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Abstract

:

Lung cancer is well known for its high mortality worldwide. The treatment for advanced lung cancer needs more attention to improve its survival time. A disintegrin and metallopeptidase with thrombospondin motifs 8 (ADAMTS8) has been linked to several cancer types. However, its role in lung cancer is worthy of deep investigation to promote novel drug development. This study took advantage of RNA-seq and bioinformatics to verify the role that ADAMTS8 plays in lung cancer. The functional assays suggested that ADAMTS8 mediates invasion and metastasis when expressed at a low level, contributing to poor overall survival (OS). The expression of ADAMTS8 was under the regulation of GATA Binding Protein 1 (GATA1) and executed its pathologic role through Thrombospondin Type 1 Domain Containing 1 (THSD1) and ADAMTS Like 2 (ADAMTSL2). To define the impact of ADAMTS8 in the lung cancer treatment strategy, this study further grouped lung cancer patients in the TCGA database into mutated epidermal growth factor receptor (EGFR)/wild-type EGFR and programmed death ligand 1 (PD-L1) high/low groups. Importantly, the expression of ADAMTS8 was correlated positively with the recruitment of anticancer NKT cells and negatively with the infiltration of immunosuppressive Treg and exhausted T cells. The results indicated that lung cancer patients with higher ADAMTS8 levels among wild-type EGFR or low PD-L1 groups survive longer than those with lower levels do. This study indicates that ADAMTS8 might be a treatment option for patients with lung adenocarcinoma who lack efficient targeted or immunotherapies.
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1. Introduction


Lung cancer is a leading cause of cancer-related death worldwide due to smoking, asbestos and radon exposure [1,2]. To cure lung cancer would be a challenging issue for today’s medicine. The treatment strategy for lung cancer includes traditional chemotherapy, radiotherapy and operation [3,4]. The discovery of druggable targets such as epidermal growth factor receptor (EGFR), anaplastic lymphoma receptor tyrosine kinase (ALK), MET, ROS-1receptor tyrosine kinase and Kirsten rat sarcoma viral oncogene homolog (KRAS) open avenues for treating lung cancer [4,5]. In addition, the new strategy of boosting tumor-killing immunity via PD-1/PD-L1 and CTLA4 has advanced the treatment of lung cancer [6]. Despite modern standard therapies such as targeted therapy (EGFR tyrosine kinase inhibitors) and immune checkpoint inhibitors, the likelihood of a cure is low, with low 5-year overall survival [7]. Moreover, the emergence of resistance makes the situation worse [8,9]. To address this critical issue, more efforts are needed to discover other possible druggable targets to overcome lung cancer.



A disintegrin and metallopeptidase with thrombospondin motifs (ADAMTSs) are a group of 19 members functioning as secreted, multi-domain and extracellular zinc metalloproteinases in humans [10]. These 19 members are grouped as proteoglycanases or aggrecanases (ADAMTS1, 4, 5, 8, 9, 15 and 20), the procollagen N-propeptidases (ADAMTS2, 3 and 14), the cartilage oligomeric matrix protein-cleaving enzymes (ADAMTS7 and 12), the von-Willebrand Factor proteinase (ADAMTS13) and a group of orphan enzymes (ADAMTS6, 10, 16, 17, 18 and 19) based on their biologic functions [10]. In addition, there are seven ADAMTS-like proteins (ADAMTSL1-6 and papilin) in different species, such as humans, mice and other mammals [11]. The structure of ADAMTS proteases comprises an N-terminal protease domain with catalytic activity and a C-terminal ancillary domain. This indicates that ADAMTS proteases have a similar catalytic mechanism to Matrix MetalloProteinases (MMPs) and A Disintegrin and Metalloproteinases (ADAMs), using a Zn-atom coordinated by three conserved His residues [12,13]. However, the ADAMs enable protein ectodomain shedding from the cell surface [13], but ADAMTS proteases are secreted out into the extracellular matrix (ECM) to mediate proteolytic events in the ECM. When being secreted, ADAMTS proteins appear to have a great propensity to bind to the cell surface and/or pericellular matrix and undergo extensive post-translational modification, including disulfide bonding and N- and O-glycosylation [14].



ADAMTS genes play roles in a wide range of physiological processes, including cellular functions such as cell proliferation, apoptosis, migration, invasion, angiogenesis and extracellular matrix degradation [15]. The functional modification might be affected by post-transcriptional alternative splicing and post-translational mechanisms, as well as furin-mediated protease activation [8]. The clinical manifestations of Mendelian disorders resulting from mutations in ADAMTS2, ADAMTS10/19, ADAMTS13, ADAMTS17 and ADAMTS18 are Ehlers–Danlos syndrome [16], Weil–Marchesani syndrome 1 [17], thrombotic thrombocytopenic purpura [18], Weil–Marchesani-like syndrome [19] and microcornea, myopic chorioretinal atrophy and telecanthus (MMCAT), respectively. The Mendelian diseases could be modified by concurrent or compensating expression and functional overlap of a homolog [20]. Other than these Mendelian disorders, they are also involved in a variety of diseases, including osteoarthritis and malignant tumors. Growing evidence indicates that the abnormal expression of ADAMTSs plays an important role in human tumorigenesis, progression and metastasis. They play a dual role in cancer; for instance, ADAMTS14 works as a promoter of hypermethylation and acts as a tumor suppressor gene, whereas others show upregulation in cancer acting as oncogenes, including ADAMTS12, which regulated the cell proliferation and migration in colorectal cancer [21,22]. However, their role in lung cancer remains unclear. Next-generation sequencing (NGS), a powerful tool, has been developed in recent years to elucidate the mechanisms of tumorigenesis and devise a possible solution with the aid of bioinformatics [23]. Taking advantage of clinical specimens and NGS with the aid of bioinformatics, this study has pointed out that ADAMTS8 might be involved in lung cancer pathogenesis. It would be an option to treat lung cancer not harboring driver mutations or not legible for immune checkpoint inhibitor (ICI) therapy.




2. Materials and Methods


2.1. NGS and Quantitative Real-Time Reverse Transcription Polymerase Chain Reaction (Q-RT-PCR) Assay


Eight pairs of adjacent lung non-tumor and tumor tissues were collected from the Division of Thoracic Surgery and Division of Pulmonary and Critical Care Medicine, Kaohsiung Medical University Hospital (Kaohsiung, Taiwan). The protocol was reviewed and approved by the Institutional Review Board of Kaohsiung Medical University Hospital (KMUH-IRB-20130054; KMUH-IRB-20180023). The deep sequencing for the tissues was performed by a biotechnology company, Welgene (Taipei, Taiwan). Samples were prepared using the Illumina sample preparation kit according to the TruSeq Small RNA Sample Preparation Guide. The 3′ and 5′ adaptors were ligated to total RNA, and reverse transcription was followed by PCR amplification. The enriched cDNA constructs were size-fractionated and purified via 6% polyacrylamide gel electrophoresis. Libraries were sequenced on an Illumina instrument (75SE cycle single read) and processed using the Illumina software. Data were analyzed by Feature Extraction 10.7.3.1 software, and raw signal data were normalized by quantile normalization for differentially expressed gene discovery. The criteria for differentially expressed mRNA by NGS analysis were fold change > 2 and fragments per kilobase million (FPKM) > 0.3.



Total RNA from the cells was isolated using TRIzol (Life Technologies, Waltham, MA, USA). cDNA was prepared using an oligo (dT) primer and reverse transcriptase (Takara, Shiga, Japan), following standard protocols. RNA levels were determined using real-time analysis with SYBR Green on a StepOne-Plus machine (Applied Biosystems, Foster City, CA, USA). The relative expression of mRNA in cells was normalized to GAPDH. The relative standard method (2−ΔΔCt) was used to calculate relative RNA expression. The following primers were used: ADAMTS8 (forward, 5′- AGCCAAGTACCAGTCATGCC-3′ and reverse, 5′- CTCGGCAGAACAACTTGCAG-3′) and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) (forward, 5′-TTCACCACCATGGAGAAGGC-3′ and reverse, 5′-GGCATGGACTGTGGTCATGA-3′).




2.2. Cell Culture


Human lung cancer PC-9 cells and HBE135-E6E7 (CRL-2741™) were obtained from the European Collection of Cell Cultures (ECACC) and American Type Culture Collection (ATCC), respectively. Human lung adenocarcinoma (LUAD) cell lines CL1-0 and CL1-5 were kindly provided by Pan-Chyr Yang (National Taiwan University, College of Medicine). The CL1-0, CL1-5 and PC-9 were cultured in RPMI 1640 medium (Cat. No. 12-702Q, Lonza (Walkersville, MD, USA)) supplemented with 10% fetal bovine serum (FBS) (EMD Millipore, Billerica, MA, USA), 2 mM glutamine and 1% penicillin–streptomycin (Cat. No. 17-745E, Lonza, Walkersville, MD, USA). HBE135 cells were cultured in a keratinocyte serum-free medium with 5 ng/mL EGF, 0.05 mg/mL bovine pituitary extract (Invitrogen, formerly GIBCO-BRL, Cat. No. 17005-042), 0.005 mg/mL insulin (Cat. No. I3536, Sigma-Aldrich, St Louis, MO, USA) and 500 ng/mL hydrocortisone (Cat. No. H0135, Sigma-Aldrich). All cell lines were tested for mycoplasma contamination using mycoplasma test kits (Mycoalert Mycoplasma Detection Kit, Cat. No. LT07-318) (Lonza) every 3 months.



Total RNA from the cells was isolated using TRIzol (Life Technologies). cDNA was prepared using an oligo (dT) primer and reverse transcriptase (Cat. No. RR037A, Takara, Shiga, Japan), following standard protocols. RNA levels were determined using real-time analysis with SYBR Green (Cat. No. A25742, Thermo Fisher Scientific, USA) on a StepOne-Plus machine (Applied Biosystems, Foster City, CA, United States). The relative expression of mRNA in cells was normalized to GAPDH. The relative standard method (2−ΔΔCt) was used to calculate relative RNA expression. The primers were determined from the well-known Primer 3 tool. The following primers were used: ADAMTS8 (forward, 5′- AGCCAAGTACCAGTCATGCC-3′ and reverse, 5′- CTCGGCAGAACAACTTGCAG-3′) and GAPDH (glyceraldehyde 3-phosphate dehydrogenase) (forward, 5′-TTCACCACCATGGAGAAGGC-3′ and reverse, 5′-GGCATGGACTGTGGTCATGA-3′).




2.3. Bioinformatics


Gene expression quantification datasets of lung adenocarcinoma (LUAD) samples were extracted from the Oncomine database (http://www.oncomine.org, Compendia biosciences, Ann Arbor, MI, USA) [24] and TCGA (https://portal.gdc.cancer.gov/, (accessed on 1 September 2021)). The criteria in the analysis were fold change > 2 and p-value < 0.05, which was calculated using Oncomine or UALCAN (http://ualcan.path.uab.edu/, (accessed on 1 September 2021)) [25]. The correlation of specific genes and survival rates in lung cancer was assessed by the KM plotter (http://kmplot.com/analysis/, (accessed on 1 September 2021)) [26]. Patients were divided into 2 groups with the best cut-off, which was computed with median survival. The hazard ratios (95% confidence intervals) were calculated using the Cox proportional model. The analysis of protein–protein interactions was conducted using the STRING database (https://string-db.org/, (accessed on 1 September 2021)) [27]. CancerSEA was used to elucidate the functions of ADAMTS8 (http://biocc.hrbmu.edu.cn/CancerSEA/home.jsp, (accessed on 29 March 2022)) [28]. The distribution and infiltration of various immune cells were obtained from ImmuCellAI (Immune Cell Abundance Identifier) (http://bioinfo.life.hust.edu.cn/ImmuCellAI/#!/document, (accessed on 29 March 2022)) [29].




2.4. Transcription Factors of ADAMTS8


Potential transcription factors of ADAMTS8 were curated from the website hTFtarget (http://bioinfo.life.hust.edu.cn/hTFtarget#!/, (accessed on 11 January 2022)) [30]. The survival significance of each transcription factor was determined via the KM plotter website, whereas the expression level of TF was extracted from the TCGA LUAD cohort. The transcription factors downregulated in the tumor part with a hazard ratio (HR) for overall survival (OS) less than 1 were presumed as the activators of ADAMTS8. In contrast, the transcription factors upregulated in tumors with a HR for OS of more than 1 were considered to be the repressors for ADAMTS8. The correlation of the expression level between ADAMTS8 and each potential transcription factor curated from the above process was tested in the TCGA LUAD cohort by Pearson’s method.




2.5. Screening for Differentially Expressed miRNAs


TargetScan (https://www.targetscan.org, (accessed on 11 January 2022)) and miRDB (http://mirdb.org/, (accessed on 11 January 2022)) were used to predict the candidate miRNAs that could regulate the expression of ADAMTS8. The miRNAs predicted by the two databases simultaneously were selected as the objects for further analysis.




2.6. Gene Set Enrichment Analysis


Gene set enrichment analysis (GSEA) is a computational tool that evaluates whether an a priori defined gene set has statistically significant, concordant differences between two biological or pathological states. To investigate the role of ADAMTS8 in LUAC, the patients of the TCGA were divided into ATAMTS8 high expression and low expression groups, and GSEA was conducted to analyze the enrichment of datasets between the high-ADAMTS8 and low-ADAMTS8 groups. False discovery rate (FDR) < 0.005 and nominal p-value < 0.001% were set as the cut-off criteria.




2.7. The Survival Significance of ADAMTS8 in EGFR-Mutant or EGFR-Wild-Type Tumors


The somatic mutation profile of EGFR was extracted from the TCGA LUAD dataset. Those samples with common EGFR mutations, including exon 19 deletion or exon 21 L858R, were defined as the EGFR-mutant group (n = 35). Those without mutation detected on EGFR were defined as the EGFR-wild-type group (n = 445). Uncommon and compound mutations of EGFR were excluded and discarded from the analysis (n = 29). The survival significance of ADAMTS8 was determined by comparing the survival time between the ADAMTS8 high and low subgroups in the EGFR-mutant and -wild-type groups in the TCGA database, respectively. The survival difference between subgroups was tested by a log-rank test.




2.8. Validation of ADAMTS8 on Databases of Lung Cancer Cell Lines


The expression of ADAMTS8 in primary and metastatic adenocarcinoma cell lines with or without EGFR mutation was obtained from the Cancer Cell Line Encyclopedia (CCLE) database (https://sites.broadinstitute.org/ccle/, (accessed on 29 March 2022)) [31].




2.9. Statistical Analysis


Data are expressed as mean ± standard deviation (SD). All data were analyzed using GraphPad Prism 9.2.0 (GraphPad Software, La Jolla, CA, USA), and differences between the means for each condition were evaluated by a one-way ANOVA followed by a Tukey post hoc test. Pearson’s correlation between ADAMTS8 and miRNAs or mRNAs in the TCGA LUAD dataset was calculated.





3. Results


The expression of ADAMTS8 is low in lung adenocarcinoma. To investigate the role of ADAMTS family genes in lung cancer, we first assessed the levels of various ADAMTS genes from eight paired normal and tumor tissues undergoing the bulky NGS in our in-house cohort as flow charts (Figure A1). The result showed that the expression of different functional groups of ADAMTS, including the polymerization of extracellular matrix (ECM) proteins, catalyzation of proteoglycan degradation and others (family), did not differ except for ADAMTS7 and ADAMTS8 (Supplementary Figure S1 and Figure 1A). However, the p-value of ADAMTS7 was 0.049 and overall survival was not significant between low and high expression. To further assess the impact of ADAMTS8, we utilized the data of the TCGA cohort and discovered a lower level of ADAMTS8 in tumor parts (Figure 1B) and other members of the ADAMTS family, except for ADAMTS10 (Supplementary Figure S2). With the utilization of the public web resource UALCAN, the expression levels of ADAMTS8 were found to be different between normal and tumor parts but not lymph node metastasis or stage-dependent (Figure 1C,D). In addition, four different cohorts, including Landi, Okayama, Selamat, Su and Hou, also showed that ADAMTS8 was downregulated in tumor parts in lung cancer patients (Figure 1E). We also found that CL1-5 expressed a lower level of ADMATS8 than CL1-0 (less invasive) (Figure 1F). The results suggested that ADAMTS8 expression was reduced in lung cancer.



Patients with lower expression levels of ADAMTS8 survive for a shorter duration in lung adenocarcinoma. To investigate whether ADAMTS8 functions as an antitumor gene in lung cancer, survival analysis of ADAMTS8 would assign it a significant clinical role. The study utilized the public website of the KM plotter to assess this. First, the results suggested that the lower expression of ADAMTS8 led to a worse survival rate for 3 out of 4 different cohorts in terms of the overall survival (OS) (Figure 2A). Moreover, the lower expression of ADAMTS8 caused a shorter time for first progression (FP) in 2 out of 3 different cohorts (Figure 2B). On the contrary, concerning post-progression survival (PPS), the levels of ADAMTS8 did not show any significant impact (Figure 2C). These data suggested that ADAMTS8 could be a potential prognostic marker for lung cancer.



Low-expressed ADAMTS8 potentiates more aggressive behaviors in lung adenocarcinoma. To evaluate the role of ADAMTS8 in lung cancer proregression, we performed GSEA to predict the cancer behavior by comparing the transcriptomes of ADAMTS8 in lung cancer patients with higher and lower expression in the TCGA database. GSEA results showed that decreased ADAMTS8 was associated with poor survival, epithelial–mesenchymal transition (EMT) and metastasis (Figure 3A–C). The data retrieved from the dedicated public database, CancerSEA, revealed several functional roles, such as angiogenesis, apoptosis, cell cycle, differentiation, DNA damage, DNA repair, EMT, inflammation, invasion and metastasis in glioblastoma multiforme (GBM), retinoblastoma and uveal melanoma (Figure 3D). When considering GBM, the relationships between ADAMTS8 and invasion, EMT or metastasis were negatively correlated, with r values of −0.4, −0.35 or −0.31, respectively (Figure 3E–G). These bioinformatics data suggest that low-expressed ADAMTS8 is associated with a more aggressive phenotype in lung adenocarcinoma.



The DNA methylation, copy number variation and miRNA did not affect the expression of ADAMTS8. To elucidate the possible mechanisms for ADAMTS8 dysregulation in lung cancer, we assessed several epigenetic regulatory mechanisms, such as DNA methylation, copy number variation (CNV) and miR-RNA interaction. First, when utilizing the public cohort of the TCGA from UALCAN, the methylation promotion of ADAMTS8 did not differ in the tumor, lymph node metastasis or tumor stages compared with normal parts (Figure 4A). In addition, there was no significant correlation between the expression of ADAMTS8 mRNA and ADAMTS8 CNV in lung adenocarcinoma in the TCGA cohort (Figure 4B). Furthermore, to elucidate the miR-ADAMTS8 interaction, the miRNAs were predicted by databases miRDB_6.0 (target score > 90) and TargetScan_8.0 (conserved sites, context++ score percentile > 90), and there were 11 candidate miRNAs (Supplementary Figure S3), but only miR 98-5p had a significantly negative correlation (r = −0.33) with the expression of ADAMTS8 in our cohort and the TCGA database (Figure 4C,D). However, the level of miR-98-5p was not different between tumor and normal parts in the TCGA database or in lymph node metastasis and staging (Figure 4E). Moreover, the expression of miR-98-5p did not affect the OS of lung cancer patients, suggesting that miR-98-5p is not the main regulatory mechanism of ADAMTS8 (Figure 4F). These results do not indicate that the expression of ADAMTS8 is under the aforementioned epigenetic regulations.



GATA1 regulated ADAMTS8 expression. Transcription factors (TFs) act as the main regulators to turn the specific target genes on or off by attaching binding elements to promoter regions. This study utilized hTFtarget to identify several TFs that could bind the specific regions of the ADAMTS8 promoter, including GATA1, RARA, LMO2, E2F4 and CTBP2 (Table 1). Among them, GATA1, RARA and LMO2 were lowly expressed, while E2F4 and CTBP2 were highly expressed in tumor parts. However, only GATA1 and LMO2 showed more than a two-fold change between normal parts and tumor parts in lung cancer (Table 1). The expression levels of GATA1 and LMO2 were low and associated with advanced lymph node metastasis and staging in lung cancer (left two panels, Figure 5A,B). Lower GATA1 and LMO2 were associated with a shorter overall survival time (right panel, Figure 5A,B). Cross-analysis of GATA1-ADAMTS8 in overall survival time showed that low-level ADAMTS8 caused a shorter survival rate than high-level ADAMTS8 regardless of GATA1 levels (Figure 5C). In contrast, there was no survival benefit of ADAMTS8 based on low-level but not high-level LMO2 in lung cancer patients (Figure 5D). These data suggested that the interaction of ADAMTS8 and GATA1, but not LMO2 by transcriptional regulation, could affect the clinical outcome of lung cancer.



The molecular network of THSD1, ADAMTSL2 and ADAMTS8. Signaling transduction pathways manipulate cell growth/apoptosis, and aberrant pathways might cause diseases. To delineate the signaling transduction pathway for ADAMTS8, STRING (protein, version 11.0b) was used as a tool to predict the interaction network of ADAMTS8. There were ten proteins interacting with ADAMTS8 (Figure 6A), including ADAMTS2, ADAMTS10, ADAMTS13, ADAMTS19, ADAMTSL2, THBS1, THBS2, THSD1, ACAN and POFUT2. Among them, eight proteins were excluded based on low correlations with ADAMTS8. Only two proteins, THSD1 and ADAMTSL2, correlated well with ADAMTS8 (Table 2). The correlations of THSD1 and ADAMTSL2 with ADAMTS8 amounted to 0.75 and 0.58, respectively (Figure 6B,C). Low expression of THSD1 existed in the tumor parts, lymph node metastasis and tumor stage compared with the normal parts in lung cancer patients (Figure 6D). Low expression of ADAMTSL2 was presented in the tumor parts but was not related to lymph node metastasis and tumor stage compared with the normal parts (Figure 6E). A poor overall survival time was also found in patients with lower expression of ADAMTSL2 and THSD1 (Figure 6F,G). The results would explain the protein interactions mediating lung cancer tumorigenesis.



High-level ADAMTS8 conferred survival benefits in patients lacking the PD-L1 and targeted gene. The treatment strategies for lung cancer have expanded in the past decade. However, lung cancer patients with no driver mutations or negative PD-L1 expression lack definite treatment options other than chemotherapy [4]. The discovery of a new treatable target would benefit lung cancer patients without eligible targeted agents or immunotherapies. The results showed that the levels of ADAMTS8 were lower in the lower PD-L1 (CD274) expression patient group (left panel, Figure 7A). The survival advantage of ADAMTS8 existed only in patients with low PD-L1 (right panel, Figure 7A) and not in patients with high PD-L1 (middle panel, Figure 7A). At the same time, the expression of ADAMTS8 was not different between high and low levels of CTLA4 in lung cancer patients, and the benefits of higher ADAMTS8 expression were present regardless of the levels of CTLA4 (Figure 7B). Moreover, regarding the targetable gene, EGFR, the survival advantage of ADAMTS8 existed only in wild-type EGFR and not in common mutations (right lower panel, Figure 7C). More importantly, the expression of ADAMTS8 was positively correlated with anticancer NKT and negatively with immune-suppressive regulatory T cells (Table 3). The immediate conclusion is that patients with low-level PD-L1 and wild-type EGFR might benefit from high levels of ADAMTS8. To further verify the impact of ADAMTS8 on the target therapies of EGFR-mutant lung cancer, we assessed the levels of ADAMTS8 in several LUAD cell lines with mutated EGFR based on the sensitivity of TKI treatment. As shown in Figure 7D, cancer cell lines including HCC827 (del E746-A750 in exon 19), HCC2279 (del E746-A750 in exon 19) and HCC4006 (del E746-A750 in exon 19) have higher levels of ADAMTS8 expression than in TKI-resistant cancer cell lines (H1650 (del E746-A750 in exon 19) and H1975 (L858R in exon 21)).




4. Discussion


Nowadays, curing lung cancer is a major challenge for medical oncologists and pulmonologists and an important prospect for patients worldwide. The advanced treatments with EGFR TKIs and ICIs have enabled lung cancer treatment to achieve a step forward. However, these solutions are not suitable for lung cancer patients not bearing driver mutations or high PD-L1—for example, as a treatment strategy for triple-negative breast cancer. This study utilized the precious clinical specimens sequenced by NGS and Big Data analysis via bioinformatics to elucidate a possible candidate gene, ADAMTS8, and provide a potential strategy for patients who have not benefited from TKIs or ICIs in lung cancer treatment.



Members of the ADAMTS family share common structural features, and their aberrant expression has led to different human diseases. ADAMTS8 belongs to the ADAMTS family, also known as METH-2, which play roles in a wide range of physiological processes, such as cell proliferation, apoptosis, migration, invasion, angiogenesis and extracellular matrix degradation [32]. It was initially recognized as an antiangiogenic factor in a variety of diseases, such as pulmonary artery hypertension [32] and different neoplastic diseases [33,34]. This study utilized bulky NGS to analyze the expression of different members of the ADAMTS family from eight paired normal and tumor tissues. The expression levels of ADAMTS8 were lower in tumor parts in our clinical cohorts, the TCGA and seven other cohorts, but the relationships were not lymph node metastasis or stage-dependent. Moreover, several lung cancer cell lines have been investigated, and the results showed lower levels of ADAMTS8 compared with normal bronchial epithelial cells (HBE 135). To further validate the role of ADAMTS8 clinically, the survival analyses from KM plotter revealed a longer overall survival time (OS) and time to first progression (FP) but not post-progression survival (PPS) in lung cancer patients with high ADAMTS8 expression. ADAMTS8, but not other members of the ADAMTS family, plays a role in mediating lung cancer.



Carcinogenesis requires several oncogenic activities, such as the inhibition of DNA repair and apoptosis and the enhancement of migration, invasion, EMT, angiogenesis, etc. [35]. When utilizing the database from the CancerSEA, we found that low levels of ADAMTS8 enabled cancer cell invasion in glioblastoma multiforme (GBM). This invasion phenotypic change was consistent with breast cancer [33]. The GSEA using the TCGA cohort also suggested that ADAMTS8 was involved in poor survival in the Shedden lung cancer cohort. Moreover, ADAMTS8 favored EMT in GBM. Different cell lines, such as esophageal and nasopharyngeal cell lines, also favored their role in EMT [36]. The GSEA suggested the role of ADAMTS8 in EMT in breast cancer. Finally, concerning metastasis, ADAMTS8 mediates metastasis in GBM. This result is consistent with hepatocellular carcinoma [37]. The GSEA data favored the role of ADAMTS8 in enhancing the metastasis of melanoma. ADAMTS8 promotes angiogenesis in RB and PAH. However, a report from Zhang et al. stated that ADAMTS8 suppressed lung cancer progression by suppressing VEGFA [38].



Transcription factors regulate the specific gene expression to exert its designated function. The derived data from “hTFtarget” showed that curated transcription factors (TFs) regulate the expression of ADAMTS8. There were five TFs linked to the expression of ADAMTS8. Only two out of three lowly expressed TFs, namely GATA1 and LMO2, exhibited more than a two-fold change in tumor parts. GATA1 contains two highly conserved zinc fingers, one of them being located at its C-terminal. ADAMTS8 is under the regulation of GATA1. GATA1 has been linked to survival time in lung cancer patients [39]. This study further validated that the low expression of GATA1 means shorter survival in lung cancer. When cross-analyzing ADAMTS8 based on the levels of GATA1 in survival time, lung cancer patients with low-level ADAMTS8 survived for a shorter period when compared with high-level based on low GATA1 but not LMO2 expression. In a previous study, DNA methylation lowered the expression of ADAMTS8 to promote gastric cancer carcinogenesis [40]. However, this mechanism did not explain the low levels of ADAMTS8 in the cohort of the TCGA in lung cancer, or the lymph node metastasis and tumor stage. Further investigation of the copy number variation of ADAMTS8 did not support this epigenetic regulatory mechanism in colorectal cancer linked to ADAMTS4 [41]. The related protein network from the Pathway Commons suggested that ADAMTSL2 and THSD1 were correlated with the expression of ADAMTS8. These two proteins conferred a survival disadvantage when expressed at low levels.



Curing lung cancer remains a major challenge in modern medicine. However, novel strategies such as the targeted therapy of EGFR TKIs and immune checkpoint inhibitors, as alternatives to chemotherapy, bring hope for lung cancer patients. However, these treatments cannot meet all the requirements. More efforts are necessary to satisfy the unmet need. In lung cancer patients with low expression levels of PD-L1, who might not benefit from ICI therapy, they survived for shorter times when they possessed lower levels of ADAMTS8 compared to patients with higher levels. In addition, in lung cancer patients with wild-type EGFR, lower levels of ADAMTS8 might be of a survival benefit compared with higher levels. This might imply that lung cancer patients ineligible for treatment with ICIs or EGFR TKIs might benefit from ADAMTS8 treatment. Our findings revealed ADAMTS8 as a potential prognostic marker in lung cancer. Low ADAMTS8 expression may contribute to a shorter survival duration and be a promising target for lung cancer patients who are ineligible for TKI or ICI treatment.




5. Conclusions


In conclusion, ADAMTS8 plays a role in lung cancer carcinogenesis and immunity. ADAMTS8 might play a role in lung adenocarcinoma without targetable medication.








Supplementary Materials


The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/jpm12060902/s1. Figure S1: The expression of ADAMTS family of lung adenocarcinoma in our cohort. The expression levels of the aggrecanases or proteoglycanases (A), the procollagen N-propeptidases (B), the cartilage oligometric matrix protein-cleaving enzymes (C), the von-Willebrand Factor proteinase (D) and the Orphan enzymes (E) of in-house cohort. ns, not significant. Figure S2: The expression of ADAMTS family of lung adenocarcinoma in TCGA cohort. The expression levels of the aggrecanases or proteoglycanases (A), the procollagen N-propeptidases (B), the cartilage oligometric matrix protein-cleaving enzymes (C), the von-Willebrand Factor proteinase (D) and the Orphan enzymes (E) of TCGA cohort. ns, not significant. Figure S3: The predicted miRs of ADAMTS8. The correlation of ADAMTS8 and ten miRs.





Author Contributions


Conceptualization, Y.-M.T.; Data curation, H.-C.L., C.-Y.C., K.-L.W., H.-H.C. and Y.-Y.W.; Formal analysis, C.-Y.C., J.-Y.H., Y.-L.H. and Y.-M.T.; Funding acquisition, J.-Y.H., Y.-L.H. and Y.-M.T.; Investigation, H.-C.L., Y.-Y.C. and Y.-M.T.; Methodology, K.-L.W., Y.-C.H. and L.-X.L.; Resources, Y.-L.H. All authors have read and agreed to the published version of the manuscript.




Funding


This study was supported by grants from the Ministry of Science and Technology (MOST 110-2314-B-037-124-MY3; MOST 110-2314-B-037-126-MY2) and the Kaohsiung Medical University Research Funding (KMUH-110-0R14; KMUH-110-0R17).




Institutional Review Board Statement


The study was conducted in accordance with the Declaration of Helsinki, and approved by the Institutional Review Board of Kaohsiung Medical University Hospital (KMUH-IRB-20130054; KMUH-IRB-20180023).




Informed Consent Statement


Informed consent was obtained from all subjects involved in the study.




Data Availability Statement


CancerSEA (http://biocc.hrbmu.edu.cn/CancerSEA/home.jsp), CCLE database (https://sites.broadinstitute.org/ccle/), hTFtarget (http://bioinfo.life.hust.edu.cn/hTFtarget#!/), ImmuCellAI (http://bioinfo.life.hust.edu.cn/ImmuCellAI/#!/document), KM plotter (http://kmplot.com/analysis/), miRDB (http://mirdb.org/), STRING database (https://string-db.org/), TargetScan (https://www.targetscan.org), TCGA (https://portal.gdc.cancer.gov/), UALCAN (http://ualcan.path.uab.edu/, all accessed on 16 May 2022.




Acknowledgments


The authors would thank the Center for Research Resources and Development at Kaohsiung Medical University for their technical support.




Conflicts of Interest


The authors declare no conflict of interest.





Appendix A




[image: Jpm 12 00902 g0a1 550] 





Figure A1. Graphical flow chart of experiments. Next-generation sequencing (A) and qRT-PCR (B). 






Figure A1. Graphical flow chart of experiments. Next-generation sequencing (A) and qRT-PCR (B).



[image: Jpm 12 00902 g0a1]







References


	



Siegel, R.L.; Miller, K.D.; Fuchs, H.E.; Jemal, A. Cancer statistics, 2022. CA Cancer J. Clin. 2022, 72, 7–33. [Google Scholar] [CrossRef] [PubMed]

	



Tsai, Y.M.; Wu, K.L.; Chang, Y.Y.; Hung, J.Y.; Chang, W.A.; Chang, C.Y.; Jian, S.F.; Tsai, P.H.; Huang, Y.C.; Chong, I.W.; et al. Upregulation of Thr/Tyr kinase Increases the Cancer Progression by Neurotensin and Dihydropyrimidinase-Like 3 in Lung Cancer. Int. J. Mol. Sci. 2020, 21, 1640. [Google Scholar] [CrossRef] [PubMed]

	



Uchino, J.; Goldmann, T.; Kimura, H. Editorial: Treatment for Non-Small Cell Lung Cancer in Distinct Patient Populations. Front. Oncol. 2022, 12, 838570. [Google Scholar] [CrossRef] [PubMed]

	



Mithoowani, H.; Febbraro, M. Non-Small-Cell Lung Cancer in 2022: A Review for General Practitioners in Oncology. Curr. Oncol. 2022, 29, 1828–1839. [Google Scholar] [CrossRef]

	



Tsai, Y.M.; Wu, K.L.; Chang, Y.Y.; Chang, W.A.; Huang, Y.C.; Jian, S.F.; Tsai, P.H.; Lin, Y.S.; Chong, I.W.; Hung, J.Y.; et al. Loss of miR-145-5p Causes Ceruloplasmin Interference with PHD-Iron Axis and HIF-2α Stabilization in Lung Adenocarcinoma-Mediated Angiogenesis. Int. J. Mol. Sci. 2020, 21, 5081. [Google Scholar] [CrossRef]

	



Gridelli, C.; Peters, S.; Mok, T.; Forde, P.M.; Reck, M.; Attili, I.; de Marinis, F. First-line immunotherapy in advanced non-small-cell lung cancer patients with ECOG performance status 2: Results of an International Expert Panel Meeting by the Italian Association of Thoracic Oncology. ESMO Open 2022, 7, 100355. [Google Scholar] [CrossRef]

	



Chang, Y.-J.; Huang, J.-Y.; Lin, C.-H.; Wang, B.-Y. Survival and Treatment of Lung Cancer in Taiwan between 2010 and 2016. J. Clin. Med. 2021, 10, 4675. [Google Scholar] [CrossRef]

	



Wu, L.; Ke, L.; Zhang, Z.; Yu, J.; Meng, X. Development of EGFR TKIs and Options to Manage Resistance of Third-Generation EGFR TKI Osimertinib: Conventional Ways and Immune Checkpoint Inhibitors. Front. Oncol. 2020, 10, 602762. [Google Scholar] [CrossRef]

	



Yun, C.-H.; Mengwasser, K.E.; Toms, A.V.; Woo, M.S.; Greulich, H.; Wong, K.-K.; Meyerson, M.; Eck, M.J. The T790M mutation in EGFR kinase causes drug resistance by increasing the affinity for ATP. Proc. Natl. Acad. Sci. USA 2008, 105, 2070–2075. [Google Scholar] [CrossRef]

	



Kelwick, R.; Desanlis, I.; Wheeler, G.N.; Edwards, D.R. The ADAMTS (A Disintegrin and Metalloproteinase with Thrombospondin motifs) family. Genome Biol. 2015, 16, 113. [Google Scholar] [CrossRef]

	



Apte, S.S. A Disintegrin-like and Metalloprotease (Reprolysin-type) with Thrombospondin Type 1 Motif (ADAMTS) Superfamily: Functions and Mechanisms. J. Biol. Chem. 2009, 284, 31493–31497. [Google Scholar] [CrossRef] [PubMed]

	



Mosyak, L.; Georgiadis, K.; Shane, T.; Svenson, K.; Hebert, T.; McDonagh, T.; Mackie, S.; Olland, S.; Lin, L.; Zhong, X.; et al. Crystal structures of the two major aggrecan degrading enzymes, ADAMTS4 and ADAMTS5. Protein Sci. 2008, 17, 16–21. [Google Scholar] [CrossRef] [PubMed]

	



Nakayama, H.; Fukuda, S.; Inoue, H.; Nishida-Fukuda, H.; Shirakata, Y.; Hashimoto, K.; Higashiyama, S. Cell surface annexins regulate ADAM-mediated ectodomain shedding of proamphiregulin. Mol. Biol. Cell 2012, 23, 1964–1975. [Google Scholar] [CrossRef] [PubMed]

	



Somerville, R.P.T.; Longpré, J.-M.; Apel, E.D.; Lewis, R.M.; Wang, L.W.; Sanes, J.R.; Leduc, R.; Apte, S.S. ADAMTS7B, the Full-length Product of the ADAMTS7 Gene, Is a Chondroitin Sulfate Proteoglycan Containing a Mucin Domain. J. Biol. Chem. 2004, 279, 35159–35175. [Google Scholar] [CrossRef]

	



Tang, B.L. ADAMTS: A novel family of extracellular matrix proteases. Int. J. Biochem. Cell Biol. 2001, 33, 33–44. [Google Scholar] [CrossRef]

	



Colige, A.; Sieron, A.L.; Li, S.-W.; Schwarze, U.; Petty, E.; Wertelecki, W.; Wilcox, W.; Krakow, D.; Cohn, D.H.; Reardon, W.; et al. Human Ehlers-Danlos Syndrome Type VII C and Bovine Dermatosparaxis Are Caused by Mutations in the Procollagen I N-Proteinase Gene. Am. J. Hum. Genet. 1999, 65, 308–317. [Google Scholar] [CrossRef]

	



Dagoneau, N.; Benoist-Lasselin, C.; Huber, C.; Faivre, L.; Mégarbané, A.; Alswaid, A.; Dollfus, H.; Alembik, Y.; Munnich, A.; Legeai-Mallet, L.; et al. ADAMTS10 Mutations in Autosomal Recessive Weill-Marchesani Syndrome. Am. J. Hum. Genet. 2004, 75, 801–806. [Google Scholar] [CrossRef]

	



Levy, G.G.; Nichols, W.C.; Lian, E.C.; Foroud, T.; McClintick, J.N.; McGee, B.M.; Yang, A.Y.; Siemieniak, D.R.; Stark, K.R.; Gruppo, R.; et al. Mutations in a member of the ADAMTS gene family cause thrombotic thrombocytopenic purpura. Nature 2001, 413, 488–494. [Google Scholar] [CrossRef]

	



Morales, J.; Al-Sharif, L.; Khalil, D.S.; Shinwari, J.M.A.; Bavi, P.; Al-Mahrouqi, R.A.; Al-Rajhi, A.; Alkuraya, F.S.; Meyer, B.F.; Al Tassan, N. Homozygous Mutations in ADAMTS10 and ADAMTS17 Cause Lenticular Myopia, Ectopia Lentis, Glaucoma, Spherophakia, and Short Stature. Am. J. Hum. Genet. 2009, 85, 558–568. [Google Scholar] [CrossRef]

	



Mead, T.J.; Apte, S.S. ADAMTS proteins in human disorders. Matrix Biol. 2018, 71–72, 225–239. [Google Scholar] [CrossRef]

	



Wang, Y.; Zhou, J.; Zhang, J.; Cao, H.; Han, F.; Zhang, H.; Xu, E. The expression of ADAMTS14 is regulated by promoter DNA methylation and is associated with poor prognosis in colorectal cancer. Exp. Cell Res. 2022, 410, 112953. [Google Scholar] [CrossRef] [PubMed]

	



Li, C.; Luo, X.; Huang, B.; Wang, X.; Deng, Y.; Zhong, Z. ADAMTS12 acts as a cancer promoter in colorectal cancer via activating the Wnt/β-catenin signaling pathway in vitro. Ann. Transl. Med. 2020, 8, 301. [Google Scholar] [CrossRef] [PubMed]

	



Horgan, D.; Curigliano, G.; Rieß, O.; Hofman, P.; Büttner, R.; Conte, P.; Cufer, T.; Gallagher, W.M.; Georges, N.; Kerr, K.; et al. Identifying the Steps Required to Effectively Implement Next-Generation Sequencing in Oncology at a National Level in Europe. J. Pers. Med. 2022, 12, 72. [Google Scholar] [CrossRef] [PubMed]

	



Rhodes, D.R.; Yu, J.; Shanker, K.; Deshpande, N.; Varambally, R.; Ghosh, D.; Barrette, T.; Pander, A.; Chinnaiyan, A.M. ONCOMINE: A cancer microarray database and integrated data-mining platform. Neoplasia 2004, 6, 1–6. [Google Scholar] [CrossRef]

	



Chandrashekar, D.S.; Bashel, B.; Balasubramanya, S.A.H.; Creighton, C.J.; Ponce-Rodriguez, I.; Chakravarthi, B.; Varambally, S. UALCAN: A Portal for Facilitating Tumor Subgroup Gene Expression and Survival Analyses. Neoplasia 2017, 19, 649–658. [Google Scholar] [CrossRef]

	



Lanczky, A.; Gyorffy, B. Web-Based Survival Analysis Tool Tailored for Medical Research (KMplot): Development and Implementation. J. Med. Internet Res. 2021, 23, e27633. [Google Scholar] [CrossRef]

	



Szklarczyk, D.; Gable, A.L.; Lyon, D.; Junge, A.; Wyder, S.; Huerta-Cepas, J.; Simonovic, M.; Doncheva, N.T.; Morris, J.H.; Bork, P.; et al. STRING v11: Protein–protein association networks with increased coverage, supporting functional discovery in genome-wide experimental datasets. Nucleic Acids Res. 2018, 47, D607–D613. [Google Scholar] [CrossRef]

	



Yuan, H.; Yan, M.; Zhang, G.; Liu, W.; Deng, C.; Liao, G.; Xu, L.; Luo, T.; Yan, H.; Long, Z.; et al. CancerSEA: A cancer single-cell state atlas. Nucleic Acids Res. 2018, 47, D900–D908. [Google Scholar] [CrossRef]

	



Miao, Y.-R.; Zhang, Q.; Lei, Q.; Luo, M.; Xie, G.-Y.; Wang, H.; Guo, A.-Y. ImmuCellAI: A Unique Method for Comprehensive T-Cell Subsets Abundance Prediction and its Application in Cancer Immunotherapy. Adv. Sci. 2020, 7, 1902880. [Google Scholar] [CrossRef]

	



Zhang, Q.; Liu, W.; Zhang, H.M.; Xie, G.Y.; Miao, Y.R.; Xia, M.; Guo, A.Y. hTFtarget: A Comprehensive Database for Regulations of Human Transcription Factors and Their Targets. Genom. Proteom. Bioinform. 2020, 18, 120–128. [Google Scholar] [CrossRef]

	



Nusinow, D.P.; Szpyt, J.; Ghandi, M.; Rose, C.M.; McDonald, E.R., 3rd; Kalocsay, M.; Jané-Valbuena, J.; Gelfand, E.; Schweppe, D.K.; Jedrychowski, M.; et al. Quantitative Proteomics of the Cancer Cell Line Encyclopedia. Cell 2020, 180, 387–402.e16. [Google Scholar] [CrossRef] [PubMed]

	



Omura, J.; Satoh, K.; Kikuchi, N.; Satoh, T.; Kurosawa, R.; Nogi, M.; Ohtsuki, T.; Al-Mamun, M.E.; Siddique, M.A.H.; Yaoita, N.; et al. ADAMTS8 Promotes the Development of Pulmonary Arterial Hypertension and Right Ventricular Failure: A Possible Novel Therapeutic Target. Circ. Res. 2019, 125, 884–906. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, K.; Tian, R.; Wang, G.; Zhang, J.; Ma, H.; Hu, X.; Xi, J.; Wang, G. ADAMTS8 Inhibits Cell Proliferation and Invasion, and Induces Apoptosis in Breast Cancer. OncoTargets Ther. 2020, 13, 8373–8382. [Google Scholar] [CrossRef] [PubMed]

	



Dunn, J.R.; Reed, J.E.; du Plessis, D.G.; Shaw, E.J.; Reeves, P.; Gee, A.L.; Warnke, P.; Walker, C. Expression of ADAMTS-8, a secreted protease with antiangiogenic properties, is downregulated in brain tumours. Br. J. Cancer 2006, 94, 1186–1193. [Google Scholar] [CrossRef] [PubMed]

	



Fares, J.; Fares, M.Y.; Khachfe, H.H.; Salhab, H.A.; Fares, Y. Molecular principles of metastasis: A hallmark of cancer revisited. Signal Transduct. Target. Ther. 2020, 5, 28. [Google Scholar] [CrossRef]

	



Choi, G.C.; Li, J.; Wang, Y.; Li, L.; Zhong, L.; Ma, B.; Su, X.; Ying, J.; Xiang, T.; Rha, S.Y.; et al. The metalloprotease ADAMTS8 displays antitumor properties through antagonizing EGFR-MEK-ERK signaling and is silenced in carcinomas by CpG methylation. Mol. Cancer Res. MCR 2014, 12, 228–238. [Google Scholar] [CrossRef]

	



Zhao, X.; Yang, C.; Wu, J.; Nan, Y. ADAMTS8 targets ERK to suppress cell proliferation, invasion, and metastasis of hepatocellular carcinoma. OncoTargets Ther. 2018, 11, 7569–7578. [Google Scholar] [CrossRef]

	



Zhang, Y.; Hu, K.; Qu, Z.; Xie, Z.; Tian, F. ADAMTS8 inhibited lung cancer progression through suppressing VEGFA. Biochem. Biophys. Res. Commun. 2022, 598, 1–8. [Google Scholar] [CrossRef]

	



Wang, L.-L.; Chen, Z.-S.; Zhou, W.-D.; Shu, J.; Wang, X.-H.; Jin, R.; Zhuang, L.-L.; Hoda, M.A.; Zhang, H.; Zhou, G.-P. Down-regulated GATA-1 up-regulates interferon regulatory factor 3 in lung adenocarcinoma. Sci. Rep. 2017, 7, 2551. [Google Scholar] [CrossRef]

	



Chen, J.; Zhang, J.; Li, X.; Zhang, C.; Zhang, H.; Jin, J.; Dai, D. Downregulation of ADAMTS8 by DNA Hypermethylation in Gastric Cancer and Its Clinical Significance. BioMed Res. Int. 2016, 2016, 5083841. [Google Scholar] [CrossRef]

	



Chen, J.; Luo, Y.; Zhou, Y.; Qin, S.; Qiu, Y.; Cui, R.; Yu, M.; Qin, J.; Zhong, M. Promotion of Tumor Growth by ADAMTS4 in Colorectal Cancer: Focused on Macrophages. Cell. Physiol. Biochem. 2018, 46, 1693–1703. [Google Scholar] [CrossRef] [PubMed]








[image: Jpm 12 00902 g001 550] 





Figure 1. The expression of ADAMTS8 is low in lung adenocarcinoma. The roles of ADAMTS8 in lung cancer were investigated. The lower expression levels of ADAMTS8 from tumor parts in our in-house cohort (A) and patients from TCGA cohort (B). With the utilization of the public data of TCGA, the expression of ADAMTS8 was observed to be lower in lymph node metastasis (C) and advanced stage (D) but not lymph node metastasis or stage-dependent. In addition, the datasets from Oncomine showed lower expression levels of ADAMTS8 in tumor parts among seven cohorts (E). The expression of ADAMTS8 in normal and lung cancer cell lines (F). Significant difference between cancer and normal parts. ** p < 0.01, *** p < 0.005. 
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Figure 2. Patients with lower expression levels of ADAMTS8 survive for a shorter duration in lung adenocarcinoma. ADAMTS8 had low expression in tumor parts, and survival analyses were performed to confirm whether ADAMTS8 plays a significant clinical role. The KM plotter revealed that the lower expression of ADAMTS8 conferred lower overall survival (A) and shorter time for first progression (B) but not post-progression survival (C). Abb.: OS, overall survival; FP, time to the first progression; PPS, post-progression survival. 
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Figure 3. ADAMTS8 caused a more aggressive phenotype in lung adenocarcinoma. The GSEAs linked to low levels of ADAMTS8 were lung cancer, poor survival, EMT and metastasis in cancer (A–C). From the public database CancerSEA, ADAMTS8 mediates several cancer cellular behaviors, with positive correlations in angiogenesis, differentiation and inflammation and negative correlations in apoptosis, cell cycle, DNA damage, DNA repair, EMT, invasion and metastasis (D). The correlations in invasion, EMT and metastasis yielded values of −0.4, −0.35 and −0.31, respectively (E–G). Abb. EMT, epithelial-mesenchymal transition; GBM, glioblastoma multiforme; RB, retinoblastoma; UM, uveal melanoma. *** p < 0.005. 
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Figure 4. The possible regulatory factors affecting the expression of ADAMTS8. The levels of DNA methylation expressed in normal/tumor tissues (left panel, A), lymph node metastasis (middle panel, A) and tumor stage (right panel, A). The correlation between ADAMTS8 mRNA expression and ADAMTS8 copy number variation (B). The predicted miRNAs from miRDB_6.0 and TargetScan_8.0 (C) and the correlation between miR-98-5p and ADAMTS8 (D). The expression levels of miR-98-5p between normal parts and tumor parts, in lymph node metastasis and tumor staging (E), and survival analysis (F) in lung cancer. NS, not significant. 
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Figure 5. GATA1 regulated ADAMTS8 expression and conferred poor survival. The GATA1 expression in lymph node metastasis and tumor staging (left two panels, A) and its survival disadvantage (right panel, A). The LMO2 expression in lymph node metastasis and tumor staging (left two panels, B) and its survival disadvantage (right panel, B). The cross-analysis of effects of ADAMTS8 on overall survival analysis in lung cancer patients based on either GATA1 (C) or LMO2 (D). * p < 0.05, ** p < 0.01, *** p < 0.005. 
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Figure 6. The network interaction between ADAMTSL2, THSD1 and ADAMTS8. The protein–protein interactions of ADAMTS8 utilizing STRING (protein, version 11.0b) revealed the interactions (A). The r values for the correlation between ADAMTS8 and ADAMTSL2 and THDS1 were 0.58 and 0.75, respectively, for the TCGA cohort (B,C). The expression of ADAMTSL2 in the tumor parts was lower than in the normal parts (left panel, D); we also show its relation with lymph node metastasis or tumor stage (middle and right panels, D). The expression of THSD1 in tumor parts was lower than in normal parts (left panel, E); we also show its relation with lymph node metastasis or tumor stage (middle and right panel, E). The effects of THSD1 (F) and ADAMTSL2 (G) on overall survival analysis. * p < 0.05, ** p < 0.01, *** p < 0.005. 
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Figure 7. Patients with low PD-L1 expression or no driver mutations would benefit from ADAMTS8 treatment. The expression levels of ADAMTS8 are listed based on PD-L1 (CD274) expression (left panel, A). The survival analysis of high versus low ADAMTS8 expression divided by high and low expression of PD-L1 showed a benefit of ADAMTS8 in patients with low PD-L1 but not high PD-L1 (mid, right panels, A). CTLA4 showed a survival benefit regardless of levels of expression in CTLA4 (B). Regarding a targetable gene, EGFR, patients harboring the wild-type mutations but not common mutations with high-level ADAMTS8 survived longer (C). The expression of ADAMTS8 in various LUAD cancer cell lines (D). 






Figure 7. Patients with low PD-L1 expression or no driver mutations would benefit from ADAMTS8 treatment. The expression levels of ADAMTS8 are listed based on PD-L1 (CD274) expression (left panel, A). The survival analysis of high versus low ADAMTS8 expression divided by high and low expression of PD-L1 showed a benefit of ADAMTS8 in patients with low PD-L1 but not high PD-L1 (mid, right panels, A). CTLA4 showed a survival benefit regardless of levels of expression in CTLA4 (B). Regarding a targetable gene, EGFR, patients harboring the wild-type mutations but not common mutations with high-level ADAMTS8 survived longer (C). The expression of ADAMTS8 in various LUAD cancer cell lines (D).



[image: Jpm 12 00902 g007]







[image: Table] 





Table 1. Survival significance of curated co-association transcription factors and their correlations with targeted ADAMTS8.
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TF Expression Level a

	
TF Expression Level b

	
Correlation with ADAMTS8 b




	
Transcription factors

	
Log2 Fold Change

	
Log2 Fold Change

	
Pearson’s r

	
p-value






	
Low expression in tumor

	

	

	




	
GATA1

	
−0.85

	
−1.09 *

	
0.62

	
3.96 × 10−63




	
RARA

	
0.33

	
−0.01 *

	
0.19

	
4.13 × 10−6




	
LMO2

	
−1.25

	
−0.26 *

	
0.59

	
3.27 × 10−54




	
High expression in tumor

	

	

	




	
E2F4

	
0.24

	
0.12 *

	
−0.28

	
7.89 × 10−12




	
CTBP2

	
0.32

	
0.14 *

	
−0.35

	
2.75 × 10−18








a. Data of the transcription factor expression level and its correlation with ADAMTS8 were extracted from our in-house cohort. b. Data of the transcription factor expression level and its correlation with ADAMTS8 were extracted from the TCGA LUAD cohort. * p < 0.001.
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Table 2. The potential interactive molecules of ADAMTS8.
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Survival Association a

	
mRNA Expression Level b

	
Correlation with ADAMTS8 b




	
mRNA

	
HR for OS *

	
p-Value

	
Log2 Fold Change

	
Pearson’s r

	
p-Value






	
POFUT2

	
0.58

	
5.6 × 10−10

	
1.11

	
−0.12

	
3.00 × 10−3




	
ACAN

	
0.57

	
3.7 × 10−11

	
1.44

	
−0.17

	
4.50 × 10−5




	
ADAMTS19

	
0.60

	
3.1 × 10−9

	
0.73

	
0.03

	
4.06 × 10−1




	
THBS1

	
0.68

	
7.1 × 10−6

	
0.99

	
0.19

	
3.39 × 10−6




	
ADAMTS13

	
0.60

	
1.4 × 10−9

	
1.12

	
0.11

	
1.00 × 10−2




	
ADAMTS2

	
0.66

	
1.0 × 10−6

	
1.04

	
0.06

	
1.54 × 10−1




	
ADAMTS10

	
0.60

	
1.5 × 10−9

	
1.04

	
0.25

	
9.61 × 10−10




	
THBS2

	
0.81

	
1.4 × 10−2

	
1.36

	
−0.36

	
1.29 × 10−18








a. Hazard ratio of overall survival was extracted from the KM plotter website. b. Data of the mRNA expression level and its correlation with ADAMTS8 were extracted from the TCGA LUAD cohort. * OS, overall survival.
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Table 3. TCGA LUAD immune cell correlations with ADAMTS8.
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	Immune Cells
	Pearson’s r
	p-Value





	NKT
	0.630
	2.50 × 10−64



	Tfh
	0.510
	2.39 × 10−39



	NK
	0.450
	1.02 × 1029



	Th2
	0.440
	1.09 × 10−28



	CD4_T
	0.400
	1.36 × 10−23



	MAIT
	0.400
	3.76 × 10−23



	Tgd
	0.280
	8.47 × 10−12



	Macrophage
	0.190
	2.53 × 10−6



	Tc
	0.130
	2.00 × 10−3



	Th17
	0.009
	8.25 × 10−1



	CD4_naive
	−0.001
	9.79 × 10−1



	DC
	−0.020
	6.20 × 10−1



	Neutrophil
	−0.020
	6.79 × 10−1



	Tcm
	−0.030
	5.39 × 10−1



	CD8_T
	−0.050
	2.59 × 10−1



	CD8_naive
	−0.060
	1.27 × 10−1



	B_cell
	−0.080
	5.20 × 10−2



	Tr1
	−0.110
	9.00 × 10−3



	iTreg
	−0.200
	8.80 × 10−7



	Monocyte
	−0.260
	1.70 × 10−10



	Th1
	−0.290
	1.92 × 10−12



	Tex
	−0.390
	5.26 × 10−22



	Tem
	−0.420
	3.48 × 10−26



	nTreg
	−0.670
	3.11 × 10−77







Abb. NKT, natural killer T cell; Tfh, follicular helper T cell; MAIT, mucosal-associated invariant T cell; Tgd, gamma delta T cell; Tc, cytotoxic T cell; DC, dendritic cell; Tcm, central memory T cell; Tr1, type 1 regulatory T cell; iTreg, induced Treg; Tex, exhausted T cell; Tem, effector memory T cell; nTreg, natural Treg.
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