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Background

A Disintegrin and Metallopeptidase with Thrombospondin Type 1 Motif 12 (ADAMTS12), a member of the ADAMTS family of multidomain extracellular protease enzymes, is involved in the progression of many tumors. However, a pan-cancer analysis of this gene has not yet been performed. Its role in pancreatic adenocarcinoma (PAAD) also remains unclear.



Methods

The Cancer Genome Atlas (TCGA) and Genotype-Tissue Expression data (GTEx) databases were used to analyze ADAMTS12 expression in pan-cancer. We assessed the expression, clinical characteristics, prognostic significance, copy number alteration, methylation, and mutation of ADAMTS12 and its correlation with the tumor immune microenvironment. qRT-PCR and immunohistochemistry assays were also performed to validate the expression of ADAMTS12 in PAAD.



Results

Through bioinformatics analysis and preliminary experimental verification, ADAMTS12 was found to be substantially overexpressed in PAAD. High expression level of ADAMTS12 was correlated with worse survival rates in patients with PAAD and high infiltration levels of tumor-associated macrophages, cancer-associated fibroblasts, immune checkpoint proteins, and immunosuppressive genes.



Conclusion

Our findings suggest ADAMTS12 as a potential prognostic biomarker in PAAD. Elevated ADAMTS12 expression may also indicate an immunosuppressive microenvironment.
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Introduction

Pancreatic adenocarcinoma (PAAD) is the most common primary malignancy of the pancreas, with a 5-year survival rate of less than 10% (1). As a major public health challenge, it is of the utmost urgency to explore the potential mechanisms and identify the crucial biomarkers of PAAD. This will facilitate its diagnosis, prognosis, and treatment.

A significant body of evidence suggests that the tumor microenvironment (TME) plays an important role in the progression of PAAD, where it weakens the response of patients with PAAD to treatment (2, 3). Immune cells and stromal cells in the TME, such as tumor-associated macrophages (TAMs) and cancer-associated fibroblasts (CAFs), are generally remodeled by tumor cells to promote tumor progression (4, 5). For example, Ye H et al. reported that TAMs promote the Warburg effect of pancreatic ductal adenocarcinoma by activating the CCL18/NF-kB/VCAM-1 pathway (6). Thus, identifying TME-relative biomarker genes is crucial to elucidating the underlying mechanisms of tumorigenesis and Development.

A Disintegrin and Metallopeptidase with Thrombospondin Type 1 Motif 12 (ADAMTS12), a member of the ADAMTS family of proteins, is involved in the progression of many tumors (4, 7). The elevated expression of ADAMTS12 in colorectal cancer has been found to promote tumor progression through the activation of the Wnt/β-catenin pathway (8). While ADAMTS12 has also been reported to affect the inflammatory response of pancreatitis (9), and also act as a tumor suppressor gene in lung adenocarcinoma (10). However, its role in pan-cancer and especially in PAAD remains unclear.

In this study, the role of ADAMTS12 in pan-cancer was comprehensively analyzed using data from the TCGA database, which includes data on expression, clinical features, prognostic significance, copy number alteration (CNA), DNA methylation level, and genomic mutation. The association between ADAMTS12 expression, the tumor immune microenvironment (TIME), was also assessed. Our findings revealed that high ADAMTS12 expression predicted immunosuppressive TME in PAAD, leading to lower survival rates among patients. Our study implicates the targeting of ADAMTS12 as a potential method of anti-cancer therapy.



Materials and Methods


Data Collection

RNAseq data and clinical information from the TCGA, GTEx, and Cancer Cell Line Encyclopedia (CCLE) projects were obtained through the UCSC Xena database (https://xenabrowser.net/datapages/). The mutant information, CNA, and methylation level of ADAMTS12 in pan-cancer were obtained from the cBioportal database (https://www.cbioportal.org/).



Cell Lines

The human pancreatic cancer cell lines BxPC-3 and CFPAC and the normal pancreatic ductal epithelial cell line HPNE were obtained from the Chinese Academy of Sciences (Shanghai, China). BxPC-3 cells were cultured in RPMI 1640 medium (Hyclone) containing 10% fetal bovine serum (FBS, Gibco, New York, USA). The CFPAC and HPNE cells were cultured in DMEM supplemented with 10% FBS.



qRT-PCR of ADAMTS12

Total RNA was isolated and purified from PAAD cells and normal pancreatic ductal epithelial cells using the miRNeasy Mini Kit (Qiagen, Maryland, USA), following the manufacturer’s instructions. Quantitative PCR (qPCR) analysis of samples was performed using PrimeScript RT Reagent Kit (Takara, Otsu, Japan), following the manufacturer’s instructions. β-actin was used as the control gene. The target genes and primers were designed as follows: ADAMTS12 forward: 5’-CAGAAAGGACATCTTGCTGG-3’ and reverse: 5’-TCCTGGCAGAAGGTGCATTC-3’; β-actin forward 5’-CCAACCGCGAGAAGATGACC-3’ and reverse 5’-GAGTCCATCACGATGCCAGT-3’. The Student’s t test was used for qRT-PCR experiments.



Immunohistochemistry

Pancreatic cancer tissues and adjacent normal pancreatic tissues were obtained from pancreatic cancer patients. The research protocols were approved by the Research Ethics Committee of Sir Run Run Shaw Hospital, Zhejiang University School of Medicine (ID: 20210728-31). All participants gave written consent authorizing the analysis of their tissue samples and medical information for scientific research.

After dewaxing and rehydration, tissue sections were put in EDTA solution, and antigen recovery was performed at 100°C for 30 min. After natural cooling to room temperature, an endogenous peroxidase blocker was used to block endogenous peroxidase activity for 15 min. After washing twice in PBS, tissue sections were incubated with the primary antibody anti-ADAMTS12 (ab203102, Abcam); anti-CD 163 (ab182422, Abcam); or anti-TGF beta 1 (AF1027, Affinity), at 4°C overnight. The next day, the tissue sections were washed twice in PBS and were then incubated with a secondary antibody at room temperature for 1 h. The immunohistochemical reactions were visualized with 3,3,0-diaminobenzidine (DAB), and hematoxylin was used for nuclear staining in all tissue sections. The protein levels were evaluated based on the percentage of positive cells and staining intensity (0, negative; 1+, weak; 2+, moderate; 3+, strong).



Prognostic Significance of ADAMTS12

Kaplan-Meier and univariate Cox regression (uniCox) analyses were used to evaluate the role of ADAMTS12 in the survival of patients with pan-cancer using the R packages “survminer” and “survival.” Specifically, Kaplan-Meier analysis was used to analyze Overall Survival (OS), while univariate cox analysis was used to analyze OS, disease-specific survival (DSS), disease-free interval (DFI), and progression-free interval (PFI).



Gene Set Enrichment Analysis

The association between ADAMTS12 and all protein-coding mRNAs was evaluated in PAAD, and the Pearson’s correlation coefficients were calculated. Genes correlated with ADAMTS12 expression in PAAD (p < 0.05) were ranked from positive correlation to negative correlation and subjected to GSEA using the R package “clusterProfiler”.



TME Analysis

The R package “ESTIMATE” was used to evaluate stromal and immune scores using TCGA pan-cancer data. Three different methods were employed to evaluate the correlation between ADAMTS12 expression level and the infiltration scores of different immune cells. (1) The TIMER2 database was used to explore the association between ADAMTS12 and the infiltration level of TAMs and CAFs. (2) The infiltration data of 26 immune cells from the TCGA pan-cancer data was downloaded from a published paper (11), and correlation analysis was performed. (3) The infiltration data of 24 immune cells from 33 tumor types on the ImmuCellAI database (http://bioinfo.life.hust.edu.cn/ImmuCellAI#!/) was downloaded, and correlation analysis was also conducted.




Results


Expression Analysis of ADAMTS12

The expression of ADAMTS12 was evaluated in 33 tumor types. We observed that ADAMTS12 was overexpressed in 13 of 33 tumor types, which comprise BRCA, CHOL, COAD, DLBC, ESCA, GBM, HNSC, KIRC, LGG, PAAD, READ, STAD, and TGCT (Figure 1A). Among tumor tissues from TCGA, we found that ADAMTS12 expression was highest in PAAD and lowest in LAML (Figure 1B). For normal human tissues from the GTEx database, ADAMTS12 expression was highest in adipose tissue and lowest in bone marrow tissue (Figure 1C). Among cell lines in the CCLE database, ADAMTS12 expression was highest in GBM cell lines and lowest in DLBC cell lines (Figure 1D).




Figure 1 | Expression of ADAMTS12. (A) Pan-cancer expression of ADAMTS12. (B) ADAMTS12 expression in the indicated tumor tissues from the TCGA database. (C) ADAMTS12 expression in the indicated human normal tissues from the GTEx database. (D) ADAMTS12 expression in the indicated cancer cell lines from the CCLE cohort. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



We further assessed ADAMTS12 expression in various tumor stages. Our results suggest that ADAMTS12 expression was higher in relatively worse tumor stages in ACC, BLCA, ESCA, HNSC, MESO, PAAD, STAD, and THCA (Figures 2A–H). For example, the expression of ADAMTS12 in Stage II of PAAD was higher than that in Stage I (Figure 2F).




Figure 2 | ADAMTS12 expression in different tumor stages. (A–H) ADAMTS12 expression in different tumor stages in the indicated tumor types. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.



To validate the results from our bioinformatics analyses, we also conducted qRT-PCR and immunohistochemistry assays. Results revealed that the mRNA expression of ADAMTS12 was higher in PAAD cells compared to HPNE cells (Figure 3A). Immunohistochemistry also showed a higher level of ADAMTS12 protein in PAAD tissues compared to adjacent normal tissues (Figure 3B).




Figure 3 | Validation of ADAMTS12 expression. (A) qRT-PCR results of ADAMTS12 mRNA expression in the indicated cell lines. (B) Immunohistochemistry results of ADAMTS12 protein expression in 5 pairs of PAAD tissues and adjacent normal tissues.





Gene Alteration of ADAMTS12

We evaluated genomic alterations in ADAMTS12, primarily: mutations status, copy number alterations (CNA), and methylation. We found that the genomic alteration frequency of ADAMTS12 was less than 5% in patients with PAAD, in which “Mutation” was the primary type (Figure 4A). In addition, the genomic alteration frequency of ADAMTS12 was highest in non-small lung cancer (including LUAD and LUSC), in which “Mutation” was the primary type. Furthermore, we found that ADAMTS12 expression negatively correlates with CNA in PAAD (r = -0.23, p < 0.05) (Figure 4B). Similarly, the methylation level of the ADAMTS12 promoter was found to be lower in patients with PAAD (r = -0.31), which is likely linked to the elevated expression of the gene (Figure 4C).




Figure 4 | Genomic alteration of ADAMTS12. (A) The mutation and CNA status of ADAMTS12 from the TCGA database. (B) The association between ADAMTS12 expression and CNA. (C) The association between ADAMTS12 expression and DNA methylation.





Prognostic Significance of ADAMTS12

We further performed UniCox and Kaplan-Meier analyses to evaluate the prognostic significance of ADAMTS12 in pan-cancer. In investigating the prognostic value of ADAMTS12 for OS, the UniCox results indicated that ADAMTS12 was a risk factor in ACC, BLCA, BRCA, CESC, KIRP, LUAD, MESO, PAAD, STAD, UCEC, and UVM. On the other hand, it was found to be a protective factor in LGG (Figure 5A). The Kaplan-Meier analysis revealed that high expression of ADAMTS12 predicted worse patient OS in 18 tumor types, comprising ACC, BLCA, BRCA, CESC, COAD, GBM, KIRC, KIRP, LIHC, LUAD, MESO, PAAD, SARC, SKCM, STAD, THCA, UCEC, and UVM (Figure 5B, Supplementary Figure 1).




Figure 5 | Prognostic value of ADAMTS12 in the OS of patients with PAAD. (A) The uniCox OS results of ADAMTS12 in pan-cancer. Significant results (p < 0.05) are in red. (B) Kaplan-Meier OS results of ADAMTS12 in pan-cancer. The best cut-off value of ADAMTS12 expression was set. Significant results (p < 0.05) are in red.



We also assessed the prognostic value of ADAMTS12 in disease-specific survival (DSS), disease-free interval (DFI), and progression-free interval (PFI) of tumor patients using UniCox analysis. For DSS analysis, high ADAMTS12 expression predicted shorter DSS times in patients with ACC, BLCA, BRCA, CESC, KICH, KIRP, MESO, PAAD, UCEC, and UVM; longer DSS times were predicted only in LGG (Table 1). For DFI, high ADAMTS12 expression predicted shorter DFI times in patients with CESC, KIRP, and PAAD (Table 2). Lastly, for PFI, a high ADAMTS12 expression predicted worse PFI status in patients with ACC, BLCA, BRCA, CESC, KICH, KIRP, LUAD, PAAD, and UVM (Table 3). These results suggest ADAMTS12 as a potential prognostic biomarker, especially in PAAD (Supplementary Figure 2).


Table 1 | The uniCox results of ADAMTS12 in pan-cancer for DSS.




Table 2 | The uniCox results of ADAMTS12 in pan-cancer for DFI.




Table 3 | The uniCox results of ADAMTS12 in pan-cancer for PFI.





Enrichment Analysis of ADAMTS12

We performed GSEA to predict the function of ADAMTS12 through correlated genes (Figure 6A). According to the correlation analysis, we found that COL5A2, COL5A1, COL3A1, COL1A2, and COL6A3 were most positively correlated with ADAMTS12 expression. Through GSEA-GO analysis, we found ADAMTS12 to mainly be enriched in “ossification,” “blood vessel development,” and “angiogenesis” (Figure 6B). From the GSEA-KEGG analysis, ADAMTS12 was observed to be enriched in most tumor-promoting pathways, including the “Hippo signaling pathway,” the “PI3K-Akt signaling pathway,” and the “JAK-STAT signaling pathway” (Figure 6C). In the analysis using GSEA-Reactome, ADAMTS12 was observed to be enriched in some immune regulation-related pathways, including “Innate Immune System,” “Immunoregulatory interactions between a Lymphoid and a non−Lymphoid cell,” and “Adaptive Immune System” (Figure 6D). We also performed the gene ontology (GO), Kyoto encyclopaedia of genes and genome (KEGG), and Gene set variation analysis (GSVA) in this study (Supplementary Figure 3). These results indicate that ADAMTS12 might play a tumor-promoting role and affect the TME.




Figure 6 | GSEA of ADAMTS12. (A) Heatmap representing the expression of the top 50 genes positively correlated with ADAMTS12. (B) The top 20 GSEA-GO results were shown in PAAD. (C) The top 20 GSEA-KEGG results were shown in PAAD. (D) The top 20 GSEA-Reactome results were shown in PAAD.





TME Analysis

In order to understand the role of ADAMTS12 in the TME of PAAD, we analyzed the association between ADAMTS12 expression and stromal and immune scores using the “ESTIMATE” R package. Results indicate that ADAMTS12 is positively correlated with the stromal score, ESTIMATE score, and immune score. On the other hand, the gene is negatively correlated with tumor purity in most tumor types (Figure 7A), especially in PAAD (Figures 7B–9).




Figure 7 | TME scores and ADAMTS12. (A) Heatmap representing the correlation between ADAMTS12 expression and TME scores in pan-cancer. (B–E) The correlation between ADAMTS12 expression and stromal score (B), ESTIMATE score (C), immune score (D), and tumor purity score (E).



To provide evidence for the immune-regulation function of ADAMTS12, we analyzed the correlation between ADAMTS12 expression and immune cell infiltration. Through different methods (including analyzing immune cell infiltration data from a published paper (11), ImmuCellAI database, and TIMER2 database), we found that ADAMTS12 expression correlates positively with the infiltration of immunosuppressive cells (particularly TAMs, CAFs) in most tumor types, including PAAD (Figures 8A–D). 3 pairs of PAAD tissues and adjacent normal tissues were evaluated by immunohistochemistry. The immunohistochemistry results of ADAMTS12, CD163, and TGF-beta 1 preliminary confirmed that ADAMTS12 expression correlates positively with the infiltration of TAMs, CAFs (Figure 9).




Figure 8 | Immune infiltration analysis. (A, B) The correlation between ADAMTS12 expression and infiltration levels of TAMs (A) and CAFs (B) in pan-cancer using the TIMER database. Red represents a positive correlation, while blue represents a negative correlation. The darker the color, the stronger the correlation. (C) The correlation between ADAMTS12 expression and the infiltration levels of 26 immune cells from a previous study. (D) The correlation between ADAMTS12 expression and the infiltration levels of 24 immune cells from the ImmuCellAI database. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.






Figure 9 | The immunohistochemistry results of ADAMTS12, CD163, and TGF-beta 1 in 3 patients.



We further revealed that ADAMTS12 expression was positively correlated with immune checkpoint proteins (such as PDCD1, CD274, LAG3, and CTLA4), immunosuppressive genes (Supplementary Figure 4A), chemokines (Supplementary Figure 4B), and chemokine receptors (Supplementary Figure 4C) in most tumor types. We also performed the correlation analysis between ADAMTS12 and the m6A related genes in pan-cancer (Supplementary Figure 5). The results indicated that ADAMTS12 are positively correlated with m6A related genes in PAAD. These results imply that Patients with PAAD with high ADAMTS12 expression might be in a relatively immunosuppressive environment.




Discussion

PAAD is the most common primary malignancy of the pancreas, with a 5-year survival rate of less than 10% (1). Additionally, there is now a significant body of evidence suggesting that the tumor microenvironment (TME) plays a role in the progression of this disease (12, 13). Fabien et al. demonstrated that gene expression changes within the TME of PAAD correlate with tumor progression (4). Thus, it is urgent to elucidate the potential mechanisms of PAAD, identify crucial biomarkers, and explore its relationship with the TME. This is expected to facilitate progression in the diagnosis, prognosis, and treatment of PAAD.

ADAMTS12, a member of the ADAMTS family of proteases, was previously found to affect the progression of many tumors. Moncada-Pazos et al. found that ADAMTS12 is epigenetically silenced in tumor cells and transcriptionally activated in the stroma during progression of colon cancer (7).The expression of ADAMTS12 in colorectal cancer-associated TME prevents cancer development and is a good prognostic indicator of colorectal cancer (14). Hour et al. found that ADAMTS12 displays antiangiogenic properties and protect the host toward tumor progression (15). However, the role of ADAMTS12 in pan-cancer and especially in PAAD remains unclear. In this study, we assessed the expression of ADAMTS12 and found it to be elevated in 13 out of 33 tumor types compared with normal tissues. These tumor types are comprised of BRCA, CHOL, COAD, DLBC, ESCA, GBM, HNSC, KIRC, LGG, PAAD, READ, STAD, and TGCT. Among these, the expression of ADAMTS12 was highest in PAAD. Furthermore, the expression of ADAMTS12 was found to be higher in stage II PAAD than in stage I. The overexpression of ADAMTS12 in PAAD was also confirmed in vitro through PAAD cell lines and tissues.

To evaluate the prognostic significance of ADAMTS12, we performed UniCox and Kaplan-Meier analyses in 33 tumor types. UniCox analysis showed that ADAMTS12 is a risk factor for OS, DSS, DFI, and PFI of patients with PAAD. These results provide further evidence for the overexpression of ADAMTS12 in PAAD. Additionally, high ADAMTS12 expression was correlated with lower survival rates in Patients with PAAD. These results also in accordance with other reports such in kidney renal clear cell carcinoma (16) and stomach adenocarcinoma (17, 18). Our results also found that ADAMTS12 is a protective factor in LGG, which was obvious contrary with other results. So far, ADAMTS12 has not been studied in LGG. We believe that this result needs to be further confirmed in LGG in the future.

We also explored potential mechanisms for the effect of ADAMTS12 on prognosis. GSEA of ADAMTS12 revealed that the immune-regulation relevant pathways, such as “Innate Immune System”, “Immunoregulatory interactions between a Lymphoid and a non−Lymphoid cell”, and “Adaptive Immune System”, were enriched in PAAD, indicating an essential role of ADAMTS12 in immune regulation. We further showed that ADAMTS12 is positively correlated with the stromal score, ESTIMATE score, and immune score. On the other hand, we found the gene to be negatively correlated with tumor purity in PAAD.

Different methods were employed to evaluate the relationship between ADAMTS12 and the infiltration levels of immune cells. First, using the TIMER2 database, we showed that ADAMTS12 expression was associated with high infiltration level of TAMs and CAFs. Second, we obtained infiltration data of 26 immune cells from a previous study (11) and performed correlation analysis. The results showed a positive correlation between ADAMTS12 expression and the infiltration of TAMs, especially M2-like TAMs. Third, we downloaded the infiltration data of 24 immune cells from the ImmuCellAI database and found ADAMTS12 expression to be positively correlated with the infiltration levels of TAMs and iTregs. Then we validated the expression of CD 163 (marker of TAMs) and TGF beta 1 (marker of CAFs) in PAAD tissues and adjacent normal tissues. TAMs, especially M2-like TAMs, as a major group of immune cells in TME, were reported playing critical roles in in tumorigenesis and progression process like tumor growth, metastasis, and treatment resistance (5, 19, 20). CAFs are the most essential components of the TME. Numerous previous studies have confirmed the critical role of CAFs in tumorigenesis and development (21–23). The results corroborated the correlation between ADAMTS12 and infiltration of TAMs and CAFs. N6-methyladenosine (m6A) is the most prevalent reversible methylation in mRNA and has critical roles in the tumorigenesis. Our data indicated that ADAMTS12 are positively correlated with m6A related genes in PAAD.

Additionally, we showed that ADAMTS12 expression correlated positively with immune checkpoints and immunosuppressive genes in PAAD, such as CD274, PDCD1, LAG2, CTLA4, and TGFB1. These results reveal that patients with PAAD with high ADAMTS12 expression might be in a relatively immunosuppressed environment.

Our findings revealed ADAMTS12 as a potential prognostic marker in PAAD. High ADAMTS12 expression may contribute to elevated infiltration levels of immunosuppressive cells, such as TAMs, and CAFs.
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Supplementary Figure 1 | The Kaplan-Meier analysis of ADAMTS12.

Supplementary Figure 2 | Prognostic value of ADAMTS12 for the DSS, DFI, and PFI of patients. (A–C) The uniCox results of ADAMTS12 in pan-cancer for DSS (A), DFI (B), and PFI (C) of patients. Significant results (p < 0.05) are in red.

Supplementary Figure 3 | GO, KEGG, and GSVA analyses of PAAD and ADAMTS12. (A) GO_BP, (B) GO_CC, (C) GO_MF, (D) KEGG, (E) Volcano plot of GSVA, (F) GSVA.

Supplementary Figure 4 | The correlation between the expression of ADAMTS12 and immunosuppressive genes. (A) The correlation between ADAMTS12 expression and immunosuppressive genes. (B–C) The correlation between ADAMTS12 expression and the expression of chemokines (B) and chemokine receptors (C). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Supplementary Figure 5 | The correlation analysis between ADAMTS12 and the m6A related genes in pan-cancer.
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