasomes may be a characteristic of KIRC cells. These results suggest that AIM2 inflammasomes are significantly different in different cells of the KIRC tumor microenvironment and that targeting AIM2 inflammasomes may be a breakthrough in regulating the tumor microenvironment.




Figure 13 | Single-cell transcriptomic atlas of Kidney renal clear cell carcinoma (KIRC). (A) A tSEN plot of KIRC samples with 11 distinct cell types. (B) A tSEN plot of KIRC from two different samples. (C) A tSEN plot of AIM2 inflammasomes scores in different cell types. (D) Comparison of AIM2 inflammasomes scores in different KIRC tumor microenvironment cells. The blue horizontal line on the violin plot indicates the median AIM2 inflammasomes score. The letters at the top indicate whether there is a statistical difference between the two cells. Different letters indicate that the difference is statistically significant (Student’s t-test).






Discussion

We illustrate the process of this article by making a graphical abstract (Supplementary Figure 8).

AIM2 inflammasomes, the prototype and most characteristic member of ALR, induce caspase-1 activation by aggregating an adaptor protein called ASC (CARD-containing apoptosis-specific protein) after recognizing ds DNA. This activation leads to the maturation and release of the inflammatory cytokines such as interleukin (IL)-1β and pre-IL-18, resulting in activity proptosis (5). Extensive evidence suggests that AIM2 inflammasomes are correlated with tumor progression, treatment response and prognosis (14). Furthermore, AIM2 inflammasomes play a key role in preventing tumorigenesis by regulating host immunity (8). Previous studies have shown that AIM2 inflammasomes inhibit the occurrence and development of liver cancer (14), while promotes the occurrence and development of skin SCC (30). Therefore, that the role of AIM2 inflammasomes is variable, and AIM2 inflammasomes are a double-edged sword against cancer in that they can prevent or promote tumor development in depending on cancer type. Studying the application of AIM2 inflammasomes in different types of cancer may have important implications. Although studies on AIM2 inflammasomes have been specifically reported in some cancers, its relationship with immunity remains unclear. In this study, we analyzed the tumorigenic and prognostic value of AIM2 inflammasomes in various tumor types.

First, we analyzed the expression of AIM2i-RGs, gene changes, and immune invasion in the TCGA tumor types. We found that AIM2 inflammasomes were widely expressed in a variety of tissues and that their expression was upregulated in most tumors, with the expression levels of GBM, KIRC, and LAML being significantly upregulated.

The association between AIM2 inflammasomes and survival was assessed to further clarify the role of AIM2 inflammasomes in clinical risk stratification. Survival analysis showed that AIM2 overexpression was correlated with OS, DSS, and PFI. High expression of AIM2 is associated with poor prognosis of some tumor types, including KIRC, UVM, PAAD, and LGG. At the same time, previous studies have found that the loss of AIM2 expression has a close relationship with the low survival rate of patients with colorectal cancer (33). Compared with normal liver tissues, the relative expression levels of AIM2 mRNA and protein in liver cancer tissues were significantly downregulated, and their expression levels were significantly negatively associated with disease-related clinical indicators such as tumor volume, size, clinical stages, and pathological grade. Overexpression of AIM2 in vitro promoted the formation of the AIM2-ASC-Caspase 1 inflammatory vesicle complex and inhibited the activation of the mTORC1 signaling pathway through the activation of inflammasomes, which had oncogenic effects; on the contrary, inhibition of AIM2 expression promoted the deterioration of HCC (34).

Epigenetic changes in genes encoding inflammasome components often confer cancer susceptibility (35). Differential methylation analysis showed in the 10 AIM2i-RGs are hypomethylated, including BRCA, HNSC, etc. Thus, our findings could provide a basis for further studies on the methylation of AIM2 inflammasomes in tumorigenesis and progression. Previous studies have shown that AIM2 significantly inhibits the PI3K/AKT pathway, which has been shown to inhibit the development of colon tumors (36). Meanwhile, AIM2 inhibited colon cancer cell proliferation by inducing cell cycle arrest in the G2/M phase (37). Therefore, we can speculate that mutations in AIM2i-RGs may disrupt the gene replication cycle and function, and participate in the occurrence and development of tumors.

To better explore the association between AIM2i-RGs and clinical treatment, we studied the correlation between related genes and drugs and found that the expression level of AIM2i-RGs was correlated with the sensitivity of drugs, including AICAR, AT-7519, Bosutinib, DMOG, and Z-LLNLE-CHO. Previous studies have shown that TET2, plays a significant role in myeloid malignancies and inflammatory responses. TET2 was found to be strongly associated with the expression of AIM2 (38), and DMOG inhibits TET2 expression (39). Therefore, we can speculate that DMOG can regulate TET2 and affect the occurrence and development of myeloid malignancies by controlling the expression of AIM2i-RGs.

We further analyzed the association between AIM2 inflammasomes and tumor immunity. We assessed the correlation between common immune checkpoints and the expression of AIM2 inflammasomes. The strong correlation of AIM2 inflammasomes with several genes suggested that AIM2 inflammasomes may be a new target for tumor therapy. Previous studies have confirmed that TMB is positively correlated with tumor immunotherapy efficacy; the higher the tumor mutation load, the better is the efficacy of immune checkpoint inhibitors (40, 41). The expression of AIM2 inflammasomes in most tumors was positively related to TMB. Therefore, AIM2 inflammasomes was associated with increasing TMB, suggesting that AIM2 inflammasomes can be used to predict the curative effect of tumor immunotherapy. We found that the AIM2 inflammasomes score was significantly correlated with CXCR3, CXCR6, CCR5, CCR2, CCR1, CCR7, and other signaling molecules. Some studies show that CCL19 treatment could stronger the inhibiting effects of AIM2 overexpression on cell proliferation, migration, and invasion through CCR7. Therefore, CCL19 can activate the CCR7/AIM2 signaling pathway, suggesting that it could be a potential therapeutic method to treating gastric cancer (42).

The study has several limitations. This study only provides preliminary findings that AIM2 inflammasomes are associated with tumor progression in a variety of tumors, and more experimental work is needed to determine the precise molecular function and mechanisms of AIM2 inflammasomes in tumorigenesis. Further studies at cellular and molecular levels should be performed to substantiate our results. We lack direct evidence that AIM2 inflammasomes are involved in immune infiltration to influence prognosis. Meanwhile, the mechanisms by which AIM2 inflammasomes are involved in regulating immunity remains unclear. Additionally, we lack specific and complete cases with data to identify the function of the drugs in inhibiting tumor growth. Finally, of the five genes used in the construction of the AIM2 inflammasomes score, PYCARD, CASP1, CASP4 and CASP12 were not specific to AIM2 inflammasomes and may have an impact on the accuracy and specificity of the score. Further assessment is required after AIM2 inflammasomes-specific markers have been identified.



Conclusion

In summary, we performed the first comprehensive analysis of AIM2 inflammasomes in pan-cancer and found that AIM2 inflammasomes are aberrantly expressed in a variety of methylated tumors. AIM2 inflammasomes are closely associated with tumor development and prognosis. Additionally, AIM2 inflammasomes are closely associated with immune checkpoints and regulatory genes. These results suggest that AIM2 inflammasomes seems to be very variable among cancer types and have the potential to become a new therapeutic target, therefore it must be investigated independently on each cancer type.
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