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Editorial on the Research Topic 
From Chronic Inflammation to Cancer: How Far Can Immunotherapy Go?

Inflammation is divided into acute inflammation and chronic inflammation. Chronic inflammation has been proved to be one of the major culprits of tumor occurrence and development (Ameri et al., 2019). Once acute inflammation does not subside in time, it will turn into chronic inflammation, and then induce a variety of malignant tumors. Chronic inflammatory diseases, systemic chronic inflammation (obesity, depression, etc.,) and chronic inflammation caused by treatment can affect the immune system, thereby promoting the occurrence and development of tumors. In recent years, people have achieved many gratifying results, including in-depth research on the relationship between inflammation and tumors, the occurrence and regression mechanism of inflammation, and the role of chronic inflammation in tumorigenesis and development.
Here, we are committed to developing new strategies and treatments to activate the immune system of patients with chronic inflammation and cancer, in order to discover new drugs that can be used to combat chronic inflammation and induce cancer immune activation. In our research topic, Liu et al. described the role of IL-17A in Chronic Obstructive Pulmonary Disease (COPD), and discussed that IL-17A and its downstream regulators are potential therapeutic targets for COPD and subsequently COPD-derived lung cancer. Zhang et al. explored the role of FDX1 in the prognosis and metabolism of lung adenocarcinoma. They showed that FDX1 was closely related to glucose metabolism, fatty acid oxidation and amino acid metabolism. Another interesting study performed by Zeng et al. found chemokine ligand 14 (CXCL14) is involved in the proliferation and migration of ROS-induced colorectal cancer (CRC) cells, suggesting that aberrant ROS may promote colorectal cancer cell proliferation and migration through an oncogenic CXCL14 signaling pathway. Also, Wang et al., from another aspect, discussed the carnitine palmitoyltransferase system as a new target for anti-inflammatory and anti-cancer therapy, which may work as a promising anti-inflammatory/anti-tumor therapeutic strategy for numerous disorders. In tumor microenvironment field, Du et al. studied the tumor microenvironmental m6A as a prognostic biomarker associated with the hepatocellular carcinoma (HCC). And Wei et al. found that inhibition of BCL9 modulates the cellular landscape of tumor-associated macrophages in colorectal cancer.
Today, in cancer prevention and treatment, many clinical trials aiming at evaluating the efficacy of inflammatory regulators are underway. Though the single use of anti-inflammatory drugs has shown limited efficacy in cancer treatment, inflammation modulators can synergistically increase the anti-cancer drug’s efficacy in cancer therapies (chemotherapy, immunotherapy, etc.). For example, in some patients with advanced cancer, after conventional treatment, immunotherapy can still alleviate or even prevent the further development of disease (Ramagopalan et al., 2021). It is worth noting that the side effects suffered by patients during the remission period of several years are also lighter. Thus, there are still many key issues to be addressed on how to apply immunotherapy to regulate inflammation, or to improve the efficacy of cancer treatment or anti-cancer efficacy. For example: how to identify the most critical driving factors affecting the inflammatory response of cancer patients (Golder et al., 2021)? How to reduce or avoid side effects such as severe inflammation in the process of anti-cancer treatment (inflammatory storm induced by CAR-T treatment) (Hescot et al., 2018)? In addition, in the process of anti-tumor immunotherapy, we should also consider that different cancer patients will have different inflammatory responses. Personalized treatment strategies (precision medicine) for specific tumor-related inflammation will help improve anti-cancer efficacy. To answer these questions, our topic authors, through different ways and methods, in different tumors, have studied in depth some application cases of immunotherapy. Wu et al. explored T cell immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain (TIGIT), which is highly expressed in a subset of Treg cells, as a novel target for bladder cancer immunotherapy. Li et al. discussed the cGAS-STING pathway to explore the DNA immune recognition regulation in autoimmune disease and cancer. They summarized the current progress on cGAS-STING pathway modulators and laid the foundation for further investigating therapeutic development in autoimmune diseases and tumors. Wang et al. discussed the inhibitory effect of methylseleninic acid on esophageal squamous cell carcinoma through EGFR-IL-6 signaling axis. For metastatic cancer, Guo et al. used a xenograft model in zebra fish, and found lncRNA OR3A4 acts as the inflammatory cytokine to promote the proliferation and metastasis of ovarian cancer through KLF6 pathway.
In summary, the collection of aforementioned articles in this research topic provide either overview of novel targets in immunotherapy, or new fundamental findings and summaries related to chronic inflammation and cancer. Additional researches, for example, drug delivery systems and synthetic antibody engineering, are needed to gain further insights as we move toward to improve the safety and efficacy of novel immunotherapy applications in chronic inflammation and cancer.
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Background: N6-methyladenosine (m6A) is related to the progression of multiple cancers. However, the underlying influences of m6A-associated genes on the tumor immune microenvironment in hepatocellular carcinoma (HCC) remain poorly understood. Therefore, we sought to construct a survival prediction model using m6A-associated genes to clarify the molecular and immune characteristics of HCC.
Methods: HCC case data were downloaded from The Cancer Genome Atlas (TCGA). Then, by applying consensus clustering, we identified two distinct HCC clusters. Next, four m6A-related genes were identified to construct a prognostic model, which we validated with Gene Expression Omnibus (GEO) and International Cancer Genome Consortium (ICGC) datasets. Additionally, the molecular and immune characteristics in different subgroups were analyzed.
Results: m6A RNA methylation regulators were differentially expressed between HCC and normal samples and linked with immune checkpoint expression. Using consensus clustering, we divided HCC samples into two subtypes with distinct clinical features. Cluster 2 was associated with unfavorable prognosis, higher immune checkpoint expression and immune cell infiltration levels. In addition, the immune and carcinogenic signaling pathways were enriched in cluster 2. Furthermore, we constructed a risk model using four m6A-associated genes. Patients with different risk scores had distinct survival times, expression levels of immunotherapy biomarkers, TP53 mutation rates, and sensitivities to chemotherapy and targeted therapy. Similarly, the model exhibited an identical impact on overall survival in the validation cohorts.
Conclusion: The constructed m6A-based signature may be promising as a biomarker for prognostics and to distinguish immune characteristics in HCC.
Keywords: M6A, hepatocellular carcinoma, prognosis, immune microenvironment, therapy
INTRODUCTION
Epidemiological surveys have found that hepatocellular carcinoma (HCC) is among the most lethal cancers in terms of its incidence and mortality (Bray et al., 2018). Despite great improvements in diagnosis and treatment, the overall prognosis of HCC patients remains unsatisfactory. Therefore, predictive prognostic biomarkers of HCC are immediately needed to improve the clinical outcome of HCC patients.
Recently, inhibiting immune checkpoints, such as cytotoxic T lymphocyte-associated protein 4 (CTLA4), programmed death 1 (PD1), and programmed death-ligand 1 (PD-L1), has shown clear benefits in the survival of cancer patients (Larkin et al., 2015; Bellmunt et al., 2017; Garassino et al., 2020). Compared with traditional therapies, immune checkpoint inhibitor (ICI) treatment has become an emerging strategy for HCC therapy with a significantly favorable outcome (El-Khoueiry et al., 2017; Zhu et al., 2018). Nonetheless, a major limitation is the low response rate of patients to immunotherapy (Ferris et al., 2016; Ma et al., 2019). Multiple factors, including the tumor immune microenvironment (TIME), can affect ICI effectiveness, and few biomarkers can effectively predict patient outcomes (Nishino et al., 2017). The identification of potential prognostic markers associated with treatment benefit will allow individualized immunotherapy for HCC patients. Unfortunately, we know little about the TIME of HCC. Therefore, sensitive prognostic and therapeutic biomarkers are urgently needed to predict the HCC response to ICIs. Many studies on the TIME have demonstrated the critical function of infiltrating immune cells in cancer development and the therapeutic response to immunotherapy (Jiang et al., 2018; Zeng et al., 2018). For example, tumor-infiltrating lymphocytes (TILs), such as CD4+ T cells and CD8+ T cells, have emerged as potential prognostic factors for therapeutic responsiveness to immunotherapy (Vassilakopoulou et al., 2016). Due to the high enrichment of infiltrating regulatory T cells (Tregs) and exhausted CD8+ T cells in HCC, the regulatory imbalance in the tumor immune microenvironment has an important impact on the initiation, progression and resistance of HCC, which possesses features of immunosuppressive disease (Zheng et al., 2017; Ringelhan et al., 2018; Ruf et al., 2020). Therefore, the potential mechanisms that regulate the tumor immune microenvironment should be further clarified to enable the determination of precise and accurate biomarkers that effectively render a prognosis and predict the immune response to personalized immunotherapy.
N6-methyladenosine (m6A) is the most important and prevalent internal modification of mRNA (Wang et al., 2017). m6A regulators comprise three types of factors: writers, readers, and erasers (Yang et al., 2018). A variety of studies have shown that m6A regulators make a huge difference in the modification of noncoding RNAs, including microRNAs, long non-coding RNAs, and circular RNAs, gene expression, alternative splicing, and protein translation (Dominissini et al., 2012; Alarcón et al., 2015; Lin et al., 2019; He et al., 2020; Rao et al., 2020). The aberrant expression levels of m6A regulators are tightly linked to stem cell differentiation, germ cell maturity and fertility, T cell differentiation, heart disease, and nervous system activity (Geula et al., 2015; Li et al., 2017a; Fang et al., 2020). m6A RNA methylation regulators have also been investigated extensively in a variety of tumors (Huo et al., 2020). m6A methylation has a great effect on the tumor development and progression by modulating the expression of a wide variety of oncogenes and cancer suppressor genes. For instance, depletion of METTL3 makes pancreatic cancer cells sensitive to anticancer therapy (Taketo et al., 2018). Additionally, downregulation of METTL14 may serve as a prognostic factor for HCC patients (Weng et al., 2018).
Although many efforts have been made to study the intrinsic mechanisms of m6A-related regulators in cancer progression and metastasis, the underlying roles of m6A regulators in the immune microenvironment continue to be largely unclear. A study found that neoantigen-dependent tumor-specific immunity is considerably controlled by YTHDF1 (Han et al., 2019). In addition, FTO might decrease the response to anti-PD-1 blockade immunotherapy in melanoma (Yang et al., 2019). These results suggested that m6A-associated genes might become underlying predictive factors and therapeutic targets to improve the clinical response to ICI treatment. However, whether m6A RNA methylation regulators are correlated with the TIME or immune checkpoints such as PD-L1 is unknown in HCC. There is no doubt that a comprehensive understanding of m6A-associated genes in HCC still needs to be further demonstrated.
A significant amount of research has focused on constructing a useful tool to provide better survival prediction for patients with HCC. However, little of this research has been useful. To systematically analyze the correlations of m6A-associated regulators with prognosis, the expression of immune checkpoints, therapeutic response, and TIME in HCC, we carried out this study. Specifically, we studied the expression levels of m6A-associated genes in HCC and normal tissues and the correlation between m6A regulators and immune checkpoints. Then, we identified two different HCC subtypes that had different prognostic outcomes and clinicopathological features. Next, we established a risk model for m6A-related regulators to improve the accuracy of their prognosis for HCC, which led to the categorization of HCC samples in the TCGA, GEO, and ICGC cohorts into two risk subgroups. Next, the relationships between the risk models and immune checkpoints, immune cell infiltration levels, total mutation burden (TMB), neoantigen counts, gene mutation status, and therapeutic sensitivity were fully elucidated on the basis of the m6A-related signature to systematically examine the effects of m6A regulators on the survival and tumor immune microenvironment of HCC. These results demonstrated that m6A-associated regulators play key roles in HCC prognosis, TIME, and therapeutic responses.
METHODS
Data Collection
The mRNA expression profiles and the corresponding clinicopathological data of HCC patients were simultaneously downloaded from the TCGA on August 3, 2020, and consisted of data on 374 HCC and 50 normal case samples. The RNA-seq data and survival data of 221 HCC samples (GSE14520 dataset) were obtained from the GEO database. The RNA-seq data and clinical information of another 232 HCC cases were downloaded from the ICGC database. We removed the batch effect via the “sva” R package.
Identification of m6A RNA Methylation Regulators
After searching the recently published literature on m6A, we found 18 m6A-related genes (Huo et al., 2020). A total of 15 of these genes were selected based on the mRNA expression data of HCC obtained from the TCGA. Ten genes (YTHDC2, FTO, ZC3H13, YTHDC1, YTHDF3, YTHDF1, METTL3, RBM15, YTHDF2, and WTAP) were identified for subsequent prognostic analysis because they are listed in the GSE14520 dataset.
Construction and Validation of the Prognostic Gene Signature
The risk model of four m6A regulators was constructed using least absolute shrinkage and selection operator (LASSO) regression analysis of the TCGA cohort data. The coefficients were derived from the LASSO regression analysis. The risk score was obtained from the equation: risk score = [image: image]. Then, according to the median value of the risk score, HCC patients were classified into the high-risk subgroup or the low-risk subgroup.
Gene Ontology and Gene Set Enrichment Analysis
To elucidate the biological features of two distinct clusters, the “clusterProfiler” package was employed for the Gene Ontology (GO) enrichment analysis, and p. adjust <0.05 showed significance (Yu et al., 2012). GSEA was carried out using the Hallmark gene set “h.all.v7.0.symbols.gmt” to illustrate the different enriched terms between different HCC subtypes.
Immune Cell Infiltration Estimation, Tumor Mutation Burden and Neoantigen Analyses
The immune score and stromal score for each patient were obtained by using the “estimate” package (Yoshihara et al., 2013). The immune cell infiltration levels were assessed comprehensively through The Tumor Immune Estimation Resource (TIMER), which estimates the abundance of six immune cell infiltrates (Li et al., 2017b). The somatic mutational profile of HCC was downloaded from the TCGA. The quantity and quality of the gene mutations were analyzed in the two groups with the “Maftools” package of R (Mayakonda et al., 2018). Neoantigens in the TCGA-LIHC dataset were obtained from a previously published study (Thorsson et al., 2018).
Chemotherapy and Targeted Therapy Response Prediction
To estimate the predictive role of the model for HCC treatment, we used the R package “pRRophetic” to evaluate the half maximal inhibitory concentration (IC50) of common chemotherapy and targeted therapy drugs, such as sorafenib, mitomycin, and doxorubicin.
Statistical Analysis
Statistical tests were conducted using R version 4.0.2 and GraphPad Prism 8.0. The group comparisons of two groups were compared by t-test. The expression correlation analysis between m6A-associated genes and immune checkpoints was performed by Pearson correlation test. Using “km” method in the R package “ConsensusClusterPlus,” we classified 374 HCC patients into different subtypes. We performed a chi-square test to explore the relationship between the clusters and clinicopathological characteristics. Survival curves and survival differences were generated by the Kaplan-Meier method with log rank test. Univariate and multivariate analyses were performed by adopting the Cox regression method to determine whether the risk score combined with other clinical characteristics was an independent prognostic factor. In addition, a receiver operating characteristic (ROC) curve analysis was performed to evaluate the predictive power of the prognostic model. A p value (two-sided) less than 0.05 was accepted as statistically significant: not significant (ns), p < 0.05 (*), p < 0.01 (**), p < 0.001 (***) and p < 0.0001 (****).
RESULTS
m6A RNA Methylation Regulators Were Largely Overexpressed and Associated With Immune Checkpoints in Hepatocellular Carcinoma
To systematically investigate the potential impact of m6A-related genes on HCC development and progression, we assessed the distinct expression levels of 15 m6A-associated genes between HCC and normal tissues in the TCGA dataset. It was evident that the expression levels of m6A-associated genes in the HCC and normal patients were different (Figure 1A). All m6A regulators, except METTL14 and ZC3H13, were significantly overexpressed in the HCC samples. Then, we assessed the correlation of immune checkpoints, including HAVCR2 (also known as TIM3), LAG3, PD-L1, CTLA4, IDO1, and PD1, with m6A-related genes. The expression levels of immune checkpoints showed a positive correlation with m6A-associated genes (Figure 1B). These findings demonstrated that m6A-related regulators might have essential effects on HCC development and progression. Considering the known roles of checkpoints in the immunosuppressive microenvironment, m6A-associated regulators may have crucial biological functions in HCC immunotherapy.
[image: Figure 1]FIGURE 1 | m6A regulators expression levels and correlation with immune checkpoint expression in HCC. (A), heatmap and boxplot of 15 m6A-related genes expression in HCC. N: normal tissue; T: tumor tissue. (B), the expression correlation between the immune checkpoints and m6A regulators. “X” means p > 0.05.
The Association of Consensus Clustering With the Clinicopathological Features, Survival Status, Tumor Signaling Pathways, and Immune Cell Infiltration in Hepatocellular Carcinoma
Considering the optimal clustering stability, k = 2 was ultimately identified (Supplementary Figure S1), and the samples from 374 patient with HCC were categorized into two different subtypes (Figure 2A). Then, the overall survival (OS) and other clinical information of cluster 1 (n = 260) and cluster 2 (n = 114) were compared comprehensively. The OS (p = 0.0008) of cluster 1 with downregulated m6A regulator expression was better than that of cluster 2 with upregulated m6A regulator expression (Figure 2B). We found that the expression level of individual m6A-associated genes in cluster 2 was higher than that in cluster 1, expect that of ZC3H13. Then, we fully compared the clinical characteristics between the two clusters (Figure 2C). Cluster 1 mostly consisted of samples from male and elderly patient with HCC (p < 0.05). Cluster 2 was closely linked with a higher histological grade and a lower stromal score than cluster 1 (p < 0.05). We also performed PCA to find the gene expression profiles that differed between the two subtypes (Supplementary Figure S1D). The results indicated that the clusters defined by m6A-related genes were tightly linked to HCC tumor heterogeneity. Next, to further explore potential functional pathways, Gene Ontology (GO) enrichment analysis was conducted for the differentially expressed genes (DEGs) between the two subtypes. The DEGs were closely related to biological processes (BPs) of the immune response, such as the immunoglobulin-mediated immune response and complement activation (Figure 3A). Because of the possible difference in the immune microenvironment between the two clusters, GSEA was conducted to further analyze the underlying regulatory mechanisms. The findings revealed that cluster 2 samples expectedly possessed several canonical hallmarks of malignancy, such as DNA repair, G2M checkpoint, mTORC1 pathway, Wnt/β-Catenin pathway, P53 pathway, and PI3K/AKT/mTOR pathway (Figure 3B). Hence, these pathways linked with the development and progression of cancers, particularly the PI3K/AKT/mTOR pathway, P53 pathway, and Wnt/β-Catenin pathway, might be connected with the distinct immune microenvironment of the two clusters. To explore the influence of m6A-associated regulators on the tumor immune microenvironment of HCC, we assessed the immune cell infiltrate level, immune score, and stromal score between the two clusters. The stromal score was significantly different between the two clusters (Figure 2C). Next, the infiltration levels of immune cells in the two clusters were explored. Cluster 2 samples showed a higher abundance of immune cells (Figure 3C). To further investigate the involvement of immune checkpoints with m6A-associated genes, we evaluated the expression levels of immune checkpoints between the two clusters. The immune checkpoints were highly expressed in cluster 2 samples (p < 0.01; Figure 3D). The expression levels of immune checkpoints were also compared between HCC and normal patient samples (Supplementary Figure S2A). Given these results, the patients represented by cluster 2 may potentially have a higher response rate to ICI treatment.
[image: Figure 2]FIGURE 2 | Different clinicopathological characteristics and survival of HCC in two clusters in the TCGA-LIHC. (A), consensus clustering heatmap for k = 2 in HCC. (B), survival curve of overall survival in two clusters. (C), heatmap and clinicopathological characteristics of the two clusters.
[image: Figure 3]FIGURE 3 | Different cancer pathways and immune cell infiltration level in two subtypes in the TCGA-LIHC. (A), top enriched pathways in distinct two clusters. (B), several differential enriched pathways in GSEA. (C), the infiltrating level of six immune cell types in two clusters. (D), the expression level of immune checkpoints in two clusters.
Construction of an m6A RNA Methylation Regulator-Based Prognostic Model
Next, we elucidated the prognostic function of m6A-related genes in HCC patients. Univariate Cox regression analysis was used to identify seven survival-related genes (Supplementary Figure S2B). Then, LASSO regression analysis was performed based on the expression levels of seven identified m6A-associated genes in the TCGA cohort. As a consequence, four m6A-related genes, namely, METTL3, YTHDF2, YTHDF1, and ZC3H13, were identified (Figure 4A). The risk score of each patient in the TCGA, GEO, and ICGC datasets was calculated by employing the following equation: risk score = (0.1503* expression level of METTL3) + (0.0877* expression level of YTHDF2) + (0.0274* expression level of YTHDF1) − (0.1197* expression level of ZC3H13). Subsequently, 185 cases were classified into the high-risk group and 185 cases were classified into the low-risk group according to the median risk score in the TCGA dataset. We studied the associations between the risk score and clinicopathological characteristics. The heatmap results showed that the four m6A regulators had distinct expression levels in the two risk subgroups in the TCGA cohort (Figure 4B). METTL3, YTHDF2, and YTHDF1 were mainly overexpressed in the high-risk subgroup, whereas ZC3H13 was upregulated in the low-risk subgroup. The differences in status (p < 0.05), grade (p < 0.01), stage (p < 0.01), and T stage (p < 0.05) between the two risk subgroups were significant. In addition, we studied the associations between risk score and clustering subtypes and stromal score. Not surprisingly, we found that patients in cluster 2 showed an evidently higher risk score than patients in cluster 1 (p < 0.0001, Figure 4C). Compared to the group of patients with a high-risk score, the group of patients with a high-risk score had a higher stromal score (p < 0.05, Figure 4D). The immune score between two groups was no statistical significance (Supplementary Figure S2C). To further test the robustness of the risk model, we plotted a Kaplan-Meier curve. Patients in the high-risk group had a reduced survival time compared with those in the low-risk group (p < 0.001). In addition, the time-dependent ROC analysis were performed to assess the predictive accuracy of the risk model, and the area under the curve (AUC) was as high as 0.766 at 1 year, 0.728 at 3 years, and 0.616 at 5 years (Figure 4E). These findings indicate that the risk score was dramatically related to clustering subtypes, degree of liver cancer malignancy, stromal score, and survival time for patients with HCC.
[image: Figure 4]FIGURE 4 | Prognostic risk signatures correlated with clinicopathological characteristics in the TCGA-LIHC. (A), construction of the risk signature model. (B), heatmap and clinicopathological characteristics of two risk subgroups. (C), distribution of risk scores stratified by cluster. (D), the relationship between risk score and stromal score. (E), survival curve, ROC curve, and risk score analysis in the TCGA-LIHC cohort.
The Independent Prognostic Role of the Risk Model Based on the Gene Expression Omnibus and International Cancer Genome Consortium Cohorts
To validate that the m6A-associated genes had a similar impact on other HCC cases, we selected the GSE14520 dataset and ICGC dataset to serve as the external validation cohorts. Patient data were then categorized into two groups according to the median risk score of the TCGA cohort. The overall survival status, ROC curves, and expression details related four selected m6A-related genes and the corresponding risk scores in the GEO and ICGC cohorts are exhibited in Figure 5. The heatmaps show that METTL3, YTHDF2, and YTHDF1 are mainly overexpressed in the high-risk subgroup, whereas ZC3H13 is upregulated in the low-risk subgroup, serving as a protective m6A regulator. The 1, 3, and 5 years ROC curves in this model showed that the AUC values were moderate. The patients in the low-risk group exhibited a longer survival time than those in the high-risk group (p < 0.001; Figure 5A). Similarly, in the ICGC cohort, the patients in the high-risk subgroup showed a shorter survival time (p = 0.007; Figure 5B), and the 1, 3, and 5 years AUC values were also moderate. Hence, the AUC values demonstrated that the four risk signatures were effective for distinguishing HCC patient outcomes. Taken together, our findings demonstrate that the risk score that was obtained based on the four m6A-associated genes might have a high accuracy and precision for predicting the clinical outcome of HCC patients. Next, univariate and multivariate Cox regression analyses were carried out with the TCGA, GEO, and ICGC datasets (Supplementary Figure S3). All analyses demonstrated that the risk score was closely linked with the survival time of the patients with information in the TCGA, GEO, and ICGC datasets. The findings confirmed that the risk score based on the four m6A regulators serve as independent prognostic factors in HCC patients.
[image: Figure 5]FIGURE 5 | Survival curve analysis, time-dependent ROC curve analysis, and risk score analysis in the GEO and ICGC datasets. (A), survival curve, ROC curve, and risk score analysis in the GSE14520 cohort. (B), survival curve, ROC curve, and risk score analysis in the ICGC cohort.
The Mutational Landscape and Therapeutic Sensitivity of Different Subgroups
Because gene mutation status has been shown to impact the survival time of patients with HCC, we assessed the distribution of somatic variants in HCC driver genes between the two subgroups (Supplementary Figure S4A). The analysis demonstrated that missense variations were the most frequent mutation type in HCC. As shown in Figure 6, we then identified the top 20 genes with the highest mutation rates in the two risk subgroups. The mutation rates of TP53, CTNNB1, MUC16, ALB, and TTN were higher than 10% in both groups. Mutation of the TP53 gene was more common in the high-risk subgroup, while mutation of the CTNNB1 gene was the most common in the low-risk subgroup. These results might provide innovative insights for elucidating the distinct mechanisms of tumor progression. Genetic mutations can affect the tumor response to chemotherapy and targeted therapy; therefore, we investigated the association between the risk model and the efficacy of chemotherapy and targeted therapy drugs in patients with HCC. As shown in Figure 7, we listed 25 common drugs used for HCC, such as sorafenib, mitomycin, and doxorubicin. Significant differences in the estimated IC50 between the two risk groups were observed, which suggest that the risk model might be used to identify potential biomarkers for chemotherapy and targeted therapy sensitivity. Then, we tested the ability of the signature to predict the efficacy of sorafenib treatment in TCGA cohort (Supplementary Figures S4B,4C). We found that a weak tendency for progressive disease (PD) patients and high-risk patients to have a poorer OS was observed. Surprisingly, we found that low-risk patients showed a higher response rate to sorafenib compared with high-risk patients.
[image: Figure 6]FIGURE 6 | Mutational landscape of two risk subgroups in the TCGA-LIHC. (A,B), genes with high frequency mutation in the HCC samples of low-risk subgroup (A) and high-risk subgroup (B).
[image: Figure 7]FIGURE 7 | Differential chemotherapy and targeted therapy responses in two risk groups. (A), the high-risk score was related to a higher IC50 for chemotherapy and targeted therapy such as sorafenib, whereas it was related to a lower IC50 for drugs such as mitomycin and doxorubicin.
The Correlation Between the Risk Score and Immune Characteristics in Hepatocellular Carcinoma
Because of the relationship between m6A regulators and immune-related biological pathways, the impact of the risk model on the TIME in HCC was investigated. The risk score had a positive correlation with the infiltration levels of 6 immune cell types (p < 0.001, Figure 8A). This finding suggested that the risk score is intimately involved in the TIME for patients with HCC. Then, the expression levels of immune checkpoints such as PD-L1, IDO1, PD1, LAG3, CTLA4, and TIM3 between the two risk groups were examined. It is obvious that the high-risk subgroup overexpressed PD-L1, LAG3, IDO1, PD1, CTLA4, and TIM3 (Figure 8B). Next, we studied the relationships between the risk score and total mutation burden (TMB), and neoantigens. We found that the TMB and neoantigen counts in the high-risk subgroup were very high (Figures 8C,D). Our findings revealed that the risk score is related to vital regulatory functions in the immune microenvironment in HCC and may indicate the extent of a tumor response to immunotherapy, especially ICI treatment.
[image: Figure 8]FIGURE 8 | Distant immune features in two risk subgroups in the TCGA-LIHC. (A), the correlation between the risk score and the immune cell infiltration. (B), the expression levels of immune checkpoints in two risk subgroups. (C,D), tumor mutation burden (C) and neoantigen (D) were compared with the two risk subgroups.
Genetic Alterations and Expression Levels of Four Predictive m6A-Related Regulators in Hepatocellular Carcinoma
Finally, we analyzed the genetic alterations, expression levels, overall survival, and infiltration levels of immune cells of the four identified genes. We found that ZC3H13 had the most frequent genetic alterations (2.2%) among these four genes in HCC. Furthermore, deep deletion and amplification mutation were the most common alterations among these four genes (Figure 9A). Then, we compared the expression levels and prognosis of the METTL3, YTHDF1, YTHDF2, and ZC3H13 genes (Figure 9B). In accordance with our results, METTL3, YTHDF2, and YTHDF1 were found to be considerably overexpressed between tumor and normal adjacent tissues. Moreover, patients with high expression of these three genes exhibited shorter survival times. The effects of the four m6A-related genes on immune cell infiltration were further explored. We discovered that the expression levels of the identified m6A-associated regulators had a great effect on the infiltration levels of the six immune cells in HCC (Figure 9C). Our findings suggested that the identified m6A-associated regulators crucially affected the survival time and tumor immune microenvironment of patients with HCC.
[image: Figure 9]FIGURE 9 | Genetic alterations, expression levels and prognosis, and correlation with immune cells of the four predictive genes. (A), genetic alterations of the four m6A-associated regulators in the TCGA cohort. (B), the expression levels and survival outcomes of the four genes in the TCGA cohort. (C), effects of the expression levels of four m6A-associated regulators on the immune cell infiltration.
DISCUSSION
As one of the most primary and common forms of mRNA modification, N6-methyladenosine has a tremendous effect on posttranscriptional regulation (He, 2010). Numerous studies have confirmed that the dysregulation of m6A methylation regulatory proteins is associated with the development and progression of many tumors (Pan et al., 2018). However, the functions of specific m6A regulators that serve as oncogenes or tumor suppressor genes in different tumor types are overwhelmingly complicated. For instance, several studies found that ALKBH5, a demethylase, plays distinct roles in different tumor types (Kwok et al., 2017; Zhang et al., 2017). Since most studies have made efforts to elucidate how m6A regulators modulate intrinsic tumor carcinogenic signaling pathways, further research focusing on the potential regulatory mechanisms of m6A-associated regulators in the TIME and immune response of HCC is urgently needed.
Specifically, our results found that the expression levels of m6A-associated genes, except ZC3H13 and METTL14, were strikingly overexpressed in HCC cases compared with normal cases. Our study also showed unexpected associations between m6A regulators and immune checkpoints. Next, we identified two different HCC subtypes by consensus clustering. The two cluster subtypes had different prognostic outcomes and clinicopathological features. In addition, the two clusters were also related to the different expression of immune checkpoints and immune cell infiltration levels, which means that there was a significant difference in the TIME between the two clusters. The differences in the tumor immune microenvironment between the two clusters may have contributed to the difference in survival times, with the TIME in cluster 2 characterized by immunosuppressive cells and factors. The immune checkpoint expression levels were highly significant in cluster 2 with respect to cluster 1. That result indicates that immunotherapy such as ICI treatment may function in patients with data in cluster 2. Further analysis demonstrated that the proportions of B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells in cluster 2 were greatly increased compared with those in cluster 1. The GO analysis suggested that immune-related pathways were mainly enriched in the cluster 2 samples. In addition, we conducted GSEA and found that the functional regulatory pathways of malignant tumors, such as the P53 pathway, Wnt/β-Catenin pathway, and PI3K/AKT/mTOR pathway, were evidently enriched in the cluster 2 samples. A previous study found that depleting m6A methyltransferase had an evident impact on gene expression, leading to the regulation of the p53 signaling pathway (Dominissini et al., 2012). In addition, the expression of p53 is regulated posttranscriptionally by m6A RNA methylation (Ghazi et al., 2020). There is also experimental evidence indicating that mutated YTHDF1 results in the m6A-mediated activation of Wnt/β-Catenin signaling and gastric carcinogenesis (Pi et al., 2020). Additionally, METTL3 exerts an angiogenic role by regulating Wnt signaling (Yao et al., 2020). m6A regulators regulate the AKT signaling activity to promote the development and progression of endometrial cancer (Liu et al., 2018). Similarly, the METTL3 expression level is associated PI3K/AKT/mTOR pathway molecule expression levels and is related to unfavorable outcomes in renal cell carcinoma (Li et al., 2017c). These results suggest that the PI3K/AKT/mTOR pathway, Wnt/β-Catenin pathway, and P53 pathway may act as potential targets for m6A-modified RNA. Therefore, the m6A modification and the P53 pathway, Wnt/β-Catenin pathway, and PI3K/AKT/mTOR pathway may be collectively associated with the modulation of the tumor microenvironment and immune response in different HCC clusters. Next, the prognostic value of the m6A-associated genes in HCC patients was assessed based on four regulators (ZC3H13, METTL3, YTHDF1, and YTHDF2). Among these four m6A-associated genes, METTL3 promotes the development and progression of HCC (Chen et al., 2018), whereas it exerts a tumor-suppressive function in breast cancer (Wang et al., 2017). ZC3H13 works as a cancer inhibitory factor in colorectal cancer (Zhu et al., 2019), but another study indicated that ZC3H13 functions as an oncogene in several types of cancers (Panahi et al., 2016). A study also demonstrated the oncogenic role of YTHDF1 in HCC (Liu et al., 2020a). YTHDF2 can promote liver cancer metastasis (Zhang et al., 2020). Importantly, the model revealed valid prognostic biomarkers for HCC. The risk score derived from four identified m6A-related genes effectively enabled the categorization of the patients with HCC into two subgroups. As expected, cluster 2 had an evidently higher risk score than cluster 1. In addition, compared with the low-risk patients, the high-risk patients in the TCGA dataset had worse overall survival. We also obtained consistent results in the GSE14520 and ICGC external datasets. Univariate and multivariate Cox regression analyses suggested that the prognostic risk model was independent of other clinical factors in HCC. In summary, this m6A regulator-associated risk model can precisely evaluate HCC patient outcomes.
The tumor immune microenvironment, which is regulated by various immune factors, has a critical effect on tumor development and progression. In addition, its dysregulation can result in multiple outcomes, such as different prognosis results and therapeutic responses to immunotherapy (Fridman et al., 2012; Hui and Chen, 2015). As an immunosuppressive disease, HCC consists of a variety of immunocompetent cells and immunosuppressive cells, including DCs, CD4+ T cells, CD8+ T cells, Tregs, and macrophages. However, the effects of m6A-related genes on the TIME in HCC still need to be understood. This study demonstrated that the risk score calculated by the four risk signatures of m6A regulators was evidently connected with the expression levels of immune checkpoints and immune cell infiltration. The risk score was significantly positively correlated with the abundance of B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells. There have been a variety of studies focusing on the relationship of m6A regulators and the immune system. For example, a study revealed that METTL3 is closely related to homeostasis and differentiation disorders of T cells (Li et al., 2017a). Similarly, it has been found that both METTL3 and METTL14 may regulate immune responses to immunotherapy (Wang et al., 2020). Another study revealed that YTHDF1 has a negative correlation with the proportion of CD8+ T cells (Han et al., 2019). In addition, FTO plays a crucial role in promoting melanoma anti-PD-1 resistance (Yang et al., 2019). Therefore, these findings indicated that m6A-related genes are more or less associated with the dysregulation of the TIME.
To gain further biological insight into different aspects of the two subgroups, we studied gene mutations, therapeutic sensitivity, TMB, and neoantigens of different subgroups. The largest difference in mutations between these two groups was TP53 mutation, which was more common in the high-risk samples than in the low-risk samples (46% vs. 15%). TP53 mutation is not only the most common single genetic variation in cancer but is also associated with additional unfavorable outcomes in various cancers, particularly HCC (Kandoth et al., 2013; Muller and Vousden, 2014). In contrast, the CTNNB1 mutation was the most frequent mutation in the low-risk subgroup, which may indicate that low-risk HCCs promote proliferation through the Wnt/β-Catenin signaling pathway (Delgado et al., 2015). Therefore, high-risk patients with more TP53 mutations have a worse outcome than low-risk patients with fewer TP53 mutations. Currently, because chemotherapy and targeted therapy are common methods used to treat HCC, we found that there was a significantly different sensitivity between the two risk groups, allowing us to promote a deep understanding of personalized treatments. For example, low-risk HCC patients were more sensitive to sorafenib than high-risk HCC patients. Next, we examined the relationship between this risk score and known predictive biomarkers for immunotherapy, such as TMB and neoantigens. Here, our results revealed that the risk score had an evidently positive correlation with TMB and neoantigens, which indicated that high-risk patients may have an improved response to ICI treatment. Recently, TMB has been assessed as a promising and potential biomarker for predicting the response to ICI therapy in many clinical trials and across different tumor types, including HCC (Samstein et al., 2019). In addition, patients with higher neoantigen loads tend to show a better response to ICI therapy (Liu et al., 2020b). These results indicate that patients with HCC and high-risk scores might profit the most from immunotherapy. In conclusion, because there are significant differences in the tumor immune microenvironment and molecular characteristics, HCC patients with different risk scores may have different survival statuses and experience distinct outcomes from immunotherapy, chemotherapy, and targeted therapy.
It is undeniable that our study has some limitations. First, the proposed risk model, which was derived from four m6A regulators, was only substantiated in the TCGA, GSE14520 and ICGC cohorts. Therefore, further external validation in other external cohorts with sufficiently available information is warranted to test the accuracy and precision of this risk score model. In addition, due to the lack of specific HCC cohorts with ICI treatment, we did not evaluate the correlation between the risk model and the response to immunotherapy. Last, the interactions and regulatory mechanisms of m6A RNA methylation regulators in the tumor immune microenvironment need to be further studied to remodel the tumor immune microenvironment and enhance the efficacy of immunotherapy in HCC. Overall, in our study, we performed a systematic evaluation of the underlying regulatory mechanisms of m6A-related genes and the effects of these genes on prognosis, the expression of immune checkpoints, the infiltration of several major immune cells, the levels of TMB and neoantigens, the gene mutation rate, and therapeutic sensitivity in HCC. The risk model, which has the ability to distinguish immune and molecular characteristics, might become a helpful prognostic indicator of immunotherapy, but further studies are needed to confirm its effectiveness.
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Chronic obstructive pulmonary disease (COPD) is a chronic inflammatory disease that causes high rates of disability and mortality worldwide because of severe progressive and irreversible symptoms. During the period of COPD initiation and progression, the immune system triggers the activation of various immune cells, including Regulatory T cells (Tregs), dendritic cells (DCs) and Th17 cells, and also the release of many different cytokines and chemokines, such as IL-17A and TGF-β. In recent years, studies have focused on the role of IL-17A in chronic inflammation process, which was found to play a highly critical role in facilitating COPD. Specially, IL-17A and its downstream regulators are potential therapeutic targets for COPD. We mainly focused on the possibility of IL-17A signaling pathways that involved in the progression of COPD; for instance, how IL-17A promotes airway remodeling in COPD? How IL-17A facilitates neutrophil inflammation in COPD? How IL-17A induces the expression of TSLP to promote the progression of COPD? Whether the mature DCs and Tregs participate in this process and how they cooperate with IL-17A to accelerate the development of COPD? And above associated studies could benefit clinical application of therapeutic targets of the disease. Moreover, four novel efficient therapies targeting IL-17A and other molecules for COPD are also concluded, such as Bufei Yishen formula (BYF), a Traditional Chinese Medicine (TCM), and curcumin, a natural polyphenol extracted from the root of Curcuma longa.
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INTRODUCTION
Chronic obstructive pulmonary disease (COPD), which is characterized by airflow obstruction and gas trapping of chronic bronchitis and emphysema, causes high morbidity and mortality. It can further develop into pulmonary heart diseases and common chronic diseases that result in severe respiratory failure (Adeloye et al., 2015). The common comorbidities of COPD include cardiovascular diseases, metabolic syndromes and lung cancer, leading to a worse health condition (Negewo et al., 2015). The World Health Organization (WHO) predicts that COPD will become the third leading cause of human death worldwide by 2030, pushing us to focus on the improvement of the treatments and prognosis.
The common clinical symptoms of COPD include chronic cough, sputum production, and dyspnea. The major risk factors are tobacco smoking, air pollution from indoors or outdoors, occupational dust, chemicals like smog, and infections caused by bacteria, viruses, or fungi. Besides environmental exposures, host factors such as abnormal lung development and genetic abnormalities are also important factors for individuals to develop COPD. COPD exacerbation is an important and complex event in COPD development and is a major determinant reflecting health status of COPD patients. According to the Global Initiative for Chronic Obstructive Lung Disease (2021), an COPD exacerbation is defined as an acute worsening of respiratory symptoms which requires additional therapy (Halpin et al., 2021). The common symptoms of COPD exacerbation include increased airway inflammation, increased mucus production and marked gas trapping, which leads to increased dyspnea, a key symptom of COPD exacerbation. Other symptoms include increased sputum purulence and volume, as well as increased cough and wheeze (Anthonisen et al., 1987). COPD exacerbation can be triggered by various factors, among which respiratory viral and bacterial infections are the most common factors. Meanwhile, environmental factors such as pollution and ambient temperature also initiate and/or amplify these events (Woodhead et al., 2005). The increase of bacteria burden in the sputum, eosinophil numbers together with neutrophils and other inflammatory cells are also the pathological features in a proportion of subjects with COPD exacerbation (Boixeda et al., 2015; Kim and Aaron, 2018). Studies conducted in smoking mice have shown that innate immunity plays a major role in the early stage of lung tissue changes, while acquired immune responses are important in the late stages of COPD (Rovina et al., 2013). Airway inflammation, which may induce parenchymal tissue destruction, disruption of defense mechanisms, and host normal repair, is a core feature in patients with COPD (de Nijs et al., 2011). Activating immune cells by stimulating inflammatory cell surface molecules is required to promote the development of lung inflammation in COPD patients (Wang et al., 2018a).
Interleukin-17 A (IL-17A), an essential member of the IL-17 family and known as an important proinflammatory factor in COPD, was cloned from activated cytotoxic T cells and originally named as CTLA8 (Rouvier et al., 1993). IL-17 can be produced by many different cells, such as Th17 cells, γδ T cells, innate lymphoid cells, lymphoid tissue inducer cells, and natural killer T cells (He et al., 2016). IL-17 participates in many important physiological responses (McGeachy et al., 2019). Naive T cells can differentiate into Th17 cells by up-regulating retinoic acid receptor-related orphan nuclear receptor γ (RORγt) mRNA by co-stimulating transforming growth factor-β (TGF-β) plus IL-6; IL-1β and IL-23 strengthen this process (Bettelli et al., 2006; McGeachy et al., 2009). Based on sequence homology, researchers later discovered that the IL-17 family includes six members: IL-17A, IL-17B, IL-17C, IL-17D, IL-17E (also called IL-25), and IL-17F. Till now, IL-17A is the most widely studied molecule in the IL-17 family and was found to have the closest relationship with IL-17F, among all family members. Besides, the receptor family of IL-17 consists of IL-17RA, IL-17RB, IL-17RC, IL-17RD, and IL-17RE. IL-17A shares the same IL-17RA/RC heterodimeric receptor complex with IL-17F and IL-17A/F heterodimers, while IL-17E binds to the heterodimeric receptor complex of IL-17RA and IL-17RB. IL-17C interacts with the heterodimeric receptor complex of IL-17RA and IL-17RE, and the combination of ligands and receptors contributes to passing the signal to the downstream pathways. However, the ligands for the heterodimeric receptor complex of IL-17RA and IL-17RD are not clear, though a study about psoriasis-like skin inflammation showed that IL-17RA/RD directly bound to IL-17A but not IL-17F or IL-17A/F heterodimer to mediate the proinflammatory gene expression downstream of IL-17A (Su et al., 2019). Besides, the receptor for IL-17D and the other component of IL-17RB heterodimeric receptor complex for IL-17B are still unknown (McGeachy et al., 2019). Actually, IL-17 receptor family share the SEFIR domain which is akin to Toll/Il-1 Receptor (TIR) domain, it can mediate SEFIR-SEFIR homotypic interactions by combing with Act1 (Novatchkova et al., 2003), then the combination of IL-17 receptor and Act1 recruits TNF receptor associated factor (TRAF) family members to initiate the pathways of nuclear factor kappa-B (NF-κB) and mitogen-activated protein kinases (MAPKs), resulting in the transcription and expression of target genes (Zhou et al., 2014; Li et al., 2016a; Herjan et al., 2018). Moreover, IL-17RA have the Toll/IL-1R-like loop (Till) and C/EBP-β activating domain (CBAD), which can activate extracellular signal-regulated kinase (Erk), leading to the phosphorylation of C/EBP-β and expression of target genes (Shen et al., 2009) (Figure 1).
[image: Figure 1]FIGURE 1 | Schematic represent IL-17 family subgroup and their corresponding receptors from IL-17 receptor family. IL-17A, IL-17A/F and IL-17F share the IL-17RA/RC heterodimeric receptor. The intracellular domains of all IL-17R encode conserved SEFIR domains which interact with a corresponding SEFIR motif on the adaptor Act1, then they combine with TRAF6 to activate the pathway of NF-κB and MAPK. However, TRAF3 could inhibit SEFIR- Act1- TRAF6 pathway by competitive binding the IL-17RA directly. Only IL-17RA own the CBAD and TILL, which can promote the target gene expressions via C/EBP β pathway.
Under normal condition, IL-17 protects the host against extracellular fungal and bacterial infections (Yang et al., 2018). However, IL-17A can also promote the progression of inflammatory processes, autoimmune diseases, chronic diseases like COPD and cancers, even worsen outcomes. Therefore, IL-17A and its family members are double-edged swords. On one hand, IL-17A can expand the role of the immune response in protecting the body against infections and promote tissue repair; on the other hand, the excessive secretion of IL-17A induces the expression of plenty inflammatory factors, which may result in conditions such as decreased flexibility of tissue and tissue fibrosis (Lei et al., 2019). Given the double effects of IL-17A, exploration the relationship and mechanism between IL-17A and various diseases is of essential importance.
The increased expression of IL-17A in the lung tissues of COPD patients was found to be negatively associated with the clinical evaluation indexes of lung function, such as forced expiratory volume in 1 s (FEV1%), forced vital capacity (FVC %) and FEV1/FVC (Zheng et al., 2018). Since FEV1%, FVC % and FEV1/FVC are negatively correlated with COPD severity (JalusicGluncic, 2011), the expression of IL-17A is positively correlated with the COPD severity. Although both IL-17A and IL-17F share the same receptor, their expression levels are different in COPD, while the affinity of IL-17F to IL-17RA/IL-17RC is far lower than that of IL-17A. Therefore, some researchers agree that IL-17A, rather than IL-17F, regulates the epithelial cell proliferation and apoptosis in central and distal airways to repair the damaged tissue in COPD patients (Eustace et al., 2011; Montalbano et al., 2015). Currently, it is generally believed that emphysema and severe airway obstruction are common clinical characteristics of COPD (Huang et al., 2018), and their evolvement and lymphoid neogenesis could be promoted by the up-regulation of IL-17A in COPD (Shan et al., 2012; Roos et al., 2015). Th17 cells, rather than IL-17A-secreting lung γδT cells, act as mediators of smoke-induced lung inflammation and emphysema. Unexpectedly, γδT cells can even hamper Th17 pathological responses in lung changes under certain conditions (Shan et al., 2012). Study has shown that lung inflammation in COPD is characterized by ascending neutrophils, alveolar macrophages, DCs, and T lymphocytes (predominantly TC1, TH1, and Th17 cells, while high level of eosinophils could also be detected in some patients with COPD (Barnes, 2016). Because IL-17A, a well-known pro-inflammatory factor in COPD patients, can promote the infiltration of inflammatory cells in the lung parenchyma and airways, the role of IL-17A in regulating the progression of COPD should be further explored.
IL-17A PROMOTES COPD PROGRESSION
IL-17A Promotes Airway Remodeling in COPD
Airway remodeling which could result in irreversible airflow obstruction is a common change in COPD lung tissue structure (Barnes et al., 2015). In airway remodeling, elevated level of epidermal growth factor (EGF) and increased expression of EGF receptors can be observed in the bronchial epithelial cells (Li and Luan, 2010). Cigarette smoke (CS), acting as an inducement for inflammation in COPD, can activate the EGF receptor through both damaged tissue and augmented epithelial permeability (Wang et al., 2014). The activated EGF receptor could promote the expression of airway mucin5AC and mucin5B, and facilitate goblet cell hyperplasia (Yu et al., 2012; Kato et al., 2020), while EGF could stimulate the proliferation of airway smooth muscle in the bronchi (Song et al., 2000). In fact, increased deposition of extracellular matrix (ECM) is an important structural change in airway remodeling, while fibroblasts are the main source of ECM and play a significant role in airway fibrosis formation, both of which play a key part in COPD airway remodeling (Hogg et al., 2004; Krimmer et al., 2012). In mouse pulmonary inflammation and fibrosis models, IL-17A not only directly regulated the synthesis and secretion of collagen in alveolar epithelial cells in a TGF-β1-dependent manner and facilitated the transition of epithelia to the mesenchyme, but also suppressed autophagy and promoted autophagy-associated cells death in inflammatory lung tissue (Li et al., 2015; Ye et al., 2015; Li et al., 2016b; Zhuang et al., 2016; Wang et al., 2018b). This led to more serious inflammation and possible airway remodeling, because the collagen and inflammation-associated mediators or cells could not be degraded or killed through autophagy (Mi et al., 1950; Xie et al., 2020). It has been reported that both IL-17A and Histone Deacetylase 2 (HDAC2) are related to the thickened wall and increased collagen deposition of the bronchi in COPD, but they have opposite effects. IL-17A can activate fibroblasts by inducing inflammatory cells to produce pro-fibrosis factor TGF-β1, which aggravates CS-induced airway remodeling, whereas HDACs could inhibit the differentiation of Th17 cells by reversing the high acetylation of core histone proteins. Therefore, the production of IL-17A from Th17 cells was reduced, and the airway remodeling in COPD was attenuated even inhibited (Lai et al., 2018). In all, IL-17A can promote airway remodeling by increasing TGF-β1 and inhibiting inflammation-associated mediator or cell autophagy in inflammatory lung tissue (Figure 2).
[image: Figure 2]FIGURE 2 | IL-17A promotes airway remodeling in COPD. The mechanism that IL-17A promotes airway remodeling by increasing collagen deposition and inhibiting inflammation-associated mediators or cells autophagy are summarized. In COPD airway remodeling, the activated EGFR facilitates the production of mucin5AC via hypoxia inducible factor-1 (HIF-1) pathway, promotes goblet cell hyperplasia and airway smooth muscle proliferation. While IL-17A produced by Th17 cells activates fibroblasts to secrete ECM and inhibit the collagen degradation in TGF-β1-dependent manner, and IL-17A also could hampers the autophagy of inflammation-associated mediators, which promotes development and progression of pulmonary fibrosis. Actually, the deposition of ECM also has positive effect on the proliferation of fibroblasts, which strengthens ECM deposition. However, HDAC2 reverses the above result by inhibiting the differentiation of Th17 cells.
IL-17A Facilitates Neutrophil Inflammation in COPD
COPD is a chronic inflammatory airway disease dominated by neutrophil infiltration. In COPD, increased neutrophil mobilization and elevated IL-17A were observed. Although CS is regarded as one of the crucial causes for triggering COPD, IL-17A is not significantly reduced after smoking cessation (Hansen et al., 2014). IL-17A, p53, and plasminogen activator inhibitor (PAI)-1 were higher in smokers with COPD than in healthy smokers (HSs) and healthy control subjects (HCs) (Gouda et al., 2018a). P53, a tumor suppressor gene that controls the initiation of the cell cycle, could initiate cell apoptosis if damage to cells is beyond repair. As COPD pulmonary fibrosis injury is associated with damaged alveolar epithelia, research has mostly focused on damaged alveolar epithelia and found higher expression of p53 and PAI-1, as well as the activation of caspase-3, which participates in promoting apoptosis of alveolar epithelial cells (Bhandary et al., 2013). In the experiment of bleomycin-induced alveolar basal epithelial cells to simulate the inflammation in vitro, the up-regulation of IL-17A promoted migration of alveolar basal epithelial cells and increased p53 and PAI-1 expression (Gouda et al., 2018b). p53 can induce obvious epithelial cell apoptosis and lung injury, while PAI-1 is a downstream mediator of p53-induced pulmonary inflammation. After serine phosphorylation in the p53 protein, p53 binds to PAI-1 to promote PAI-1 expression, leading to the increase of CXCL1, CXCL2 and CXCR2 in COPD patients (Tiwari et al., 2016), which could induce the influx of neutrophils to infection site. Higher PAI-1 levels can not only promote airway and alveolar epithelial cells apoptosis, but also cause fibrinolysis defects and alveolar fibrin deposition in patients with COPD (Gouda et al., 2018a). Meanwhile, the increased expression of PAI-1 could suppress neutrophil apoptosis and apoptotic neutrophil phagocytosis (Zmijewski et al., 2011), leading to neutrophil accumulation and inflammation in damaged lungs of patients with COPD.
In brief, IL-17A could facilitate neutrophil inflammation in COPD by facilitating the expression of p53 and PAI-1 to increase CXCL1, CXCL2 and CXCR2 to induce the influx of neutrophils. Besides, IL-17A can recruit neutrophils to the inflammation nidus by inducing the expression of neutrophil chemokines, such as IL-8, G-CSF and CXCL2 (Hansen et al., 2014). The increase of neutrophils could secrete more neutrophil elastase (NE) and myeloperoxidase, which can degrade collagen, destroy alveolar wall and cause emphysema (Cohen et al., 1982) (Figure 3).
[image: Figure 3]FIGURE 3 | IL-17A promotes neutrophils infiltration and lung destruction by increasing p53 and PAI-1. Both p53 and PAI-1 can induce the apoptosis of alveolar epithelial cells, while PAI-1 inhibits the neutrophil apoptosis and fibrinolysis in lung tissue. Besides, IL-17A induces the expression of IL-8, G-CSF and CXCL2, which recruits neutrophils producing neutrophil elastase and myeloperoxidase, giving rise to the destruction of alveolar wall and emphysema.
IL-17A Induces TSLP Expression by Activating IKK-α in COPD
Thymic stromal lymphopoiesis (TSLP), a cytokine homologous to IL-7, is expressed in epithelial cells and is involved in the pathogenesis of chronic diseases by combining with its receptor (El-Ghareeb et al., 2019). TSLP can directly promote the differentiation as well as the response of Th2 cells in the lung to promote COPD through an independent pathway without draining lymph nodes (Lai et al., 2020). TSLP-activated DCs primed naïve T(H) cells to produce cytokines such as IL-4, IL-5, IL-13 and TNF-α to facilitate the development of Th2 cell-mediated airway inflammation (Soumelis et al., 2002). Research on TSLP production in COPD patients has shown that serum concentrations of TSLP and IL-17A were higher in patients with COPD than that in HCs. After stimulating a human epithelial cell line (16HBE) with induced sputum supernatants (ISS) from HCs, HSs, or COPD patients, significantly higher levels of TSLP were induced by elevated IL-17A from COPD patients, which could be inhibited by anti-IL-17A Ab(antibody), indicating a direct and specific association between IL-17A and TSLP in the airways. IKKα silencing reduced TSLP synthesis in 16HBE stimulated with IL-17A or with ISs from COPD patients more effectively than in stimulated unsilenced cells (Anzalone et al., 2018). Therefore, IL-17A, TSLP, and IKKα might closely interact. Anzalone et al. reported that IL-17A induced the acetylation of histone H3 (Ac-His H3) (k9) and inflammation by activating IKKα in human lung epithelial cells (Anzalone et al., 2016). In conclusion, the aforementioned studies suggested that IL-17A initiated IKK-α signaling to induce the TSLP production to regulate airway inflammation in COPD.
The specific induction process mentioned earlier may involve CREP-binding protein (CBP), NF-κB, and IκB kinase, so their roles and functions need to be elucidated first. IKK-α is a catalytic subunit of the IκB kinase (also named IKK complex, which consists of IKK-α, IKK-β, and IKK-γ), and NF-κB is a key nuclear transcription factor related to activating immune cells, and also to triggering T and B cells, apoptosis, and stress response (Liu et al., 2012). At rest, NF-κB binds to the IκB kinase, presenting an inactive status. Upon external stimulation, the IKK complex becomes active and NF-κB is released from the complex. Then, the activated NF-κB translocates from the cytoplasm to the nucleus, and acts as a key nuclear transcription factor to regulate the expression of various genes, including those of cytokines and chemokines associated with airway inflammation (Mulero et al., 2019). Interestingly, IKK-β, but not IKK-α, plays a critical role in cytokine-induced IκB activation of the classical pathway to regulate the transcription of various cytokines and chemokines. Nevertheless, IKK-α-deficient mice are defective in their ability to induce NF-κB-dependent transcription. Therefore, a direct key relationship between IKK-α and NF-κB is still unclear. Studies later found that IKK-α can also directly translocates to the nucleus to rapidly regulate the expression of NF-κB response gene by catalyzing phosphorylation of histone H3 to activate NF-κB-directed gene expression (Yamamoto et al., 2003).
Hence, inducing TSLP and other pro-inflammatory mediators by IL-17A-associated IKK-α signaling in patients with COPD can be described as follows. First, elevated IL-17A in COPD patients activates IKK-α. Second, IKK-α catalyzes phosphorylation of Ser10 in histone H3 to activate CBP. Third, the activated CBP that owns activated histone acetyltransferase (HAT) activity acetylates H3 at Lys14, contributing to chromatin modification such as dissociating DNA and histone octamer, so that a variety of transcription factors such as NF-κB can specifically combine with DNA binding sites and activate gene transcription, thereby promoting the expression of pro-inflammatory molecules such as TSLP in patients with COPD (Chung et al., 2010; Anzalone et al., 2018) (Figure 4). In brief, IL-17A promotes the expression of TSLP and other pro-inflammatory mediators by activating IKK-α to drive the development of COPD.
[image: Figure 4]FIGURE 4 | IL-17A induces gene expression by activating IKK-α. Schematic show the pathway of inflammation-associated gene expression directly regulated by activated IKK-α through direct translocation into nucleus after receiving the stimulation of increased IL-17A. After phosphorylation and acetylation of H3, the target genes’ chromatin will be recombined and bind to NF-κB to promote TSLP expression. Then TSLP will combine with its receptor on immature dendritic cells and T helper cells to promote the differentiation and immune response of Th2 in COPD lung tissue.
DCs Induces the Differentiation of Th17 Cells to Produce More IL-17A to Promote COPD Progression
DCs are functional specialized antigen-presenting cells. Different biomarkers indicate a different maturity DC status. For example, CD1a and CCR6 are used for immature DCs, and CD40, CD80, and CD83 are used for mature DCs.
Zheng et al. confirmed that levels of CD80, Treg, FOXP3, and mature DCs were significantly lower, and levels of CCR6, Th17 cells, IL-17A, and immature DCs were higher in COPD+ patients than in CS+ COPD− patients and HCs. The acute exacerbation of the COPD (AECOPD) group showed the highest effects on decreasing mature DCs and increasing immature DCs (Zheng et al., 2018). Several studies have indicated that DCs induced CD4+ T cells to differentiate toward a Th17 cell type by up-regulating RORγt mRNA via the CD40/CD40L pathway and cooperating with IL-6 and IL-23 that were produced by DCs (Perona-Wright et al., 2009; Iezzi et al., 2009). Higher levels of Th17 cells not only produce more IL-17A to enhance inflammation, but also induce the differentiation and activation of DCs, which, in turn, further induce the differentiation of Th17 cell and strengthen the inflammation response in COPD (Vargas-Rojas et al., 2011; Wang et al., 2019). In brief, the increase of IL-17A produced by DCs-induced Th17 cells could promote the progression of COPD, which suggests that the subgroup of DCs plays an important role in promoting COPD development.
Imbalance of Th17/Treg in COPD Progression
Tregs are a subgroup of T cells with strong immunosuppressive functions and Th17 are the T helper cells that could secret IL-17A.
Wang et al. reported that COPD patients had higher levels of circulating Th17 cells, serum IL-1β, IL-6, IL-17A, IL-21, IL-22, IL-23, and TGF-β, but lower levels of Tregs and IL-10, which accounted for the dramatically higher ratio of Th17 to Tregs than that in HCs. Interestingly, they also observed that Tregs counts were remarkable higher in HSs, but lower in patients with COPDs, than in HCs. This phenomenon suggested the participation of Tregs in the normal immune system to sustain physiological homeostasis by functioning in immune-suppression. Simultaneously, the same tendency of fork head/winged helix transcription factor (FOXP3) mRNA and IL-10 levels were also observed in these groups (Wang et al., 2015a). Similarly, Ito et al. used CS-induced COPD mice to prove the increased expression of pro-inflammatory molecules such as TNF-α, IL-6, and IL-17 along with decreased anti-inflammatory molecule and cell levels such as IL-10 and FOXP3. These changes were linked to higher alveolar enlargement and impaired lung function in CS-induced COPD mice than healthy control mice (Ito et al., 2019).
Despite increased IL-2 and TGF-β (also considered to be a type of anti-inflammatory chemokine that promotes Tregs expression) in patients with COPD and elevated Tregs frequencies in AECOPD (Jin et al., 2014), higher levels of pro-inflammatory molecule such as IL-1β, IL-6, and IL-23 were predominant in patients with COPD. Because IL-1β, IL-6, and IL-23 can strongly promote the expression of Th17 cells but inhibit FOXP3 and Tregs (Morishima et al., 2009), we can easily account for the increased Th17 and decreased Tregs in COPD. Besides, elevated levels of IL-21 also down-regulated Tregs differentiation (Nguyen et al., 2012) and regulated Th17 development in a critical autocrine way (Nurieva et al., 2007). Although IL-22, an essential member of the IL-10 family, promotes tissue repair and host defense by binding to its heterodimeric transmembrane receptor complex composed of IL-22R1 and IL-10R2, it can also cooperate with co-expressed IL-17 to induce secretion of neutrophil chemotactic factors such as GM-CSF and CXCL8, and cytokines such as IL-6 to promote inflammation (Rutz et al., 2013).
Overall, elevated levels of pro-inflammatory molecules, such as IL-1β, IL-6, and IL-23, induced the development of Th17 cells, which, in turn, secreted pro-inflammatory chemokines and cytokines like IL-17A. IL-17A cooperated with other molecules like IL-22 to recruit GM-CSF, CXCL8 and IL-6 to promote inflammation development. In contrast, the suppressive development of Tregs and relative anti-inflammatory molecules certainly like IL-10 damaged their strong immunosuppressive function, thus both changes further promoted inflammation as well as COPD progression. Taking advantage of the imbalanced ratio of Th17 to Tregs, we can learn about the progression of COPD.
RELATIVE IMPORTANT AND COMMON MOLECULES PROMOTING COPD DEVELOPMENT
IL-17A Promotes the Expression of IL-8 in COPD
IL-8, also known as chemokine CXCL8, is secreted by macrophages, epithelial cells, among other cells. It can bind to IL-8RA (also named CXCR1) and IL-8RB (also named CXCR2), which are distributed on the surface of neutrophils, and the combination recruits and activates neutrophils to the damaged site to generate an inflammatory immune response (Lin et al., 2004). IL-8 has been proved to induce the recruitment and activation of neutrophils in the bronchial epithelium of COPD, and plays an important role in persistent airway inflammation of COPD and also reduces steroid sensitivity (Reynolds et al., 2018).
Anzalone et al. found higher levels of both macrophages and neutrophils in HSs, while only higher levels of neutrophils were observed in patients with COPD. The concentrations of IL-17A and IL-8 were dramatically elevated in ISS from patients with COPD. They detected the relative molecule expression in 16HBE after stimulating with ISS from HCs, HSs, and COPD patients, and the control group was untreated 16HBE. The expression of IL-8 mRNA and IL-8 protein were higher in 16HBE stimulated with ISS from HSs and COPD patients than that of 16HBE stimulated with the ISS from HCs or untreated 16HBE. Also, 16HBE stimulated with IL-17A yielded the same results, including increased IL-8, Ac-His H3 (k9), and IKKα, although 16HBE pretreated with anti-IL-17A or tiotropium could reverse this phenomenon (Anzalone et al., 2016).
According to above results, higher IL-17A level have promoted the expression of IL-8 in patients with COPD. A possible mechanism is that IL-17A facilitates the expression of inducible nitric oxide synthase (iNOS), which promotes the production of nitric oxide (NO) (Su et al., 2016). Furthermore, NO promotes the transcription of IL-8 mRNA by NF-κB and AP-1 to express higher IL-8 levels (Seo et al., 2009). These results indicated the positive link between IL-17A and IL-8 in patients with COPD, leading to neutrophil infiltration and airway inflammation.
IL-1β Cooperate With Other Cytokines to Induce IL-17A Expression in COPD
IL-1β is mainly produced by monocytes and macrophages and can work with the IL-1 receptor (IL-1R), distributed on the surface of most nucleated cells, to promote monocytes to directionally migrate toward inflammatory lesions. Therefore, it is considered to be a potent pro-inflammatory cytokine that is crucial for host-defense responses to infection and injury (Dinarello, 1996). IL-1β can also promote the development of Th17 cells that produce IL-17A by cooperating with TGF-β, IL-6, and IL-23, contributing to the production of IL-17A in COPD progression when infections taking place (Revu et al., 2018).
PREVENTION AND PRESENT TREATMENT
In order to prevent and improve the symptoms of COPD, individuals are recommended to stop smoking (van Eerd et al., 2016), perform pharmacological therapy, make use of inhaler technique, undergo pulmonary rehabilitation or/and inject influenza vaccination (Poole et al., 2006). For stable COPD, patients are long to alleviate the symptoms, reduce the frequency and severity of exacerbations, and improve exercise tolerance.
The American College of Physicians (ACP), American College of Chest Physicians (ACCP), American Thoracic Society (ATS), and European Respiratory Society (ERS) aim at managing patients with COPD, according to the following guidelines: 1) Patients with respiratory symptoms and 60–80% FEV1 can use bronchodilators via inhalation. 2) Patients with respiratory symptoms and FEV1<60% are recommended to use bronchodilators via inhalation. 3) Patients with symptoms and FEV1<60% are recommended to use either long-acting anticholinergics or long-acting β-agonists, both via inhalation. 4) Patients with symptoms and FEV1<60% could use combined therapies via inhalation (long-acting anticholinergics, long-acting β-agonists, or corticosteroids) 5) Patients with symptoms and FEV1<50% are strongly recommended to receive pulmonary rehabilitation, while patients with symptoms or exercise-limitation and FEV1 >50% could use pulmonary rehabilitation. 6) Patients with severe resting hypoxemia (Pao2 ≤ 55 mm Hg or Spo2 ≤ 88%) are strongly encouraged to receive continuous oxygen therapy (Qaseem et al., 2011).
Tiotropium, a kind of long-acting muscarinic antagonist (LAMA), can inhibit the activation of airway secretory cells and smooth muscle cells, which, in turn, can reduce mucus secretion in the lungs of patients with COPD to improve their function (Coulson and Fryer, 2003). Bronchodilation with LAMAs, such as tiotropium, and long-acting ß2-agonists (LABAs), such as olodaterol, is a highly effective long-term maintenance treatment for COPD. Anzalone et al. showed that pretreating 16HBE cells with tiotropium significantly reduced the expression of IL-8 and Ac-His H3 (k9), and decreased the translocation of nuclear IKKα protein after stimulation with ISS in patients with COPD, which indicated the therapeutic effectiveness of tiotropium in COPD (Anzalone et al., 2016).
Although the therapeutic methods aforementioned improve airflow limitation and suppress the inflammatory responses of COPD to some extent, side effects are still observed. For instance, inhaled corticosteroids may cause dysphonia and moderate to severe bruising, while long-acting inhaled β-agonists can lead to increased cardiovascular events; tiotropium may cause dry mouth in patients (Yohannes et al., 2011; Gershon et al., 2013). These results indicate the need for therapeutic methods with minimum adverse effects in patients with COPD.
Novel and Promising Drug Treatments
As it is urgent for patients with COPD to get some effective and safe treatments, we introduce several novel and promising drug treatments as follows. Studies have shown the effectiveness of the Bufei Yishen formula (BYF), a Traditional Chinese Medicine (TCM) that consists of 12 medicinal herbs, as a potential therapeutic for COPD (Li et al., 2012). BYF can effectively alleviate COPD symptoms by declining exacerbation frequency, delaying acute exacerbation, and improving pulmonary function in patients. Later, Zhao et al. proved that BYF with oral administration could decrease the levels of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α, and IL-17A secreted by Th17 cells, but increase anti-inflammatory cytokines IL-10 secreted by Tregs in the BAL fluid. BYF treatment dramatically decreased CD4+RORγt+ T (Th17) cells and increased CD4+CD25+FOXP3+ T (Treg) cells, so that the balance of Th17/Tregs could be restored to slow COPD progression. Moreover, BYF further suppressed phosphorylation of signal transducer and activator of transcription-3 (STAT3) and promoted phosphorylation of STAT5 (Zhao et al., 2018). Similarly, Dong et al. proved that BYF inhibited the lipopolysaccharide - or CS extract -induced expressions of TNF-α, IL-8 in H292 cells, and suppressed the activation of transcription factors like NF-κB and STAT3 to inhibit their correlative pathways (Dong et al., 2020). STAT3 is known to be a critical transcription factor that induces RORγt gene expression to promote Th17 differentiation (Lee et al., 2017). In contrast, STAT5 is regarded as an important transcription factor that induces the development and maintenance of Tregs by binding to the FOXP3 gene (Ma et al., 2018), but inhibits the expression of Th17 cells (Zheng et al., 2015). In brief, BYF could improve COPD by restoring the Th17/Treg balance as well as increasing related anti-inflammatory cytokines, while decreasing pro-inflammatory cytokines. In fact, BYF can treat patients with COPD via their multiple components. According to the network pharmacology analysis and molecular docking validation, a study showed that 48 components in BYF might act on 65 targets to exert the therapeutic effect, and the therapeutic process involved IL-17, Toll-like receptor (TLR) and TNF pathways (Wu et al., 2020). Therefore, more attention should be drawn to BYF for therapeutic use in COPD.
Curcumin, a natural polyphenol extracted from the root of Curcuma longa (turmeric plant), is a safe and bioactive phytochemical component with many molecular targets and high pharmacological activity. Curcumin plays a key role in decreasing serum lipids, suppressing inflammation, promoting antitumor activities, and improving the development of COPD (Khorasani et al., 2019). A study showed that administrations of bleomycin and IL-17A to the alveolar epithelial cells could result in significant down-regulation of Akt expression, a proliferation biomarker for cell, while this phenomenon could be reversed by treatment with Curcumin (Gouda et al., 2018c). Another study indicated Curcumin alleviated IL-17A-mediated p53-PAI-1 expression in bleomycin-induced alveolar basal epithelial cells (Gouda et al., 2018b). Both of these two studies showed pulmonary inflammation mediated by bleomycin and IL-17A was intervened effectively by curcumin. Chen et al. further proved that Curcumin decreased the inflammation of acute lung injury not only by promoting the expression of IL-35, increasing STAT5 proportion, but also by decreasing IL-17A in lung tissue (Chen et al., 2020). Curcumin can significantly decrease the number of neutrophils and macrophages in the BAL fluid, and reduce the apoptosis index of alveolar epithelial cells to attenuate alveolar epithelial damage in COPD, and may be associated with down-regulating the expression of p66Shc (Zhang et al., 2016). Curcumin can also suppress chemokine expression by restoring HDAC2 expression and function on histone modification to attenuate COPD development (Gan et al., 2016). Also, curcumin effectively reduced CS-induced inflammation responses and improved pulmonary function, presumably by up-regulating peroxisome proliferators-activated receptor γ (PPARγ) and inhibiting NF-κB activation (Li et al., 2019). Therefore, curcumin is a safe and natural drug with promising therapeutic value for improving the life quality of patients with COPD (Figure 5).
[image: Figure 5]FIGURE 5 | BYF alleviates COPD symptoms by promoting the expression of pro-inflammatory factors and suppressing the production of anti-inflammatory cytokines. BYF induces T naïve cells towards Tregs, producing IL-10, by up-regulating the FOXP3 expression via STAT5 pathway, while it inhibits the differentiation of Th17 cells, producing IL-17A, by down-regulating the RORγt gene via STAT3 pathway. Meanwhile, BYF also decrease the levels of pro-inflammatory cytokines such as IL-1β, IL-6 and TNF-α, which could alleviate the inflammation development of COPD.
MLN4924, a potent and selective inhibitor of NEDD8-activating enzyme (NAE), mediates cell cycle by deregulating the S-phase of DNA synthesis (Soucy et al., 2009). MLN4924 could significantly inhibit the expression of proinflammatory cytokines and chemokines such as IL-1β, IL-6, and CXCL-1 in IL-17A-inducing pulmonary inflammation. Mechanistically, MLN4924 inhibited TRAF6 ubiquitination by interfering the interaction between ACT1 of IL-17A and TRAFs, leading to significant inhibition of MAPK and NF-κB pathways (Hao et al., 2019). The other study also showed that MLN4924 acted against bleomycin-induced pulmonary fibrosis mainly at the early inflammatory stage, during which it inhibited MAPK and NF-κB pathways to decrease the expression of proinflammatory cytokines and chemokines. And the study indicated the potential therapeutic role of MLN4924 against other inflammation-associated diseases like COPD (Deng et al., 2017). However, although MLN4924 might be a novel and promising drug treatment for COPD, there are very few correlative studies at present, which needs our more attentions to study them.
Simvastatin, belonging to Statins, certainly has anti-inflammatory, anti-oxidant function in vitro and in vivo. Maneechotesuwan et al. showed that Simvastatin reversed the IL-17A/IL-10 imbalance in the airways of COPD. Compared with placebo treatment, IL-17A, IL-22, IL-6, and CXCL8 concentrations in sputum significantly reduced at 4 wk, whereas IL-10 were markedly increased during Simvastatin treatment (Maneechotesuwan et al., 2015). Another study proved that in rat COPD model, Simvastatin decreased the levels of IL-8, IL-17 and TNF-α in bronchoalveolar lavage fluid (BALF) and inhibit the expression of NF-κB and MUC5AC in airway and lung tissue. Simvastatin plays preventive and therapeutic roles by reducing airway inflammation and airway mucus hypersecretion (Wang et al., 2015b). Murphy et al. showed that IL-17 upregulated IL-8, IL-6, G-CSF and GM-CSF, whereas TGF-β increased IL-6 and GM-CSF. Simvastatin attenuated effects of both IL-17 and TGF-β. Their study has demonstrated the ability of Simvastatin to alleviate neutrophilic airway inflammation and remodeling by inhibiting the upregulation of various pro-inflammatory cytokines induced by IL-17A and TGF-β (Murphy et al., 2008). There are less associated studies about Simvastatin, targeting IL-17A, for COPD at present, which needs to be studied further.
Recently, Christenson et al. discovered a new COPD subgroup characterized by a markedly enhanced IL-17 signature that decreased in response to corticosteroids. This subgroup was irrelevant to airway eosinophilic or type 2 inflammation. Hence, more attention should be focused on exploring the relative specific mechanism of this COPD subgroup, so that we can improve personalized therapy to improve the life quality of patients with COPD (Christenson et al., 2019).
CONCLUSION
COPD is a chronic inflammatory disease that leads to high rates of disability and mortality worldwide. Increased expression of IL-17A promotes the progression of COPD, but some specific underlying mechanisms which promote the development of this disease is still unknown. Hence, we looked into the relationship between IL-17A and immune cells, chemokines, cytokines, and transcription factors to explore and discuss several possible mechanisms of IL-17A in promoting COPD progression. We discussed some specific mechanisms of IL-17A in facilitating the progression of COPD, and introduced some promising effective therapies to improve the symptom of COPD. Further, in order to encourage more studies on the novel therapeutic targets for COPD, we provided some useful novel viewpoint for clinical applications of COPD therapy.
Based on all kinds of inducements for COPD, IL-17A can exert important function to promote the inflammation in patients with COPD. Firstly, IL-17A can promote airway remodeling by increasing TGF-β1 expression and inhibiting inflammation-associated mediators or cells autophagy in inflammatory lung tissue, while HDACs can inhibit the differentiation of Th17 cells by reversing the high acetylation of core histone proteins to reduce IL-17A from TH17 cells to alleviate airway remodeling. Secondly, IL-17A can facilitate neutrophil inflammation in COPD by facilitating the expression of p53 and PAI-1 to increase CXCL1, CXCL2 and CXCR2 to induce the influx of neutrophils towards nidus. Thirdly, IL-17A promotes the expression of TSLP and other pro-inflammatory mediators by activating IKK-α to drive the development of COPD. Fourthly, DCs induces CD4+ T cells to differentiate toward Th17 cells to produce more IL-17A to promote inflammation, which in turn further induces the differentiation and activation of DCs, leading to enhanced inflammation response in COPD. Last but not least, elevated levels of pro-inflammatory molecules such as IL-1β, IL-6, and IL-23, induce the development of Th17 cells, which, in turn, secrete pro-inflammatory chemokines and cytokines like IL-17A. IL-17A cooperated with other molecules like IL-22 to recruit GM-CSF, CXCL8 and IL-6 to promote inflammation development. In contrast, the suppressive development of Tregs and relative anti-inflammatory molecules certainly like IL-10 damaged their strong immunosuppressive function, thus both changes further promoted inflammation as well as COPD progression. Overall, we can focus on above pathways to inhibit the inflammation of COPD.
When it comes to novel and promising drug treatments for COPD with minimum side effects, we found Bufei Yishen formula and Curcumin very potential. 48 components in BYF might act on 65 targets to exert the therapeutic effect, and the therapeutic process involved IL-17 and TNF pathways. BYF inhibited the inflammation of COPD by the way of suppressing the phosphorylation of STAT3 and promoting phosphorylation of STAT5 to promote the differentiation of Tregs but inhibit the differentiation of Th17 cells. Hence, BYF decreased the levels of pro-inflammatory cytokines such as IL-1β, IL-6, TNF-α, and IL-17A secreted by Th17 cells, but increased anti-inflammatory cytokines IL-10 secreted by Tregs in the BAL fluid. As for Curcumin, it decreased the inflammation of acute lung injury not only by promoting the expression of IL-35, increasing STAT5 proportion, but also by decreasing IL-17A in lung tissue. In conclusion, both of Bufei Yishen formula and Curcumin are novel and promising drug treatments for COPD with minimum side effects, which deserve more attentions to study.
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GLOSSARY
COPD Chronic obstructive pulmonary disease
BYF Bufei Yishen formula
TCM Traditional Chinese Medicine
WHO World Health Organization
IL-17A Interleukin-17 A
RORγ retinoic acid receptor-related orphan nuclear receptor γ
TIR Toll/Il-1 Receptor
TRAF TNF receptor associated factor
NF-κB nuclear factor kappa-B
MAPKs mitogen-activated protein kinases
Till Toll/IL-11R-like loop
CBAD C/EBP-β activating domain
Erk extracellular signal-regulated kinase
FEV1 forced expiratory volume in 1 s
FVC forced vital capacity
DCs dendritic cells
EGF epidermal growth factor
CS cigarette smoke
ECM extracellular matrix
HDAC Histone Deacetylase
PAI plasminogen activator inhibitor
HSs healthy smokers
HCs healthy control subjects
G-CSF Granulocyte Colony-Stimulating Factor
NE neutrophil elastase
TSLP Thymic stromal lymphopoiesis
ISS induced sputum supernatants
Ab antibody
Ac-His H3 acetylation of histone H3
CBP CREP-binding protein
HAT histone acetyltransferase
FOXP fork head/winged helix transcription factor
iNOS inducible nitric oxide synthase
NO inducible nitric oxide synthaseNOnitric oxide
MIP macrophage inflammatory protein
ACP American College of Physicians
ACCP American College of Chest Physicians
ATS American Thoracic Society
ERS European Respiratory Society
LAMAs long-acting muscarinic antagonists
LABAs long-acting β2-agonists
STAT3 signal transducer and activator of transcription-3
PPARγ peroxisome proliferators-activated receptor γ
NAE NEDD8-activating enzyme
BALF bronchoalveolar lavage fluid
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Epidemiological and experimental evidence indicate that selenium is associated with a reduced risk of some cancers, including esophageal cancer. However, the exact mechanism is still unclear. In the present study, we used esophageal squamous cell carcinoma (ESCC) cell lines and animal models to explore the anti-cancer mechanism of methylseleninic acid (MSA). Firstly, MSA treatment dramatically attenuated Epidermal Growth Factor Receptor (EGFR) protein expression but did not alter mRNA levels in ESCC cells. On the contrary, EGFR overexpression partly abolished the inhibitory effect of MSA. With a microRNA-array, we found MSA up-regulated miR-146a which directly targeted EGFR, whereas miR-146a inhibitor antagonized MSA-induced decrease of EGFR protein. We further used 4-nitroquinoline-1-oxide (4NQO)-induced esophageal tumor mice model to evaluate the inhibitory effect of MSA in vivo. MSA treatment significantly decreased the tumor burden and EGFR protein expression in tumor specimens. Furthermore, MSA treatment inhibited EGFR pathway and subsequntly reduced Interleukin-6 (IL-6) secretion in the supernatant of cancer cell lines. MSA-induced IL-6 suppression was EGFR-dependent. To further evaluate the association of IL-6 and the anti-tumor effect of MSA on esophageal cancer, we established the 4NQO-induced esophageal tumor model in IL-6 knock-out (IL-6 KO) mice. The results showed that IL-6 deficiency did not affect esophageal tumorigenesis in mice, but the inhibitory effect of MSA was abolished in IL-6 KO mice. In conclusion, our study demonstrated that MSA upregulated miR-146a which directly targeted EGFR, and inhibited EGFR protein expression and pathway activity, subsequently decreased IL-6 secretion. The inhibitory effect of MSA on esophageal cancer was IL-6 dependent. These results suggested that MSA may serve as a potential drug treating esophageal cancer.
Keywords: MSA, ESCC, EGFR, miR-146a, IL-6
INTRODUCTIONS
Selenium (Se), an essential and unique trace element, plays a key role in human health and disease. Schwartz and Foltz found selenium prevented liver necrosis in rats in 1950s (Schwarz and Foltz, 1958), thereafter, benefits of selenium in human health have been rapidly recognized. Epidemiologic studies suggested that serum selenium levels inversely correlated with cancer risk (Willett et al., 1983). A significantly inverse correlation was reported between serum selenium levels and the incidence of esophageal squamous cell carcinoma (ESCC) in Linxian, China, an area with high incidence of esophageal cancer (Mark et al., 2000). Furthermore, selenomethionine possessed a protective effect among subjects with mild esophageal squamous dysplasia at baseline (Limburg et al., 2005).
Several selenium compounds have been shown to selectively target tumour cells (Ghose et al., 2001; Nilsonne et al., 2006), thus making selenium promising to be an antitumour drug. Chemical forms and doses are key factors affected selenium effectiveness as anti-cancer agents. Among these forms, Monomethylselenol is a highly reactive species and probabaly the most efficient compound to induce apoptosis in malignant cells. Methylseleninic acid (MSA) is a synthetic selenium compound acting as an immediate precursor of methylselenol (Ip et al., 2000; Wallenberg et al., 2014). The anticancer effects of MSA have been evident in human lung (Poerschke et al., 2008), prostate (Jiang et al., 2001; Jiang et al., 2002; Lee et al., 2006; Li et al., 2007), breast cancer (Jariwalla et al., 2009). Moreover, MSA considerably reduced tumor growth in prostate and colon cancer xenograft models, but did not induce animal weight loss or other signs of systemic toxicity (Lee et al., 2006; Wang et al., 2009; Zeng and Wu, 2015). However, the exact mechanism of MSA in the prevention of esophageal carcinogenesis is still unclear.
Epidermal growth factor receptor (EGFR), a tyrosine kinases receptor (RTK) of ErbB family, is over-expressed in some cancers (Salomon et al., 1995; Mendelsohn and Baselga, 2000), including esophageal squamous cell carcinoma (ESCC) (Hanawa et al., 2006; Wang et al., 2013; Shang et al., 2014). High EGFR expression was associated with invasion, metastasis and poor prognosis (Wang et al., 2013). EGFR activation stimulates several pathways as RAS/RAF/MEK/ERK, PI3K/AKT, Src kinases, and STAT signaling (Lemmon and Schlessinger, 2010). Interleukin-6 (IL-6) is a key inflammatory cytokine participating in inflammation-associated carcinogenesis. IL-6 is also a target of STAT3, which serves as an important component of EGFR downstream signaling (Schafer and Brugge, 2007; Heikkilä et al., 2008). IL-6 was reported to positively associate with angiogenesis, EMT, and poor prognosis in esophageal cancer (Chen et al., 2013; Chen et al., 2014). Rooprai et al reported that selenium downregulated EGFR mRNA levels in human biopsy-derived glima cells (Rooprai et al., 2007). Seleno-L-methionine (SeMet) reduced EGFR transcription and protein stability in human lung cancer cell lines (Shin et al., 2007). These two studies provided clues that selenium may affect EGFR expression, but the mechanism is unclear. Recent studies implied that inhibiting EGFR pathway in cancer cells modulated cytokine secretion (Zhang et al., 2016; Suh et al., 2017). Our previous studies have demonstrated that MSA inhibited cell growth and induced apoptosis in ESCC cells by attenuating β-catenin/TCF pathway and modulating HDAC activity (Zhang et al., 2010; Hu et al., 2015). Whether EGFR was involved in the inhibitory effect of MSA have not been studied.
In the present study, we firstly verified that MSA decreased the incidence of esophageal tumor formation in 4NQO-induced mice model. We further the mechanism and found that MSA downregulated EGFR by inducing miR-146a and subsequently inhibited activation of EGFR pathway. MSA decreased the secretion of IL-6. These results indicated that the inhibitory effect of MSA in ESCC was IL-6 dependent.
MATERIALS AND METHODS
Cell Culture and Transfections
The KYSE series was kindly provided by Dr. Yutaka Shimada (Kyoto University, Kyoto, Japan). KYSE150, KYSE510 were cultured in RPMI1640 (Bioroc™, China) containing 10% fetal bovine serum (FBS) and supplemented with 1% penicillin/streptomycin at 37°C with 5% CO2. Lipofectamine 3000 transfection reagent (Invitrogen, Carlsbad, CA, United States) was used for transfection according to the protocol provided by the manufacturer. Antagomir-146a was synthesized from Ribo Biotechnology (Guangzhou, China). pcDNA6-EGFR plasmid was provided by Mien-Chie Hung (Addgene plasmid # 42665) (Hsu and Hung, 2007). EGFR small interfering RNA (siRNA) (NM_005228, sequence: 5’AGC​UAU​GAG​AUG​GAG​GAA​GAC​GGC​G3’) was purchased from Integrated DNA Technologies (IDT, Coralville, IA, United States).
Cell Viability Analysis
Cells were seeded into 96-well plate by 2×103 per well, incubated overnight, and then treated with MSA (541281, Sigma) at indicated concentrations. Cell viability was assessed every 24 h for 3 days using the CCK8 assay (Dojindo, Kumamoto, Japan). The detailed procedure was described previously (Pan et al., 2018).
Colony Formation
KYSE 150 and KYSE 510 cells were seeded into six-well plates by 500 per well, respectively. The experiment was performed as previously decribed (Liu et al., 2018).
TaqMan Real-Time PCR microRNA Array
The differentially expressed miRNAs in KYSE 150 cells treated with or without MSA were identified by TaqMan Real-time PCR microRNA Array A (V2.0) (Applied Biosystems, CA). All reactions were performed according to the manufactures’ protocol as described previously (Wang et al., 2015). The data was analyzed by using the SDS 2.0.1 software (automatic baseline, threshold 0.2) and Data Assist v2.0 software (Applied Biosystems, CA). U6 was used as endogenous control for miRNA expression analysis.
Quantitative Real-Time PCR
The expression of EGFR, IL-6 mRNAs was measured by using qRT-PCR. Total RNA extraction and reverse transcription were performed as described (Yang et al., 2020). qPCR was performed with SYBR Green PCR reagents (Applied Biosystems). GAPDH was used as the control gene. The primers used were as follows: GAPDH, 5’GCT​CCT​CCT​GTT​CGA​CAG​TCA3’/5’ACC​TTC​CCC​ATG​GTG​TCT​GA3’; EGFR, 5’AGG​CAC​GAG​TAA​CAA​GCT​CAC3’/5’ATG​AGG​ACA​TAA​CCA​GCC​ACC3’; IL-6, 5’ACT​CAC​CTC​TTC​AGA​ACG​AAT​TG3’/5’ CCA​TCT​TTG​GAA​GGT​TCA​GGT​TG3’.
For miRNA analysis, reverse transcription and stem-loop real-time RT-PCR were performed as described (Chen et al., 2005). For normalization, U6 was used as endogenous control.
All the quantitative real-time PCR of each sample was performed in triplicate on StepOnePlus™ Real-Time PCR System (Applied Biosystems, Carlsbad, CA, United States) and analyzed with StepOne Software.
Western Blot
Cells were harvested and washed in PBS and lysed in RIPA buffer (9806, Cell Signaling Technology). Western blot analysis was performed by using the conventional protocols as described previously (Ma et al., 2016). Primary antibodies were used including EGFR (sc-03, Santa Cruz Biotechnology), phospho-EGFR (Tyr1068) (3777, Cell Signaling Technology), phospho-Stat3 (Tyr705) (9145, Cell Signaling Technology), Stat3 (9132, Cell Signaling Technology), phospho-Akt (Ser473) (9271, Cell Signaling Technology), Akt (9272, Cell Signaling Technology), GAPDH (60004-1-Ig, Proteintech). After extensively washed, the membranes were then incubated with secondary antibodies (Zhongshan Golden Bridge Biotechnology Company, Beijing, China) for 1 h at room temperature. Signals were detected using enhanced chemiluminescence (Engreen, Beijing, China). The bands intensities were analyzed using ImageJ software.
Animal Experiments
IL-6tm1Kopf mice, which are IL-6 gene-knockout (IL-6 KO) mice, were purchased from Model Animal Research Center of Nanjing University. 6-week-old C57BL/6 J mice and IL-6 KO mice were used for establishing the 4-nitroquinoline 1-oxide (4NQO)-induced esophageal tumor model. The carcinogen 4NQO (N8141-5G, Sigma) stock solution was prepared in propylene glycol at 5 mg/ml and stored at 4°C and added to the drinking water at a concentration of 100 μg/ml (Tang et al., 2004). After 12 weeks of the carcinogen treatment, mice were randomly divided into the experimental group and the control group and received drinking water with or without MSA, respectively. The MSA stock solution was prepared in ddH2O at 0.04 g/ml and added to the drinking water for the mice at the concentration of 0.02 mg/ml. With MSA treatment or not for 12 weeks, mice were sacrificed and whole esophagi were opened longitudinally, and tumors were counted and tumor volumes were calculated according to the formula Length×Width2×0.5. Tissues were fixed overnight in 4% paraformaldehyde, paraffinembedded and sectioned. All animal experiments were approved by the Institutional Animal Care and Use Committee (IACUC) of the Cancer Hospital, Chinese Academy of Medical Science.
Cytokine Antibody Array and ELISA Analysis
KYSE150 and KYSE510 were treated with MSA (2 and 5 μM, respectively) for 24 h, then cells were digested and reseeded in 100 mm dish (1.2 × 106 cells/dish) with the same volume medium without fetal bovine serum, 24 h later, collected the conditioned media for the cytokine antibody array. Cytokine antibody array (Raybiotech) was performed according to manufacturer’s protocol. The complete array maps (AAH-CYT-G5 Array 5) can be found at https://www.raybiotech.com/human-cytokine-array-g5-4/.
According to the manufacturer’s protocols, human IL-6 levels in the supernatant and mouse IL-6 levels in the serum were measured by ELISA Kits (#D6050 and #M6000B, R&D Systems), respectively.
Immunohistochemistry
Sections of 5 μm thickness were deparaffinized in xylene and rehydrated in graded ethanol. Antigen retrieval was carried out in 10 mM sodium citrate buffer (pH 6.0). The endogenous peroxidase activity was quenched by 3% hydrogen peroxide for 20 min, and then the slides was blocked by 5% BSA for 1 h to avoid nonspecific staining. The subsequent immunostaining were performed as described previously (Wang et al., 2016). The primary antibody against EGFR (sc-03-G, 1:1,000, Santa Cruz Biotechnology), PCNA (sc-7907, 1:1,000, Santa Cruz Biotechnology) CD31 (77699, 1:1,000, Santa Cruz Biotechnology) was used. We also performed histological analyses by using H&E staining.
Statistical Analysis
Data with error bars were shown as mean ± SD. The two-tailed Student’s t-test was performed to analyze the significance of differences between treatment and control group. p < 0.05 was designated statistically significant. GraphPad Prism software was used to do the calculations.
REAULTS
EGFR Mediated the Inhibitory Effect of MSA in ESCC Cells
We found MSA significantly supressed the growth of KYSE150 and KYSE510 cells (Figure 1A), consistant with our previous reports (Zhang et al., 2010; Hu et al., 2015). To better understand the molecular mechanisms by which MSA inhibits tumor cell growth, we performed RNA sequencing (RNA-seq) on KYSE150 and KYSE510 cells treated with or without MSA, respectively. The results revealed 465 commonly differentially expressed genes (Fold change ≥ 2, false discovery rate (FDR) < 0.001) (Supplementary Figure S1A). KEGG pathway analysis reported a number of enriched terms, such as PI3K-Akt signaling pathway, MAPK signaling pathway and Ras signaling pathway (Supplementary Figure S1B). Results indicated that MSA may affect the EGFR pathway. To determine whether EGFR could be supressed by MSA treatment, Western blotting were performed in KYSE150 and KYSE510 cells treated with or without MSA, respectively. Interestingly, we found MSA reduced EGFR protein level in a dose- and time-dependent manner (Figure 1B).
[image: Figure 1]FIGURE 1 | EGFR mediated the inhibitory effect of MSA in ESCC cells. (A) Growth inhibition of MSA were measured by CCK8 assay in KYSE150 and KYSE510 cells. Cells were treated with the indicated concentration of MSA for 24, 48 and 72 h, respectively. Data are represented as mean ± SD, n = 3. (B) KYSE150 and KYSE510 cells were treated with MSA at different concentrations for 24 h (left), or treated with a fixed concentration (2 μM for KYSE150, 5 μM MSA for KYSE510) at different time points (right) and harvested. EGFR protein levels were evaluated by western blotting. GAPDH was used as internal control. (C) KYSE150 and KYSE510 cells were transfected with EGFR expression plasmid or the empty control plasmid, and then treated with or without MSA for 24 h, respectively. EGFR protein levels were evaluated by western blotting. GAPDH was used as internal control. (D,E) Colony formation assay of KYSE150 (D) and KYSE510 (E) transfected with EGFR expression plasmid or the empty control plasmid, 12 h afer transfection, the cells were digested, reseeded and treated with or without MSA (1 μM for KYSE150, 2.5 μM for KYSE510) for 9 days, respectively. Results are shown as mean ± SD, n = 3.
Furthermore, to examine whether MSA suppressed cell growth by downregulating EGFR in ESCC cells, KYSE150 and KYSE510 cells were transfected with EGFR expression plasmid or the empty control plasmid (Figure 1C), and then treated with or without MSA, respectively. The results revealed that EGFR overexpression could promote colony formation of ESCC cells and partly abolish the inhibitory effect of MSA (Figures 1D,E).
MSA Down-Regulated EGFR Via Up-Regulating miR-146a
As mentioned above, MSA treatment could downregulate EGFR protein, but didn’t influence the mRNA level of EGFR in both KYSE150 and KYSE510 cells (Figure 2A). Next, we compared the expression of microRNAs in KYESE150 cells treated with or without MSA by TaqMan Real-time PCR microRNA array. The Analysis of the array data showed that 21 microRNAs changed more than 2-fold in expression between the two samples (Supplementary Table 1). Among these 21 miRNAs, we found miR-146a could directly target EGFR, which have been reported (Li et al., 2010; Kogo et al., 2011). So we chose miR-146a to further detected. As showed in Figures 2B,C, miR-146a showed a dose- and time-dependent increase with MSA treatment. And, antagomir-146a could attenuate MSA-induced EGFR down-regulation (Figure 2D). These findings demonstrated that MSA could down-regulate EGFR via inducing miR-146a.
[image: Figure 2]FIGURE 2 | MSA down-regulated EGFR via up-regulating miR-146a. (A) KYSE150 and KYSE510 cells were treated with MSA for 24 h (2 and 5 μM, respectively); EGFR mRNA was determined by quantitative real-time PCR. Values are normalized to the untreated cells. (B,C) miR-146a expression was detected by TaqMan Real-time PCR in KYSE150 and KYSE510 cells treated with MSA at different concentration for 24 h (B) or treated with a fixed concentration (2 μM for KYSE150, 5 μM for KYSE510) at different time points as indicated. (C). U6 was used as the endogenous control. Values are normalized to the corresponding untreated cells, respectively. Bars represent the mean ± SD (n = 3) for each treatment. (D) KYSE150 and KYSE510 cells transfected with a negative control (NC) or antagomir-146a with or without MSA treatment for 24 h (2 μM for KYSE150 and 5 μM for KYSE510) were harvested and EGFR levels were determined by western blotting. GAPDH was used as internal control.
MSA Inhibited Tumor Growth of Esophageal Cancer In Vivo
To explore the anti-tumor activity of MSA in vivo, we constructed a 4NQO-induced esophageal tumor mice model using C57 mice (Tang et al., 2004). After 12 weeks of carcinogen exposure, the mice were subjected to MSA treatment for another 12 weeks (Figure 3A). The results showed that the MSA-treated mice had almost the same body weight, less tumors and lower tumor burden compared with the 4NQO group without MSA treatment (Figures 3B,C). To assess whether MSA could decrease the expression of EGFR in vivo, we investigated EGFR expression in tumor tissues by IHC staining. As shown in Figure 3D, MSA treatment indeed supressed EGFR expression in vivo. We also detected the expression of Proliferating Cell Nuclear Antigen (PCNA). As expected, MSA could attenuate the expression of PCNA in MSA treated mice compared with the control mice.
[image: Figure 3]FIGURE 3 | MSA inhibited esophageal tumor growth in vivo. (A) Schematic representation of 4NQO mice model. 6–7 week-old mice were given drinking water containing 4NQO (100 μg/ml) for 12 weeks. Then mice were randomly divided into two group with treatment of drinking water containing MSA (0.02 mg/ml) or pure water. Twelve weeks later, the mice were sacrificed for esophageal tumor analysis. (B) Body weight of mice were measured. Data are expressed as mean ± SD. **p < 0.01; ns, non significant. (C) Tumor number and tumor budern in the mice esophagi. C57+4NQO (n = 29), C57+4NQO + MSA (n = 26), bars represent the mean ± SD for each group. *p < 0.05. (D) Representative photomicrographs of immunostaining of EGFR and PCNA in the mice esophageal tissue.
MSA Inhibited IL-6 Production
As shown above, MSA could down-regulate EGFR protein. Next, we examined the downstream signaling molecules of EGFR pathway. As Figure 4A showed, the phosphorylation of STAT3, AKT were down-regulated upon MSA treatment. All these indicated that MSA could inhibit the activation of EGFR pathway in ESCC cells. We wonder whether MSA could affect the cytokine secretory. To this end, KYSE150 and KYSE510 cells were treated with MSA or not for 24 h, then the cells were digested and reseeded at the same amount in RPMI1640 without fetal bovine serum, another 24 h later, the supernatant was harvested and tested by the cytokine array. Among the 80 cytokines, 7 cytokines displayed a significant difference with more than 1.5-fold in expression both in the two cell lines treated with or without MSA, respectively. The levels of IL-1a and MIP-3a were higher and IL-6, FGF9, GDNF, NT3, and BLC were lower in the supernatant of MSA-treated cells than that of the untreated cells (Figure 4B). It was already well known that IL-6 regulates immune and inflammatory responses and is involved in tumor progression (Hodge et al., 2005; Iliopoulos et al., 2009). So we firstly chose IL-6 to further study. We evaluated the levels of IL-6 at transcription levels. As shown in Figure 4C, IL-6 mRNA levels were down-regulated in the cells treated with MSA. In accord with the cytokine array, ELISA results also showed a significant decrease of IL-6 in the supernant of ESCC cells with MSA treatment (Figure 4D). Furthermore, we also measured the IL-6 level in the mouse serum by the ELISA Kit (#M6000B, R&D Systems). Although the serum level of IL-6 in 4NQO-induced mice was a little lower than the minimum detectable amount (7.8 pg/ml), it was higher than the levels of IL-6 in the serum of 4NQO-induced mice with MSA treatment and normal C57 mice (data not shown). Even so, our results may provide clues to imply that MSA could inhibit IL-6 production both in vitro and in vivo.
[image: Figure 4]FIGURE 4 | MSA inhibits IL-6 production. (A) KYSE150 and KYSE510 cells were treated with MSA for 24 h (2 μM for KYSE150 and 5 μM for KYSE510), then cells were harvested and analyzed by western blotting. GAPDH was used as internal control. (B) Conditional media were collected and analyzed by cytokine antibody array. The value represented the average signal density ratio of MSA treatment condition media (MSA+) to the control condition media (MSA-). Mean ± SD (n = 2). (C) KYSE150 and KYSE510 cells were treated with or without MSA for 24 h, and the IL-6 mRNA levels were determined by q-RT-PCR. Bars represent the mean ± SD (n = 3) for each treatment. (D) KYSE150 and KYSE510 cells were treated with MSA for 24 h (2 μM for KYSE150 and 5 μM for KYSE510), then cells were digested and equal count of cells were reseeded with the same volume medium, 24 h later, collected the conditional media and IL-6 levels were determined by ELISA. Bars represent the mean ± SD (n = 2) for each treatment. *p < 0.05; ***p < 0.001.
EGFR Involved in MSA-Induced IL-6 Downregulation
We next examined whether MSA-induced IL-6 downregulation by depending on EGFR-mediated signal transduction. After transfection with pcDNA6, pcDNA6-EGFR or EGFR siRNA for 48 h in KYSE150 and KYSE510 cells, EGFR mRNA and protein were detected. The results revealed that EGFR expression plasmid could significantly upregulate EGFR mRNA and protein levels, and EGFR siRNA could efficaciously downregulate EGFR mRNA and protein, compared to the control cells, respectively (Figures 5A,B). Overexpression of EGFR increased IL-6 mRNA expression in both KYSE150 and KYSE510 cells, vice versa (Figure 5C).
[image: Figure 5]FIGURE 5 | EGFR involved in MSA-induced IL-6 downregulation. (A–C) KYSE150 and KYSE510 cells were transfected with pcDNA6 (control), pcDNA6-EGFR (EGFR), or EGFR siRNA (siE), respectively. The cells were harvested after 48 h and EGFR mRNA (A) and EGFR protein (B) were detected. IL-6 mRNA levels were also detected by Real-time PCR (C). (D–F) KYSE150 and KYSE510 cells were transfected with the pcDNA6, or pcDNA6-EGFR, and then treated with or without MSA (2 μM for KYSE150, 5 μM for KYSE510), respectively. EGFR, p-EGFR, p-Akt, p-STAT3 were detected by western blotting. IL-6 mRNA was detected by real-time PCR (E) and IL-6 protein in the supernant of KYSE510 was deceted by ELISA (F). (G,H) EGF (25 ng/ml) was added in the supernant of KYSE510 cells for 12 h, EGFR, p-EGFR (short and long exposure) were detected by western blotting (G). IL-6 protein in the supernant was detected in the supernant of KYSE510 cells treated with or without MSA (5 μM) by ELISA (H). Bars represent the mean ± SD (n = 3) for each treatment. ***p < 0.001. Control: pcDNA6; EGFR: pcDNA6-EGFR; siE: EGFR siRNA.
EGFR overexpression increased the phosphorylation of EGFR, Akt, and STAT3 signaling proteins and could partly restored the inhitory effect of MSA treatment, including the phosphorylation of EGFR, Akt, STAT3 (Figure 5D) and IL-6 mRNA levels in both KYSE150 and KYSE 510 cells (Figure 5E). We also detected the levels of IL-6 in the supernant of KYSE510 cells that overexpressed EGFR accompanied with MSA treatment or not, the result showed that EGFR overexpression indeed upregulated IL-6 secretion and partly abolished the inhibitory effect of MSA treatment (Figure 5F). In addition, when we used EGF stimulation to active the EGFR pathway (Figure 5G), IL-6 secretion was higher in EGF-stimulated KYSE510 cells than the control cells that did not receive the EGF stimulation both in the groups with or without MSA treatment, respectively (Figure 5H).
IL-6 Deficiency Attenuated the Tumor Inhibitory Effect of MSA
To determine the role of IL-6 in tumorigenesis of esophageal cancer, we used IL-6 KO mice to generate esophageal cancer that induced by 4NQO. Our data showed that 4NQO-induced IL-6 KO mice formed almost the same tumors as 4NQO-induced IL-6 WT mice, indicating that lack of IL-6 may not affect tumorigenesis of esophageal cancer (Figure 6A). To further test the role of IL-6 in MSA-mediated inhibition of esophageal tumor growth, IL-6 KO mice were induced by 4NQO and then treated with MSA for 12 weeks. Interestingly, MSA treatment didn’t reduced the tumor number of 4NQO-induced IL-6 KO mice, MSA-mediated tumor suppression was abolished (Figures 6A,B). However, EGFR expression still could be down-regulated in 4NQO-induced IL-6 KO mice when treated with MSA (Figure 6C). To test whether MSA could inhibit EGFR-IL-6 axis and subsequently affect tumor angiogenesis, the tumor tissues were evaluated the expression of the endothelial staining marker CD31 by immunohistochemistry. As shown in Figure 6D, MSA treatment could obviously reduce vessel density and IL-6 deficiency could attenuate the effect. All these implicated that the anti-tumor effect of MSA was at least partly dependent on IL-6.
[image: Figure 6]FIGURE 6 | IL-6 deficiency attenuated the tumor inhibitory effect of MSA. (A) The esophageal tumors of IL-6tm1Kopf (IL-6 KO) mice knock-out (KO) mice treated with 4NQO (100 μg/ml) in drinking water (4NQO) or the combination of 4NQO and MSA (4NQO + MSA) for 12 weeks. (B) Quantification of tumor numbers in 4NQO–treated mice with or without MSA treatment both in IL-6 Wildtype (WT) (normal C57) and IL-6 KO mice. All mice were with 4NQO exposure for 12 weeks, then mice were divided into the control or MSA treatment group. IL-6 WT 4NQO (n = 28), IL-6 WT 4NQO + MSA (n = 18), IL-6 KO-4NQO (n = 27), IL-6 KO 4NQO + MSA (n = 9). Bars represent the mean ± SD for each group. *p < 0.05. (C)Representative photomicrographs of immunostaining of EGFR in the esophageal tumor tissues of IL-6 KO mice treated with 4NQO or the combination of 4NQO and MSA (4NQO + MSA). (D) IHC staining of CD31 in normal esophageal tissues of IL-6 WT and KO mice, and the tumor tissues of 4NQO mice model treated with or without MSA. Magnification 100×.
DISCUSSION
Selenium has been recognized as a chemotherapeutic agent in human beings for more than 100 years. One of the most exciting results demonstrated that intravenous injection of colloidal suspension of erythro-selenium beta resulted in significantly improvement in carcinoma of the alimentary tract (Watson-Williams, 1919). Previous studies showed that selenium treatment could downregulate EGFR mRNA levels in human biopsy-derived glima cells (Rooprai et al., 2007) and lung cancer cell lines (Shin et al., 2007). Sun et al reported Se-(methyl) selenocysteine hydrochloride (MSC) could inhibit pro-inflammatory responses by inducing miR-146a in Staphylococcus aureus-infected mouse mastitis model (Sun et al., 2017). miR-146a have been demonstrated to target EGFR directly (Li et al., 2010; Kogo et al., 2011). Consistent with these, we found MSA could up-regulate miR-146a at a dose- and time-dependent manner in ESCC cells; when we inhibited miR-146a with antagomir-146a, MSA-induced EGFR decrease was partly reverted, indicating that MSA-induced EGFR down-regualtion was dependent on miR-146a.
As a tyrosine kinase receptor, EGFR is capable to induce STAT3 phosphorylation (Levy and Darnell, 2002). STAT3 is also a transcriptional factor of IL-6. In the present study, we found MSA treatment could decrease the phosphorylation of STAT3, and the secretion of IL-6 in ESCC cells (Figure 4). Previous studies have already indicated the negative correlation between selenium and IL-6. For example, Zhou et al reported Selenium deficiency was present in Kashin–Beck disease (KBD), a chronic joint disease with chondral destruction, and IL-6 expression was elevated in the cartilages of KBD children (Zhou et al., 2014). Pei et al reported that sodium selenite pretreatment blocked the transcriptional factor NF-κB activation and inhibited IL-6 production in LPS-stimulated human PC3 cells (Pei et al., 2010). It has also been reported that MSA could inhibit tumor growth in colon cancer xenografts, and this inhibition was associated with a reduction of plasma tumor necrosis factor (TNFα)/IL-6 level (Zeng and Wu, 2015). Our findings showed that MSA treatment could inhibit IL-6 secretion, and EGFR was mediated MSA-induced IL-6 downregulation in ESCC, at least in part.
IL-6 is a cytokine that have extensive effects and its overexpression has been reported in almost all kinds of tumours (Kumari et al., 2016). Previous study showed that IL-6 is markedly associated with aggressive tumor behavior and poor outcomes in ESCC(Chen et al., 2013). The mice with IL-6 stimulation showed significantly increased myeloid derived suppressor cells (MDSCs) levels and an increased incidence of invasive esophageal tumor formation in the 4NQO-induced esophageal tumor animal model; however, blockade of IL-6 prevented induction of MDSCs and the incidence of 4NQO-induced invasive tumors (Chen et al., 2014). These data suggest that IL-6 blockade not only has direct intrinsic inhibitory effect on tumor cells, but also modulates the microenvironment toward an anti-tumor phenotype. In addition, previous study showed that selenium nanoparticles could increase the levels of cellular immunomodulatory components (granzyme B, IL-12, IFN-γ, and IL-2) to boost the immune response in mice bearing tumor exposed to crude antigens of 4T1 cells (Yazdi et al., 2015). Our experimental data showed that STAT3 activity in ESCC cells was markedly reduced when treated with MSA (Figures 4, 5), it is possible that the alteration also affects the antitumor immunity induced by MSA. All these provide hints that Se has potential to be applied to cancer treatment by modulating the immune microenvironment, but the underlying mechanism needs to be further clarified.
It is well documented that angiogenesis is necessary for the continued growth of tumors. IL-6, as a well-known angiogenic inducer, has been identified to enhance endothelial cell migration directly via IL-6R or through macrophage infiltration (Nilsson et al., 2005; Izumi-Nagai et al., 2007). Coward et al reported the therapeutic effect of siltuximab (anti-IL-6 antibody) was accompanied by reductions in angiogenesis in ovarian cancer cells xenograft models (Coward et al., 2011). Shinriki et al reported anti-Interleukin-6 receptor antibody suppressed tumor angiogenesis and in vivo growth of human oral squamous cell carcinoma (Shinriki et al., 2009). Here, we found MSA treatment could markedly decrease the density of tumor-associated vessels in tumors of 4NQO-induced wildtype mice. Although IL-6 deficiency did not affect esophageal tumorigenesis in mice (Figure 6), there are less vessels in the tumor tissue of 4NQO-induced IL-6 KO mice than that in 4NQO-induced wildtype mice. All these data suggest that MSA-induced IL-6 downregulation may impair tumor angiogenesis and then suppressed tumor growth in vivo.
In conclusion, we showed the intriguing possibility that MSA may have therapeutic value for the treatment of ESCC. MSA could downregulate EGFR via miR-146a and decrease IL-6 secretion, lead to substantial decrease in tumor angiogenesis to inhibit ESCC cell growth.
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Tumor-associated macrophages (TAMs) are an indispensable part of the tumor microenvironment (TME), and they likely play a negative rather than positive role in cancer treatment. However, the cellular landscape and transcriptional profile regulation of TAMs in the case of tumor gene inactivation or chemical interference remains unclear. The B-cell lymphoma 9/B-cell lymphoma 9-like (BCL9/BCL9L) is a critical transcription co-factor of β-catenin. Suppression of Bcl9 inhibits tumor growth in mouse models of colorectal cancer (CRC). Here, we studied the TAMs of CRC by single-cell sequencing. Bcl9 depletion caused macrophage polarization inhibition from M0 to M2 and changed the CRC TME, which further interferes with the inflammation of M0 and M1. The transcription factor regulating these processes may be related to the Wnt signaling pathway from multiple levels. Furthermore, we also found that the cells delineated from monocyte to NK-like non-functioning cells were significantly different in the BCL9-deprived population. Combining these data, we proposed a TAM-to-NK score to evaluate the dynamic balance in TME of monocyte/TAM cells and NK-like non-functioning cells in The Cancer Genome Atlas (TCGA) clinical samples to verify the clinical significance. We demonstrated that the cell type balance and transcription differences of TAMs regulated by BCL9-driven Wnt signaling affected immune surveillance and inflammation of cancer, ultimately affecting patients’ prognosis. We thereby highlighted the potential of targeting Wnt signaling pathway through cancer immunotherapy.
Keywords: colorectal cancer, tumor-associated macrophages, wnt signaling, BCL9, tumor immune microenvironment
INTRODUCTION
Tumor-associated macrophages (TAMs) are the most significant cluster of immune cells infiltrating colon cancer (Li et al., 2020). TAMs play a central role in the formation of the tumor microenvironment (TME) by secretion of cytokines and chemokines. The roles and phenotypes of TAMs in colorectal cancer (CRC) are controversial, however, and previous studies have reported opposite results. Inhibition of CRC cell growth was achieved with co-culturing CRC cells with PMA-activated U937 cells (Forssell et al., 2007). In contrast, the proliferation of CT26 colon carcinoma cells was stimulated when the cells were co-cultured with macrophages derived from the peritoneal cavity (Luput et al., 2017). These conflicting observations may stem from the different origins of macrophages and suggest that the in vitro experiments do not reproduce the exact features of TAMs in CRC. A previous study revealed that TAMs differentiated from monocytes induced by CRC tumor cells had enhanced the expression of chemokines, antigen presentation, and T-cell co-stimulation molecules, thereby promoting T-cell antitumor responses (Ong et al., 2012). In 2020, a systematic review and meta-analysis summarizing 27 studies with 6,115 patients indicated that the role of TAMs depended on the infiltration location and mismatch repair (MMR) condition (Li et al., 2020). In that study, better 5-year overall survival (OS) was related to a high density of TAMs in the tumor, which was more prominent in MMR-proficient patients (Li et al., 2020). Stratification by TAM infiltration location revealed that a high density of CD68 + TAMs in tumor stroma and tumor islet plus stroma (but not in tumor islet cells) predicted a favorable OS (Li et al., 2020). Other studies supported these results. For example, Forssell and colleagues found a high density of CD68 + macrophages along the tumor front to be a good prognostic marker for colon cancer (Forssell et al., 2007). Waniczek et al. (2017) suggested that intense M2 macrophages (CD68 + iNOS-) infiltration within the tumor stroma was associated with shorter disease-free survival (DFS) and OS. In contrast, intense infiltration at the tumor edge and the surrounding tissues was associated with a lower recurrence rate (Waniczek et al., 2017). In resected colorectal liver metastases stained for CD68, a high density of TAMs correlated with longer DFS (Cavnar et al., 2017).
Macrophages are known to polarize, heading to either the M1 or M2 phenotypes. M1 is a proinflammatory phenotype, whereas M2 is anti-inflammatory. In cancer, several lines of research have suggested that M2 promotes tumor progression, metastasis, and angiogenesis (Ruffell et al., 2012). In most cases, TAMs are thought to be M2 and related to poor prognosis (Hao et al., 2012); however, the scenario is more complex in colon cancer. In addition, M2 also promotes metastasis in various ways, including MMP-9 expression (Vinnakota et al., 2017), miRNA-containing exosome secretion (Lan et al., 2019), and regulation of epithelial–mesenchymal transition (Lee et al., 2020). Immunohistochemistry (IHC) of CRC samples verified these results. Patients with a high CD206/CD68 ratio had significantly poorer DFS and OS (Feng et al., 2019a). Among 232 patients with CRC, Kaplan–Meier analysis revealed that M2/M1 >3 was related to significantly worse DFS and OS (Lee et al., 2020). Nonetheless, the dominant phenotype of TAMs in colon cancer is debatable, and the balance of M1/M2 changes in different periods in sporadic CRC resulting from the adenoma–carcinoma sequence (Isidro and Appleyard, 2016). Edin and colleagues found that when exposed to RKO, SW480, and Caco2 (i.e., CRC cell line–derived conditioned medium), the TAMs resembled the morphology and cell surface phenotype of M2 macrophage populations, but they showed a “mixed” M1/M2 macrophage phenotype with respect to cytokine and chemokine expression patterns (Edin et al., 2013). Following the former results, a study in 2018 reported the differentiation of monocytes into a mixture population of M1/M2 induced by colon cancer–derived conditioned medium (Sawa-Wejksza et al., 2018). Another study analyzed genes expressed by the TAMs and mapped them into biological functions to see whether TAMs were pro- or anti-inflammatory. Those genes were involved in inflammation (18%), differentiation (18%), chemotaxis (8%), MHC class II antigen presentation (3%), and phagocytosis and endocytosis (2%) (Ong et al., 2012), thus revealing a proinflammatory phenotype. These results suggested that TAMs in colon cancer cannot be simply identified as M1 or M2 phenotype. It is still useful, however, to consider that in various functional states, where M1 and M2 are extremes, re-educating TAMs to the M1 phenotype may be an efficient anticancer strategy.
Wnt signaling is essential in the proliferation and innate immune function of macrophages. Combretastatin A-1 phosphate downregulates the Wnt/β-catenin pathway and induces macrophages (Mao et al., 2016). Wnt3a promotes proliferation of macrophages, while blockade of β-catenin signaling reverses the effect (Feng et al., 2018a). The Wnt5a-NF-κB (p65) pathway is normally kept in a homeostatic state to support survival and the innate immune response of macrophages (Naskar et al., 2014). In addition, Wnt5a signaling enhances fz5-dependent internalization of nonpathogenic (Maiti et al., 2012) and pathogenic bacteria (Jati et al., 2018) and killing of the latter (Jati et al., 2018), whereas Wnt7a inhibits phagocytosis (Wallace et al., 2018).
The Wnt pathway is reported to regulate the pro- or anti-inflammatory phenotype alteration of macrophages. Wnt3a (Feng et al., 2018b; Yuan et al., 2020) or Wnt5a (Feng et al., 2018a) treatment could alter cytokine-stimulated macrophage polarization, thereby predisposing macrophages to the M2 phenotype. LPS-induced proinflammatory cytokine expression in macrophages was abolished after β-catenin knockdown (Fang et al., 2018). Wnt5a signaling, to which Fzd5 and camkii contribute, stimulated the release of proinflammatory cytokines in macrophages (Pereira et al., 2008). Activation of the Wnt5a/JNK1 pathway significantly increased the expression of TNF-α and IL-6 in pulmonary macrophages (Zhu et al., 2018). Wnt7a inhibited classical markers on macrophages in differentiation and polarization, and affected cytokine secretion from MDM (Wallace et al., 2018).
Wnt signaling in TAMs is complex. Macrophages express Wnt protein and frizzled receptors simultaneously (Blumenthal et al., 2006), which means that the Wnt protein is derived from both tumor cells and TAM. Both could trigger the Wnt pathway in TAMs, indicating the existence of a complicated regulation network. The role of Wnt signaling in TAMs has been partly revealed. Wnt signaling was significantly activated in M2-like TAMs (Yang et al., 2018; Sarode et al., 2020), and activation of Wnt/β-catenin signaling drove M2 polarization in TAMs (Raghavan et al., 2019). These results also were verified in human samples. High expression of Wnt5a in the tumor was significantly associated with intense anti-inflammatory CD163 + TAMs, but not with CD68 + TAMs (Bergenfelz et al., 2012). Accumulation of nucleus-located β-catenin was positively correlated with M2-like TAMs in human hepatocellular carcinoma (HCC) samples (Yang et al., 2018). Wnt3A expression was higher in HCC samples strongly stained for CD163 than in CD163-weakly stained samples (Tian et al., 2020). There are still unrevealed mechanisms, however, and it is still unknown how Wnt signaling in TAMs can be modified to benefit antitumor therapy.
The role of BCL9-driven Wnt signaling in macrophage polarization and how suppression of BCL9 affects tumor immune microenvironment remain unclear. In this study, we used single-cell sequencing technology to reveal the changes in TAMs in TME in genetic depletion and pharmacological inhibition of Bcl9.
MATERIALS AND METHODS
Chemicals, shRibo Nucliec Acids and Cells
hsBCL9CT-24 was produced by AnaSpec, CA, according to previous protocols (Feng et al., 2019b). The synthesis and purification of peptides were evaluated using analytical high-performance liquid chromatography (HPLC) and mass spectrometry (MS). hsBCL9CT-24 was dissolved into 10 mmol/L; both were diluted before assay. pGIPZ (inducible with doxycycline)-based lentiviral shRNAs for mouse Bcl9 shRNA#5 (V3LMM_429161) and non-targeting shRNA were obtained from Open Biosystems/GE Dharmacon. The non-targeting (NT) lentiviral shRNA was constructed to be a negative control expressing no substantial homology to any mammalian transcript. Cell line CT26 cells (ATCC) were cultured according to the supplier’s recommendations. All cell lines used are listed using the official cell line name and its Research Resource Identifier (RRID) as available in the ExPASy Cellosaurus database [CT26 (RRID:CVCL_7254)]. All experiments were performed with mycoplasma-free cells.
Tumor Specimens
At least four regions in each tumor were sampled. We obtained 12 tumor samples from 12 mice, respectively. Detailed information is presented in Supplementary Table S1. Male, BALB/c mice, 6–8 weeks old, were purchased from Shanghai Lingchang Biotechnology Co., LTD. Animals were housed under specific pathogen-free conditions (22 ± 1°C, 12/12 light/dark cycle) in Fudan University. All the procedures were performed according to protocols approved by the University’s animal care committee, along with the guidelines of “The Association for Assessment and Accreditation of Laboratory Animal Care International.”
Tumor Size Measurement
Cultured CT26 colon cancer cells (ATCC) were harvested for subcutaneously (s.c.) inoculation (4 × 105 cells in PBS) in the right flank region of BALB/c female mice (purchased from Charles River) at 6–8 weeks of age. Three randomized cohorts (n = 4) with tumor size between 30 and 50 mm3 were administered vehicle control, hsBCL9CT-24 (25 mg/kg, i. p., QD) or hsBCL9CT-24 (30 mg/kg, sc., QD) for 17 days after inoculation. In the CT26 combination experiment (n = 4) model, mice were grouped into four randomized cohorts and given hsBCL9CT-24 (25 mg/kg, i. p., QD), anti–PD-1 antibody (10 mg/kg, i. p., BIW), or a combination arm (hsBCL9CT-24 + anti–PD-1 antibody) via i. p. injection after tumor volume reached 30 mm3. Colo320-DM (ATCC) were harvested for subcutaneously (s.c.) inoculation (1 × 106 cells in PBS) in the right flank region of BALB/c female nude mice (purchased from B&K Universal Group Limited) at 6–8 weeks of age. Two randomized cohorts (n = 4) with tumor size between 30 and 50 mm3 were administered vehicle control or hsBCL9CT-24 (15 mg/kg, i. p., QD) for 20 days after inoculation. Tumor volume was measured every other day using digital calipers and calculated on the basis of the following formula: tumor volume = (length × width2)/2. Murine body weights were recorded after tumor measurement. Tumor size of >1000 mm3 was set as the endpoint, and tumor/organ samples were collected from selected mice at the end of the study.
Specimen Processing
Fresh tumors from mice were surgically resected and collected into MACS Tissues storage solution (130-100-008, Miltenyi Biotec). The samples were immediately transferred to the Fudan laboratory. For further processing, tissues were minced into <1 mm3 on ice, shifted to a C tube (130-093-237, Miltenyi Biotec), and enzymatically digested by MACS Tumor Dissociation Kit (130-095-929, Mitenyi Biotec). The obtained suspension was filtered through a 40 μm cell strainer (Falcon) and washed by RPMI 1640 (C11875500BT, Gibco). Subsequently, erythrocytes were removed using 2 ml the Red Cell Lysis Buffer (555899, BD biosciences) and live cells were enriched by a Dead Cell Removal Kit (130-090-101, Miltenyi Biotec). After re-suspension in RPMI 1640 (C11875500BT, Gibco), a single-cell suspension was obtained. Cell viability, which needs to be >90% for library construction, was checked by Trypan blue (15250061, Gibco) staining.
Samples were sequenced using the BGISEQ-500 platform at The Beijing Genomics Institute (BGI) for Genomics and Bioinformatics. Raw counts were then normalized to fragments per kilobase of transcript per million mapped reads (FPKM). Cells with genes between 500 and 50,000, UMI numbers less than 30,000, and mitochondrial content less than 20% were selected. Cells identified as doublets or multiplets based on gene expression signatures, which had more than one highly expressed cell population-specific markers, were filtered out. Filtered data were normalized using a scaling factor of 10,000, and data was log transformed. The sequencing coverage and quality statistics for each sample are summarized in Supplementary Table S2.
10 × Library Preparation and Sequencing
A single-cell suspension was prepared and ran on a Chromium Single-Cell Platform (see Materials and Methods). Before running on a Chromium Single-Cell Platform (10 × Genomics Chromium™), the cell concentration was adjusted to 700–1200 cells/ul. A 10 × library was generated following the manufacturer’s protocol of 10 × genomics Single-Cell 5′ Gel Bead Kit. The clustering was conducted on a cBot Cluster Generation System with TruSeq PE Cluster Kit v3 implemented the clustering. Qubit was used for library quantification. The final library was sequenced on an Illumina HiSeq3000 instrument using 150-base-pair paired-end reads.
Reduce Dimensionality Analysis
The number of unique molecular identifier (UMI) sequences of high-quality per cell was counted and normalized to the median of the total UMI of all cells using the median normalization process. Means of the Principal component analysis (PCA) reduction dimension were used to evaluate the similarity between cells. The expression trend of cellular genes is positively correlated with the sample distance. The largest variance explained results from using t-distributed stochastic neighbor embedding (t-SNE) or Uniform Manifold Approximation and Projection (UMAP) to visualize the single-cell clustering for the PCA’s top 10 principal components. In the t-SNE presentation method, the sample distance is recounted to neighbor’s conditional probability neighbor fitting according to the Student T-distribution in the high-dimensional space. The sample can display a divided cluster in the low dimensional space.
Pathway and Functional Annotation Analysis
Pathway annotation and enrichment was performed through Gene Set Enrichment Analysis (GSEA) (Subramanian et al., 2005). MsigDB is a database resource for investigating the high-level functions and effects of the biological system (Liberzon et al., 2011). Pathways with a Q value ≤0.05 were considered to be significantly enriched. Based on The Gene Ontology database, we conducted functional annotation, including biological process, cellular component, and molecular function classifications.
Tumor-Associated Macrophages-To-Natural Killer (NK) Score
Use Eq. 1 to calculate the TAM-to-NK Score of each cell or each patient.
[image: image]
In the Eq. 1, GSVA () indicated Gene Set Variation Analysis; TAM type gene list (TAM_type_list): APOE, C1QA, C1QB, C1QC, CCL12, CCL6, CCL8, LYZ2, PF4, WFDC17, CSF1R, and CXCL14; NK-like non-functioning type gene list (NK_type_list):. AW112010, CCL5, CD3E, CD52, GZMA, GZMB, GZMC, IL2RB, LTB, and NKG7.
Gene Set Variation Analysis and Metascape Analysis
Based on cell population expression data, we obtained the average expression of each gene of the corresponding cell in each sample. GSVA analysis was conducted based on the resulting expression data of the above two types of cells. After performing GSVA Z-score analysis by the gene list above, we obtained the GSVA Z-score of each pathway in each sample. The GSVA score data of the above four types of cells were calculated in the limit package in R. Metascape analysis is carried out according to the published method (Zhou et al., 2019).
Gene Prognostic Performance in The Cancer Genome Atlas Sample
Standardized TCGA datasets are derived from Xena Functional Genomics Explorer (https://xenabrowser.net/). Maxstat (maximally selected statistical status) algorithm is used to distinguish the high and low TAMtoNK Score. Kaplan-Meier curve is used to analyze the overall and disease-free survival of the patient population. Log-Rank p value and HR were also established using the same software as survival analysis.
Statistical analysis
Statistical significance was determined using 2 way ANOVA. (GraphPad Prism 8). The p-values were then calculated using Tukey’s multiple comparisons test. p < 0.05 was considered statistically significant.
RESULTS
The Effect of bcl9 Inhibitors on Tumor Growth
The CT26 tumor cells were implanted s. c. into the right flanks of BALB/c mice; tumor-bearing animals were treated with vehicle control or hsBCL9CT-24 (ip., at 25 mg/kg or sc.,30 mg/kg) for 17 days hsBCL9CT-24 significantly reduced tumor volume relative to control throughout the study period (Figure 1A) and genetic knockdown of Bcl9 in CT26 also significantly reduced tumor growth in compared with non-targeting RNA (NT -shRNA) (Figure 1B). CT26 has low response to anti-PD-1 Ab treatment. We therefore examined whether treatment using hsBCL9CT-24 could improve this response through immune-editing functions. In CT26 mouse model, combinatory treatment with hsBCL9CT-24 and anti–PD-1 Ab markedly reduced tumor growth (Figure 1C) And hsBCL9CT-24 was assessed in the mouse CRC model established in both immunocompetent (regular BALB/c) and immunodeficient (nude) mice. In nude mice, hsBCL9CT-24 exhibited a comparable potency against the growth of Colo320-DM (Figure 1D).
[image: Figure 1]FIGURE 1 | The effect of bcl9 inhibitors on tumor growth.(A) BALB/c mice were inoculated with CT26 cells via single flank implantation and treated with hsBCL9CT-24 (ip., 25 mg/kg, QD) or hsBCL9CT-24 (sc.,30 mg/kg, QD) as indicated after tumor volume reached 30 mm3 (n = 4 per cohort). (B) CT26 cells which were transduced with NT-shRNA or Bcl9-shRNA were inoculated in BALB/c mice (n = 5 per cohort). (C) Combination treatment of hsBCL9CT-24 and anti–PD-1 Ab resulted in almost complete regression in the CT26 model. BALB/c mice were inoculated with CT26 cells via single flank implantation and treated with hsBCL9CT-24 (ip., 25 mg/kg, QD), anti–PD-1 Ab [ip.,10 mg/kg, twice weekly (BIW)], and hsBCL9CT-24 + anti–PD-1 Ab as indicated after tumor volume reached 30 mm3 (n = 4 per cohort). (D) Colo320-DM cells were inoculated in BALB/c nude mice before treatment with vehicle control or hsBCL9CT-24 (ip.,15 mg/kg, QD) as indicated after tumor volume reached 30 mm3 (n = 4 per cohort). Significance were tested by 2-way ANOVA for experiments performed in triplicate, and each experiment was repeated three times, **p ≤ 0.01, ***p ≤ 0.001, ****p ≤ 0.0001.
Single-Cell RNA-Seq of Mouse CT26 Tumor With Pharmacological Inhibition of Bcl9 and Genetic Depletion of Bcl9
To investigate the heterogeneity of murine CT26 tumor treated with hsBCL9CT-24 and genetically depleted Bcl9, we conducted single-cell mRNA sequencing in 12 samples (see Materials and Methods). After integrating the data from four different groups of treatment, including hsBCL9CT-24 (hsbcl9), vehicle (veh), Bcl9-shRNA (KD), Non-targeting shRNA (NT), we used an algorithm built in the Seurat package to remove batch effects. After completing the principal component analysis of genes, UMAP, which is a dimensionality reduction method based on manifold analysis, grouped the cells together according to the similarity of gene expression (Figure 2A). Through the clustering analysis of all cells, we found that these cells can be divided into eight clusters corresponding to tumor cells, tumor-associated monocytes, TAMs, tumor-associated endothelial cells, fibroblasts, and T cells (Figure 2A), these classifications are based on known markers or bioinformatics research (Wei et al., 2020). To study the potential differences in TAMs, we extracted the TAM population based on the cell information we previously reported (Wei et al., 2020), and performed re-clustering analysis (Step 1 re-clustering; Figures 2B–E). Most cells showed a notable overlap in the reduced dimension maps between different samples or treatment groups (Figures 2A–C) large number of cells continuously distributed topological structure (cells circled by red dashed line; Figure 2B). According to the marker gene of these clusters, they could be classified as the main population of TAMs (Figures 2D,E) (Shalhoub et al., 2011). The next section includes an analysis of the main population of TAMs.
[image: Figure 2]FIGURE 2 | Single cell cluster analysis of BCL9 perturbed CT26 murine tumor. (A) UMAP mapping and cell type. Re-cluster analysis of Granulocyte-monocyte (Step 1 re-clustering). (B) UMAP mapping and groups (vehicle, hsBCL9CT-24, NT-shRNA, Bcl9-shRNA), the arrow shows the cell populations with difference. (C) UMAP mapping and clusters. (D) UMAP mapping and three clusters (clusters 2, 9 and 12) with differences (Used for Step 2 re-clustering). (E) Heatmap of the 13 clusters from Step 1 re-clustering. Columns, individual cells; rows, genes (Top10).
Macrophage Polarization: Cellular Landscape Difference Between M0, M1, and M2
To further study the classification and biological characteristics of the main population of TAMs, we re-clustered the cells circled in red in Figure 2B. The results (Figures 3A,B) showed that the cells from different samples or treatment groups were all merged together, reflecting the successful removal of batch effects. Furthermore, we used the k-nearest neighbors algorithm to cluster cells based on the difference in gene expression (Figure 3C). The main population of TAMs could be classified into six populations, among which the three main populations (0, 2, and 4) were topologically connected and occupied the vast majority of the TAM group (Figure 3C). This geometric topological connection implies a potential cell population relationship. Furthermore, the analysis of marker genes of these populations proved that clusters 0, 2, and 4 expressed high amounts of marker genes at different stages of macrophage polarization. For example, cluster 0 expressed the known markers of M0 (Cd74, C1qa, and Apoe), and cluster 2 expressed M1 markers (Cxcl2, Il1b, and Cxcl10), whereas cluster 4 expressed M2 markers (Ccl8, Cbr2, and Folr2x) (Figures 3D,E). The differential expression of these genes proved that clusters 0, 2, and 4 represented the three states of macrophage polarization.
[image: Figure 3]FIGURE 3 | Population of M0, M1 and M2 in the TAM of mouse CT26 tumor. Re-cluster (Step 2 re-clustering) analysis of TAM (The population circled in red dash in Figure 2). (A) UMAP mapping and clusters and samples. (B) UMAP mapping and groups (vehicle, hsBCL9CT-24, NT-shRNA, Bcl9-shRNA). (C) UMAP mapping and clusters. (D) UMAP mapping and M0, M1 and M2 marker Gene expression level. (E) Bubble chart of TAM clusters with M0, M1 and M2 marker Gene expression level. (F) Barchart of cell proportions of different groups in TAM clusters, the number is the actual number of cells.
To further prove the existence and differentiation process of the three states of macrophage polarization (M0, M1, and M2 polarization) in CT26 tumor, we extracted clusters 0, 2, and 4 (from Figure 3C) to analyze the trajectory using the DDR-Tree algorithm included in the Monocle package. As shown in Figures 4A–C, the cell population was projected on a dendritic structure. State analysis, pseudotime analysis, and classification based on treatment groups are displayed in Figures 4A–C. Further analysis showed that classic marker genes of M0, M1, and M2 were obviously polarized on the trajectory (Figure 4D). The M0 markers (Cd74, C1qa, and Apoe) tended to be expressed in the middle of the trajectory, and the M1 markers (Cxcl2, Il1b, and Cxcl10) tended to be expressed in the direction of the right arrow. The M2 markers (Ccl8, Cbr2, and Folr2x) tended to be expressed in the direction of the left arrow (Figure 4D). This was consistent with the classic M0, M1, and M2 marker conversion paradigm (Shalhoub et al., 2011; Yuan et al., 2015; Macciò et al., 2020).
[image: Figure 4]FIGURE 4 | Pseudotime analysis reveals the trajectory of M0, M1 and M2 in mouse CT26 tumor. Pseudotime analysis on the TAM cells of clusters 0, 2 and 4 in Figure 3C and (A) States; (B) Pseudotime; (C) groups (vehicle, hsBCL9CT-24, NT-shRNA, Bcl9-shRNA); (D) M0, M1 and M2 marker Gene expression level; (E) trend of the gene expression generated by the BEAM function along pseudotime. (F) Metascape biological processes enrichment analysis by using gene clusters abtained from BEAM function.
To study the overall gene expression trend of the cell population along pseudotime, we used the BEAM function to analyze the differential gene expression along time (Figure 4E). The results showed that some different genes were enriched in different stages of the differentiation process (Figure 4E). The genes enriched in the middle and right ends may participate in the biological processes related to M0 and M1, and it is expected that the genes enriched in the left end participate in the biological processes related to M1 and M2. We analyzed these gene sets by Metascape to better understand the associated biological processes (Zhou et al., 2019) (Figure 4F). The results showed that gene sets that favored M0, M1, or M2 participated in immune and inflammation-related signal pathways to varying degrees. These conclusions can provide inspiration for further mechanism research.
Differential Gene Expression and Signal Pathway Enrichment Analysis of Mouse CT26 Tumor With Bcl9 Deprivation in the Tumor-Associated Macrophages Subgroups
To further study the effect of Bcl9 deprivation of M0, M1, and M2 TAMs, we classified the group (hsbcl9, KD) with Bcl9 deprivation into Bcl9 perturbed True group, and their controls (veh, NT) into Bc9 perturbed False group. UMAP clustering and trajectory analysis showed no obvious difference between the two groups (Figures 5A,B). Comparison of the number of cells in different clusters, however, revealed that the proportion of Bcl9 perterbed True cells in M2 was significantly lower than that of Bcl9 perterbed False cells. The decrease in KD in the shRNA group was the most obvious, and the proportions were roughly the same in M0 (Figure 5C and Figure 3F). This result showed that the deprivation of Bcl9 may have interfered with the differentiation of M0 to M2. M2 cells are widely regarded as “bad” TAMs, which promote tumor growth (Yuan et al., 2015; Macciò et al., 2020). Nevertheless, there were still many M1 and M2 cells in the Bcl9 perterbed True group.
[image: Figure 5]FIGURE 5 | The perturbation of Bcl9 inhibits the differentiation and function of M0, M1 and M2 in CT26 tumor. (A) UMAP mapping of TAM (Figure 3A) and perturbation of Bcl9 or not; (B) trajectory of M0, M1 and M2 (Figure 4A) and perturbation of Bcl9 or not; (C) Barchart of cell proportions from perturbation of Bcl9 in TAM clusters, the number is the actual number of cells. GSEA analysis for M0 (D); M1 (E), and M2 (F) TAM cells, MsigDB C5 (All gene sets derived from Gene Ontology) is used on the left, and MsigDB C7 (immunologic signature gene sets) is used on the right.
To further study the genes that are differentially expressed in M0, M1 and M2, and understand which biological processes are affected by the deprivation of Bcl9, we performed Gene Set Enrichment Analysis (GSEA) analysis on TAMs. As shown in Figures 5D–F, we performed GSEA analysis on Bcl9-deprived and non-deprived cell populations from M0, M1, or M2, using the overall biological process database MsigDB C5 and immune-related signaling pathway database MsigDB C7 (Subramanian et al., 2005; Liberzon et al., 2011). The results showed that the signaling pathways related to immune and inflammatory response in M0 and M1 were significantly enriched in the Bcl9 perterbed False group, but there was no obvious enrichment in M2. This indicated that Bcl9 deprivation may have had a strong inhibitory effect on the inflammatory response caused by M0 and M1 cells. Inflammation is one of the most important factors that causes tumor development and prognosis (Coussens and Werb, 2002).
To further clarify the upstream transcription factor regulation mechanism related to these biological processes, we used MsigDB C3 to perform transcription factor analysis. The results are shown in Supplementary Figure S1. In the Bcl9 perterbed True group, Period Circadian Regulator 1 (Per1) target genes were highly enriched in M0, M2, and M2, and the function of Per1 was in circadian regulation (Ono et al., 2017). This result showed that the deprivation of Bcl9 may disrupt the circadian rhythms of M0, M2, and M2.
Depletion of Bcl9 Inhibits the Delineation From Tumor-Associated Monocytes to NK Cells
To further study the changes of TAMs to discover new cell populations, we again checked the cell classification from Figure 2B. Although most cells from different treatment groups (hsbcl9, veh, KD, NT) were merged together, the clusters 2, 9, and 12 shown in Figure 2B were not merged well. Topologically, some cells from cluster 12 were strongly related to cells from cluster 2 and were located at the junction of these two clusters (Figure 2B, indicated by blue arrow). We showed that these cells were the most responsive and sensitive to Bcl9 deprivation. According to the difference in genes from Figure 2E, we confirmed that most clusters shown in Figure 2D highly expressed the markers of monocytes (C1qb, C1qc, and C1qa), which are the precursor cells of TAMs (Tran et al., 2017), whereas cluster 12 highly expressed the markers of natural killer cells and NK cells (Nkg7, Il2rb, and Cd3e). Coupled with the topological correlation of these cell populations, we inferred that cluster 12 belonged to the NK cells delineated from monocytes (Chen et al., 2015).
To further verify that cluster 12 was indeed a delineated NK cell population, we performed the secondary re-clustering analysis to clarify the whole process of cell delineation. We extracted the TAM cells from Step 1 re-clustering (clusters 2, 9, and 12) shown in Figure 2D, and performed the second step of re-clustering (Step 2 re-clustering). As shown in Figures 6A–C, Step 2 re-clustering divided the cells into several clusters. Clusters 4, 5, and 7 were topologically relevant, which indicated their potential delineation relationship. Further differential expression analysis showed that cluster 5 contained only the NK cell markers (Nkg7, Il2rb, and Cd3e), and cluster 2 contained two kinds of markers, both of monocytes and NK cells (Nkg7, Il2rb, Cd3e, C1qb, C1qc, and C1qa; Figures 6D–G), which could be regarded as a transition state of this delineation process. Further quantitative analysis (Figure 6H) proved that the populations of the cells of the deprived Bcl9 group were enriched in clusters 4 and 7. This result showed that during the process of delineation from monocytes to NK-like non-functioning cells, it is very likely that cluster 4 and 7 are the blocking stages because of Bcl9 deprivation.
[image: Figure 6]FIGURE 6 | Re-cluster (Step 2 re-clustering) analysis of TAM (monocytes) and delineated NK-like non-functioning cell. (A) UMAP mapping and clusters. (B) UMAP mapping and groups (vehicle, hsBCL9CT-24, NT-shRNA, Bcl9-shRNA). (C) UMAP mapping and Step 1 re-clustering clusters labeling. (D–F) UMAP mapping and monocytes and NK cell marker gene expression level (C1qa, C1qc and Nkg7). (G) Barchart of cell proportions of different groups in Step 2 re-clustering, the number is the actual number of cells. (H) Heatmap of the 7 clusters from Step 2 re-clustering. Columns, individual cells; rows, genes (Top10).
Depletion of Bcl9 Inhibits the Delineation From Tumor-Associated Monocytes to NK Cells, Which Depends on Transcriptional Regulation
To further study how Bcl9 depletion inhibits the delineation from tumor-associated monocytes to NK-like non-functioning cells, we performed pseudotime analysis on the cells from Step 1 re-clustering (clusters 2, 9, and 12; Figure 6A). According to the results in Figures 7A–D, along pseudotime, cells delineated from state 1 to states 2 and 3.
[image: Figure 7]FIGURE 7 | Pseudotime analysis reveals the trajectory of delineation from tumor-associated monocytes to NK-like non-functioning cells. Pseudotime analysis on the TAM cells of Step1 re-clustering (clusters 2, 9 and 12) and (A) Pseudotime; (B) States; (C) labeling by Step 1 re-clustering clusters (D) labeling by Step 2 re-clustering clusters; (E,F) monocytes and NK cell marker gene expression level (C1qb and Nkg7). (G) The trend of the gene expression generated by the BEAM function along pseudotime of Step1 re-clustering (clusters 2, 9 and 12) TAM population. (H) Metascape biological processes enrichment analysis by using gene clusters abtained from BEAM function.
Displaying clusters from Figure 6 on delineation trajectory, the un-delineated clusters (Step 2 re-clustering clusters 2 or Step 2 re-clustering clusters 4, 5, and 7) were in the more primitive stage of delineation (State 1)—that is, in the stage of monocytes—while cells at delineated clusters (Step 2 re-clustering clusters 12 or Step 2 re-clustering rest clusters) were at the stage (States 2 and 3) close to NK cells (Figures 7C,D). Nkg7 are C1qb were shown as two-stage markers at the two ends of the trajectory (Figures 7E,F). To further study the change in trend of gene expression in this process, we used the BEAM function to analyze the difference of the cell population along the pseudotime (Figure 7G). The results showed that the expression of NK cell markers (cluster 5) gradually increased, whereas the expression of other genes decreased (cluster 1) or first decreased and then increased (cluster 4). It is not clear to which signaling pathways two clusters of genes other than NK cell markers were related, but according to transcription factor analysis, the gene cluster with decreasing expression (cluster 1) was controlled mainly by the transcription factor PSMB5. The gene cluster that first decreased and then increased (cluster 4) was controlled mainly by the transcription factor PSMB5 and HOXB6.
Low Tumor-Associated Macrophages-To-NK Score Predicts Poor Prognosis in Cancer Patients
Previous results suggested dynamic balance between the infiltrating monocytes and NK-like non-functioning cells in the tumor. To study the clinical significance of the transition between monocytes and NK-like non-functioning cells in tumors, we constructed a TAM-to-NK score to quantify the homeostasis between monocytes and NK-like non-functioning cells in tumors. The TAM-to-NK score quantified the degree of enrichment of the identified key marker genes in monocytes and NK-like non-functioning cells. To further verify that this score could predict the prognosis of cancer patients, we used it in the TCGA pan-cancer data set to estimate the TAM-to-NK scores of different patients. Next, we grouped the patients according to the TAM-to-NK scores, and conducted survival analysis to calculate the hazard ratio (HR). The results showed that low TAM-to-NK score predicted the poor prognosis of certain kinds of patients (Figures 8A,B). Among them, Breast invasive carcinoma (BRCA) and Head and Neck squamous cell carcinoma (HNSC) were the most prominent (Figures 8C,E). Because tumors classified according to their location of incidence have large gene expression pattern unpredictability, we previously reported a method to cluster the samples of the TCGA pan-cancer dataset according to their gene expression patterns (Wei et al., 2020). The advantage of this method is that it can eliminate the differences between the samples as much as possible, so that the comparison of specific gene sets or clinical prognosis are based on a highly consistent population. Then we used TAM-to-NK score to group patients in each cluster and conducted survival analysis. Low TAM-to-NK score predicted poor prognosis of patients from cluster 5 and cluster 23 with high significance (Figures 8D,F). Among them, cluster 23 was composed mainly of BRCA, and cluster 5 was composed mainly of BRCA, Uterine Corpus Endometrial Carcinoma (UCEC), and Cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC). According to our previous reports, cluster 5 had marker genes TYR and MLANA (Wei et al., 2020). These results suggested that TYR and MLANA may be used as pathological criteria for prognostic prediction with TAM-to-NK score.
[image: Figure 8]FIGURE 8 | TAMtoNK Score predicts the prognosis of TCGA tumor patients. (A,B) Volcano chart of hazard ratio based on TAM-to-NK Score grouping of patients with different types of cancer or different clusters. (C–F) Survival analysis of TCGA tumor type or clusters with significant High hazard ratio. OS and DSS respectively represent overall survival and disease-specific survival rate.
Ligand-Receptor Interactions Analysis Between Tumor-Associated Macrophages and T Cells in the Tumor Microenvironment
To identify potential cell–cell interactions that are conserved across the two synergic tumor models, we scored potential ligand–receptor interactions across the cell types present within the TME. The interaction was determined by calculating the average expression of receptors and ligands. After calculating the score for each ligand and receptor, we averaged the interaction score of the tumor model to determine the conservative interaction. The macrophages interacted with T cells through the CCL3-CCR5, CAF1R-CSF1, and ICAM1-ITGAL to change the T-cell functions in hsBCL9CT-24 treated group compared with the vehicle (Supplementary Figure S2A). Similar to Bcl9 pharmacological inhibition, the Bcl9 depletion also affected the interaction of macrophages and T cells, where CSF1R-CSF1 and CCL4-CCR5 were significantly regulated (Supplementary Figure S2B). Our data showed that targeting Wnt pathway through hsBCL9CT-24 treatment very likely inhibit macrophages and enhance T-cell activity (Supplementary Figures S2C,D).
Immunohistochemical Analysis of Tumor-Associated Macrophages Markers of CSF1R and Cxcl14 Genes in Colorectal Cancer
We re-analyzed the human CRC immunohistochemical pictures downloaded from the public database the human protein atlas (https://www.proteinatlas.org/). The results showed that the CSF1R as the M2 marker gene was highly expressed in CRC. The survival curve data indicated that the prognosis in the high GSF1R expression group was poorer than that of the low expression group (Supplementary Figures S3A–C). The CSCL14 gene as a marker of M1 was moderately or weakly expressed in CRC. The survival curve data showed better prognosis in group with high expression of CXCL14 than in low CXCL14 expressing groups (Supplementary Figures S3D–F).
DISCUSSION
Tumor microenvironment is an important factor affecting tumor treatment and prognosis. Because of its dramatic impact on tumor occurrence and development, as well as heterogeneity, it has attracted growing interest in oncology, especially in consideration of new targets for tumor therapy. TAMs are one of the major cellular components of most cancer microenvironments; more than 50% of tumor-infiltrating cells are TAMs. In this study, we demonstrated that the cellular landscape and transcription differences of TAMs after BCL9 suppression affected cancer and immune surveillance.
TAMs are an extremely heterogeneous population in CRC, and their characteristics are strongly dependent on the TME. Patients with infiltrating TAMs in CRC LMs have poorer prognosis than patients without TAM infiltration in LMs (Cortese et al., 2019). TAMs play an immunosuppressive role by secreting cytokines and chemokines and also can activate the expression of immune regulatory proteins in T cells (Cortese et al., 2019). We found that Bcl9 suppression changed macrophages polarization into the subtype M1 and M2. Macrophage polarization is increasingly understood as an essential pathogenetic factor in inflammatory and neoplastic diseases.
Macrophages are abundant in CRC (Yahaya et al., 2019), where they are recruited from and where they may mediate metastasis-promoting communication. Their interactions with cancer cells as well as their crosstalk with the TME have not yet been elucidated. CRC is the most common cancer in the world, so fighting this disease presents an enormous therapeutic challenge. Traditional treatment (i.e., surgery, radiotherapy, and chemotherapy combined with targeted drugs) has advanced the treatment for early-stage CRC over the years. Metastases, however, are the leading cause of death and remain poorly understood (Tauriello et al., 2017). Recent reports have demonstrated that Wnt signaling pathway activation induces primary resistance to immunotherapy. Macrophages can interact with the Wnt signaling pathway (Malsin et al., 2019).
After undergoing cluster analysis (Figure 2 and Figure 3), pseudotime analysis (Figure 4), signal pathway enrichment analysis (Figure 4), and transcription factor analysis (Supplementary Figure S1), we found that Bcl9 deprivation in TME inhibited the differentiation of M0 to M2, and inhibited the inflammatory response caused by TAMs.
The downstream genes of the circadian rhythms-regulated transcription factor Per1 may have important contributions to these biological processes. The circadian clock in mammals is controlled by three cell-autonomous feedback loops. The first loop includes two activators (CLOCK and BMAL1) and four repressors (PER1, PER2, CRY1, and CRY2). PER1 is downregulated in many types of cancers in the Cancer Genome Atlas. Heterozygous deletion of PER1 also has been observed in cancer (Wu et al., 2019). Circadian disruption was found to change tumor-immune microenvironment, favoring tumor cell proliferation (Aiello et al., 2020). In profile 2 of cardiac dysfunction, the Wnt/beta-catenin pathway was identified with activation (Lecarpentier et al., 2014). Our finding of negative regulation of Per1 in TIME of colon tumor provided evidence for BCL9-driven Wnt signaling role in circadian disruption.
Delineation of immune cells and their dynamic balance are a growing research field [61]. Their existence and role in tumors, however, are rarely reported. We found TAM-derived NK-like non-functioning cells in our samples, and this type of cells showed significant differences in the BCL9-deprived cell population. Changes in markers on the surface of these cells and their cell biological functions may significantly affect the TME, which in turn affects the growth and metastasis of tumors and the prognosis in patients. To evaluate the impact of this dynamic balance on tumor prognosis, we proposed TAM-to-NK score, which can evaluate the homeostasis of TAM and NK-like non-functioning cell populations in tumors at the level of gene expression. As shown in Figure 8, TAM-to-NK score can indeed predict the prognosis of patients in some specific cancers. In the future, further experimental research on NK-like non-functioning cells in the tumor microenvironment is very necessary. This will focus on using specific antibodies to stain newly discovered markers or perform mRNA in situ hybridization.
Although targeted TME has great potential for tumor treatment, the treatment of advanced metastatic CRCs remains challenging; therefore, exploring new target molecules and therapeutic strategies is of paramount importance. M2-like TAMs are believed to induce tumor-supporting, angiogenic, and immunosuppressive effects and also may induce failure of immunotherapy (Mantovani et al., 2017). Defining the biology of macrophages present in the CRC-specific environment could allow the introduction of innovative diagnostic and therapeutic strategies. TAMs affect many aspects of tumor biology, including stem cells, metabolism, angiogenesis, invasion, and metastasis virtually. The research progress of Wnt/β-catenin signaling pathway mechanisms accelerates the discovery of new therapeutic methods targeting the Wnt/β-catenin pathway in CRC. Although most drugs are still in early stages of research, there is hope that drugs to cure intractable CRC are on the horizon. Our findings have highlighted the potential of targeting the BCL9-driven Wnt signaling pathway in TMAs in cancer immunotherapy.
NOVELTY AND IMPACT
Changes in the BCL9-mediated signaling pathway caused changes in the balance of cell populations in the tumor microenvironment to affect the prognosis of cancer patients.
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Supplementary Figure S2 | Cell-cell Interaction between macrophage cells and T cells in the colorectal microenvironment. (A) Interaction analysis between CD8 + T and CT26 cells in NT-shRNA group. (B) Interaction analysis between CD8 + T and CT26 cells in hsBCL9CT-24 treated group. (C) Circos plots of all of the putative ligand–receptor interactions in NT-shRNA and Bcl9-shRNA groups. The solid line represents the interaction of Bcl9-shRNA group, and the dotted line represents the interaction of the NT-shRNA group. (D) Circos plots of all of the putative ligand–receptor interactions in vehicle and hsBCL9CT-24 treated groups. The color of the line represents the average expression of the ligand receptor pair in the pair of cells, and the thickness of the line represents the significance of the ligand receptor enrichment in the pair of cells. The solid line represents the interaction of the hsbcl9CT-24 group, and the dotted line represents the interaction of the vehicle group.
Supplementary Figure S3 | Immunohistochemistry analysis of TAM marker of CSF1R and Cxcl14 gene in colorectal cancer. Immunohistochemistry was carried in human colorectal cancer. (A–C) CSF1R express in colorectal cancer and survival analysis. (D,E) Cxcl14 express and survival analysis in human colorectal cancer. The data were derived from https://www.proteinatlas.org/ENSG00000145824-CXCL14/pathology/liver+cancer#imid_7374796
ABBREVIATIONS
CRC, colorectal cancer; DFS, disease-free survival; GSEA, Gene Set Enrichment Analysis; GSVA, Gene Set Variation Analysis; HCC, human hepatocellular carcinoma; HPLC, high-performance liquid chromatography; HR, hazard ratio; hsbcl9, hsBCL9CT-24; KD, Bcl9-shRNA; Maxstat, maximally selected statistical status; MMR, mismatch repair; MS, mass spectrometry; NT, Non-targeting shRNA; OS, overall survival; PCA, Principal component analysis; Per1, Period Circadian Regulator 1; RRID, Research Resource Identifier; TAMs, Tumor-associated macrophages; TFT, transcription factor targets; TME, tumor microenvironment; t-SNE, t-distributed stochastic neighbor embedding; UMAP, Uniform Manifold Approximation and Projection; UMI, unique molecular identifier; Veh, vehicle
REFERENCES
 Aiello, I., Fedele, M. L. M., Román, F., Marpegan, L., Caldart, C., Chiesa, J. J., et al. (2020). Circadian Disruption Promotes Tumor-Immune Microenvironment Remodeling Favoring Tumor Cell Proliferation. Sci. Adv. 6, eaaz4530. doi:10.1126/sciadv.aaz4530 
 Bergenfelz, C., Medrek, C., Ekström, E., Jirström, K., Janols, H., Wullt, M., et al. (2012). Wnt5a Induces a Tolerogenic Phenotype of Macrophages in Sepsis and Breast Cancer Patients. J. Immunol. 188, 5448–5458. doi:10.4049/jimmunol.1103378
 Blumenthal, A., Ehlers, S., Lauber, J., Buer, J., Lange, C., Goldmann, T., et al. (2006). The Wingless Homolog WNT5A and its Receptor Frizzled-5 Regulate Inflammatory Responses of Human Mononuclear Cells Induced by Microbial Stimulation. Blood 108, 965–973. doi:10.1182/blood-2005-12-5046 
 Cavnar, M. J., Turcotte, S., Katz, S. C., Kuk, D., Gönen, M., Shia, J., et al. (2017). Tumor-Associated Macrophage Infiltration in Colorectal Cancer Liver Metastases Is Associated with Better Outcome. Ann. Surg. Oncol. 24, 1835–1842. doi:10.1245/s10434-017-5812-8 
 Chen, Q., Ye, W., Jian Tan, W., Mei Yong, K. S., Liu, M., Qi Tan, S., et al. (2015). Delineation of Natural Killer Cell Differentiation from Myeloid Progenitors in Human. Sci. Rep. 5, 15118. doi:10.1038/srep15118 
 Cortese, N., Soldani, C., Franceschini, B., Barbagallo, M., Marchesi, F., Torzilli, G., et al. (2019). Macrophages in Colorectal Cancer Liver Metastases. Cancers (Basel) 11, 633. doi:10.3390/cancers11050633 
 Coussens, L. M., and Werb, Z. (2002). Inflammation and Cancer. Nature 420, 860–867. doi:10.1038/nature01322 
 Edin, S., Wikberg, M. L., Rutegård, J., Oldenborg, P. A., and Palmqvist, R. (2013). Phenotypic Skewing of Macrophages In Vitro by Secreted Factors from Colorectal Cancer Cells. PLoS One 8, e74982. doi:10.1371/journal.pone.0074982 
 Fang, Y., Kang, Y., Zou, H., Cheng, X., Xie, T., Shi, L., et al. (2018). β-Elemene Attenuates Macrophage Activation and Proinflammatory Factor Production via Crosstalk with Wnt/β-Catenin Signaling Pathway. Fitoterapia 124, 92–102. doi:10.1016/j.fitote.2017.10.015 
 Feng, M., Jin, J. Q., Xia, L., Xiao, T., Mei, S., Wang, X., et al. (2019). Pharmacological Inhibition of β-catenin/BCL9 Interaction Overcomes Resistance to Immune Checkpoint Blockades by Modulating Treg Cells. Sci. Adv. 5, eaau5240. doi:10.1126/sciadv.aau5240 
 Feng, Q., Chang, W., Mao, Y., He, G., Zheng, P., Tang, W., et al. (2019). Tumor-associated Macrophages as Prognostic and Predictive Biomarkers for Postoperative Adjuvant Chemotherapy in Patients with Stage II Colon Cancer. Clin. Cancer Res. 25, 3896–3907. doi:10.1158/1078-0432.CCR-18-2076 
 Feng, Y., Liang, Y., Ren, J., and Dai, C. (2018). Canonical Wnt Signaling Promotes Macrophage Proliferation during Kidney Fibrosis. Kidney Dis. (Basel) 4, 95–103. doi:10.1159/000488984 
 Feng, Y., Ren, J., Gui, Y., Wei, W., Shu, B., Lu, Q., et al. (2018). Wnt/β-Catenin-Promoted Macrophage Alternative Activation Contributes to Kidney Fibrosis. J. Am. Soc. Nephrol. 29, 182–193. doi:10.1681/ASN.2017040391 
 Forssell, J., Oberg, A., Henriksson, M. L., Stenling, R., Jung, A., and Palmqvist, R. (2007). High Macrophage Infiltration along the Tumor Front Correlates with Improved Survival in colon Cancer. Clin. Cancer Res. 13, 1472–1479. doi:10.1158/1078-0432.CCR-06-2073 
 Hao, N. B., Lü, M. H., Fan, Y. H., Cao, Y. L., Zhang, Z. R., and Yang, S. M. (2012). Macrophages in Tumor Microenvironments and the Progression of Tumors. Clin. Dev. Immunol. 2012, 948098. doi:10.1155/2012/948098 
 Isidro, R. A., and Appleyard, C. B. (2016). Colonic Macrophage Polarization in Homeostasis, Inflammation, and Cancer. Am. J. Physiol. Gastrointest. Liver Physiol. 311, G59–G73. doi:10.1152/ajpgi.00123.2016
 Jati, S., Kundu, S., Chakraborty, A., Mahata, S. K., Nizet, V., and Sen, M. (2018). Wnt5A Signaling Promotes Defense against Bacterial Pathogens by Activating a Host Autophagy Circuit. Front. Immunol. 9, 679. doi:10.3389/fimmu.2018.00679 
 Lan, J., Sun, L., Xu, F., Liu, L., Hu, F., Song, D., et al. (2019). M2 Macrophage-Derived Exosomes Promote Cell Migration and Invasion in Colon Cancer. Cancer Res. 79, 146–158. doi:10.1158/0008-5472.CAN-18-0014 
 Lecarpentier, Y., Claes, V., Duthoit, G., and Hébert, J. L. (2014). Circadian Rhythms, Wnt/beta-Catenin Pathway and PPAR Alpha/gamma Profiles in Diseases with Primary or Secondary Cardiac Dysfunction. Front. Physiol. 5, 429. doi:10.3389/fphys.2014.00429 
 Lee, Y. S., Song, S. J., Hong, H. K., Oh, B. Y., Lee, W. Y., and Cho, Y. B. (2020). The FBW7-MCL-1 axis Is Key in M1 and M2 Macrophage-Related colon Cancer Cell Progression: Validating the Immunotherapeutic Value of Targeting PI3Kγ. Exp. Mol. Med. 52, 815–831. doi:10.1038/s12276-020-0436-7 
 Li, J., Li, L., Li, Y., Long, Y., Zhao, Q., Ouyang, Y., et al. (2020). Tumor-associated Macrophage Infiltration and Prognosis in Colorectal Cancer: Systematic Review and Meta-Analysis. Int. J. Colorectal Dis. 35, 1203–1210. doi:10.1007/s00384-020-03593-z
 Liberzon, A., Subramanian, A., Pinchback, R., Thorvaldsdóttir, H., Tamayo, P., and Mesirov, J. P. (2011). Molecular Signatures Database (MSigDB) 3.0. Bioinformatics 27, 1739–1740. doi:10.1093/bioinformatics/btr260 
 Luput, L., Licarete, E., Sesarman, A., Patras, L., Alupei, M. C., and Banciu, M. (2017). Tumor-associated Macrophages Favor C26 Murine colon Carcinoma Cell Proliferation in an Oxidative Stress-dependent Manner. Oncol. Rep. 37, 2472–2480. doi:10.3892/or.2017.5466 
 Macciò, A., Gramignano, G., Cherchi, M. C., Tanca, L., Melis, L., and Madeddu, C. (2020). Role of M1-Polarized Tumor-Associated Macrophages in the Prognosis of Advanced Ovarian Cancer Patients. Sci. Rep. 10, 6096. doi:10.1038/s41598-020-63276-1 
 Maiti, G., Naskar, D., and Sen, M. (2012). The Wingless Homolog Wnt5a Stimulates Phagocytosis but Not Bacterial Killing. Proc. Natl. Acad. Sci. U S A. 109, 16600–16605. doi:10.1073/pnas.1207789109 
 Malsin, E. S., Kim, S., Lam, A. P., and Gottardi, C. J. (2019). Macrophages as a Source and Recipient of Wnt Signals. Front. Immunol. 10, 1813. doi:10.3389/fimmu.2019.01813 
 Mantovani, A., Marchesi, F., Malesci, A., Laghi, L., and Allavena, P. (2017). Tumour-associated Macrophages as Treatment Targets in Oncology. Nat. Rev. Clin. Oncol. 14, 399–416. doi:10.1038/nrclinonc.2016.217 
 Mao, J., Wang, D., Wang, Z., Tian, W., Li, X., Duan, J., et al. (2016). Combretastatin A-1 Phosphate, a Microtubule Inhibitor, Acts on Both Hepatocellular Carcinoma Cells and Tumor-Associated Macrophages by Inhibiting the Wnt/β-Catenin Pathway. Cancer Lett. 380, 134–143. doi:10.1016/j.canlet.2016.06.020 
 Naskar, D., Maiti, G., Chakraborty, A., Roy, A., Chattopadhyay, D., and Sen, M. (2014). Wnt5a-Rac1-NF-κB Homeostatic Circuitry Sustains Innate Immune Functions in Macrophages. J. Immunol. 192, 4386–4397. doi:10.4049/jimmunol.1302817 
 Ong, S. M., Tan, Y. C., Beretta, O., Jiang, D., Yeap, W. H., Tai, J. J., et al. (2012). Macrophages in Human Colorectal Cancer Are Pro-inflammatory and Prime T Cells towards an Anti-tumour Type-1 Inflammatory Response. Eur. J. Immunol. 42, 89–100. doi:10.1002/eji.201141825
 Ono, D., Honma, S., Nakajima, Y., Kuroda, S., Enoki, R., and Honma, K. I. (2017). Dissociation of Per1 and Bmal1 Circadian Rhythms in the Suprachiasmatic Nucleus in Parallel with Behavioral Outputs. Proc. Natl. Acad. Sci. U S A. 114, E3699–E3708. doi:10.1073/pnas.1613374114 
 Pereira, C., Schaer, D. J., Bachli, E. B., Kurrer, M. O., and Schoedon, G. (2008). Wnt5A/CaMKII Signaling Contributes to the Inflammatory Response of Macrophages and Is a Target for the Antiinflammatory Action of Activated Protein C and Interleukin-10. Arterioscler Thromb. Vasc. Biol. 28, 504–510. doi:10.1161/ATVBAHA.107.157438 
 Raghavan, S., Mehta, P., Xie, Y., Lei, Y. L., and Mehta, G. (2019). Ovarian Cancer Stem Cells and Macrophages Reciprocally Interact through the WNT Pathway to Promote Pro-tumoral and Malignant Phenotypes in 3D Engineered Microenvironments. J. Immunother. Cancer 7, 190. doi:10.1186/s40425-019-0666-1
 Ruffell, B., Affara, N. I., and Coussens, L. M. (2012). Differential Macrophage Programming in the Tumor Microenvironment. Trends Immunol. 33, 119–126. doi:10.1016/j.it.2011.12.001 
 Sarode, P., Zheng, X., Giotopoulou, G. A., Weigert, A., Kuenne, C., Günther, S., et al. (2020). Reprogramming of Tumor-Associated Macrophages by Targeting β-catenin/FOSL2/ARID5A Signaling: A Potential Treatment of Lung Cancer. Sci. Adv. 6, eaaz6105. doi:10.1126/sciadv.aaz6105 
 Sawa-Wejksza, K., Dudek, A., Lemieszek, M., Kaławaj, K., and Kandefer-Szerszeń, M. (2018). Colon Cancer-Derived Conditioned Medium Induces Differentiation of THP-1 Monocytes into a Mixed Population of M1/M2 Cells. Tumour Biol. 40, 1010428318797880. doi:10.1177/1010428318797880 
 Shalhoub, J., Falck-Hansen, M. A., Davies, A. H., and Monaco, C. (2011). Innate Immunity and Monocyte-Macrophage Activation in Atherosclerosis. J. Inflamm. (Lond) 8, 9. doi:10.1186/1476-9255-8-9
 Subramanian, A., Tamayo, P., Mootha, V. K., Mukherjee, S., Ebert, B. L., Gillette, M. A., et al. (2005). Gene Set Enrichment Analysis: a Knowledge-Based Approach for Interpreting Genome-wide Expression Profiles. Proc. Natl. Acad. Sci. U S A. 102, 15545–15550. doi:10.1073/pnas.0506580102 
 Tauriello, D. V., Calon, A., Lonardo, E., and Batlle, E. (2017). Determinants of Metastatic Competency in Colorectal Cancer. Mol. Oncol. 11, 97–119. doi:10.1002/1878-0261.12018 
 Tian, X., Wu, Y., Yang, Y., Wang, J., Niu, M., Gao, S., et al. (2020). Long Noncoding RNA LINC00662 Promotes M2 Macrophage Polarization and Hepatocellular Carcinoma Progression via Activating Wnt/β-Catenin Signaling. Mol. Oncol. 14, 462–483. doi:10.1002/1878-0261.12606 
 Tran, M. T. N., Hamada, M., Jeon, H., Shiraishi, R., Asano, K., Hattori, M., et al. (2017). MafB Is a Critical Regulator of Complement Component C1q. Nat. Commun. 8, 1700. doi:10.1038/s41467-017-01711-0 
 Vinnakota, K., Zhang, Y., Selvanesan, B. C., Topi, G., Salim, T., Sand-Dejmek, J., et al. (2017). M2-like Macrophages Induce colon Cancer Cell Invasion via Matrix Metalloproteinases. J. Cel Physiol 232, 3468–3480. doi:10.1002/jcp.25808
 Wallace, J., Lutgen, V., Avasarala, S., St Croix, B., Winn, R. A., and Al-Harthi, L. (2018). Wnt7a Induces a Unique Phenotype of Monocyte-Derived Macrophages with Lower Phagocytic Capacity and Differential Expression of Pro- and Anti-inflammatory Cytokines. Immunology 153, 203–213. doi:10.1111/imm.12830 
 Waniczek, D., Lorenc, Z., Śnietura, M., Wesecki, M., Kopec, A., and Muc-Wierzgoń, M. (2017). Tumor-Associated Macrophages and Regulatory T Cells Infiltration and the Clinical Outcome in Colorectal Cancer. Arch. Immunol. Ther. Exp. (Warsz) 65, 445–454. doi:10.1007/s00005-017-0463-9 
 Wei, Z., Feng, M., Wu, Z., Shen, S., and Zhu, D. (2020). Bcl9 Depletion Modulates Endothelial Cell in Tumor Immune Microenvironment in Colorectal Cancer Tumor. Front. Oncol. 10, 603702. doi:10.3389/fonc.2020.603702 
 Wu, Y., Tao, B., Zhang, T., Fan, Y., and Mao, R. (2019). Pan-Cancer Analysis Reveals Disrupted Circadian Clock Associates with T Cell Exhaustion. Front. Immunol. 10, 2451. doi:10.3389/fimmu.2019.02451 
 Yahaya, M. A. F., Lila, M. A. M., Ismail, S., Zainol, M., and Afizan, N. A. R. N. M. (2019). Tumour-Associated Macrophages (TAMs) in Colon Cancer and How to Reeducate Them. J. Immunol. Res. 2019, 2368249. doi:10.1155/2019/2368249 
 Yang, Y., Ye, Y. C., Chen, Y., Zhao, J. L., Gao, C. C., Han, H., et al. (2018). Crosstalk between Hepatic Tumor Cells and Macrophages via Wnt/β-Catenin Signaling Promotes M2-like Macrophage Polarization and Reinforces Tumor Malignant Behaviors. Cell Death Dis 9, 793. doi:10.1038/s41419-018-0818-0 
 Yuan, A., Hsiao, Y. J., Chen, H. Y., Chen, H. W., Ho, C. C., Chen, Y. Y., et al. (2015). Opposite Effects of M1 and M2 Macrophage Subtypes on Lung Cancer Progression. Sci. Rep. 5, 14273. doi:10.1038/srep14273 
 Yuan, C., Yang, D., Ma, J., Yang, J., Xue, J., Song, F., et al. (2020). Modulation of Wnt/β-Catenin Signaling in IL-17A-mediated Macrophage Polarization of RAW264.7 Cells. Braz. J. Med. Biol. Res. 53, e9488. doi:10.1590/1414-431X20209488 
 Zhou, Y., Zhou, B., Pache, L., Chang, M., Khodabakhshi, A. H., Tanaseichuk, O., et al. (2019). Metascape Provides a Biologist-Oriented Resource for the Analysis of Systems-Level Datasets. Nat. Commun. 10, 1523. doi:10.1038/s41467-019-09234-6 
 Zhu, Z., Yin, S., Wu, K., Lee, A., Liu, Y., Li, H., et al. (2018). Downregulation of Sfrp5 in Insulin Resistant Rats Promotes Macrophage-Mediated Pulmonary Inflammation through Activation of Wnt5a/JNK1 Signaling. Biochem. Biophys. Res. Commun. 505, 498–504. doi:10.1016/j.bbrc.2018.09.070 
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2021 Wei, Yang, Feng, Wu, Rosin-Arbesfeld, Dong and Zhu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 08 October 2021
doi: 10.3389/fphar.2021.749134


[image: image2]
FDX1 can Impact the Prognosis and Mediate the Metabolism of Lung Adenocarcinoma
Zeyu Zhang1†, Yarui Ma2†, Xiaolei Guo3, Yingxi Du4, Qing Zhu5*, Xiaobing Wang4* and Changzhu Duan6*
1Department of the First Clinical Medicine, Chongqing Medical University, Chongqing, China
2Department of Medical Oncology, Beijing Hospital, National Center of Gerontology, Institute of Geriatric Medicine, Chinese Academy of Medical Sciences, Beijing, China
3Binzhou Polytechnic, Binzhou, China
4State Key Lab of Molecular Oncology, National Cancer Center/National Clinical Research Center for Cancer/Cancer Hospital, Chinese Academy of Medical Sciences and Peking Union Medical College, Beijing, China
5Department of Clinical Laboratory, Beijing Friendship Hospital, Capital Medical University, Beijing, China
6Department of Cell Biology and Genetics, Medicine and Cancer Research Center, Chongqing Medical University, Chongqing, China
Edited by:
Lesheng Teng, Jilin University, China
Reviewed by:
Yifan Ma, The Ohio State University, United States
Shiyan Dong, Jilin University, China
* Correspondence: Qing Zhu, qzhu0608@126.com; Xiaobing Wang, wangxb@cicams.ac.cn; Changzhu Duan, duanchzhu@cqmu.edu.cn
†These authors have contributed equally to this work
Specialty section: This article was submitted to Inflammation Pharmacology, a section of the journal Frontiers in Pharmacology
Received: 29 July 2021
Accepted: 08 September 2021
Published: 08 October 2021
Citation: Zhang Z, Ma Y, Guo X, Du Y, Zhu Q, Wang X and Duan C (2021) FDX1 can Impact the Prognosis and Mediate the Metabolism of Lung Adenocarcinoma. Front. Pharmacol. 12:749134. doi: 10.3389/fphar.2021.749134

Background: Lung cancer has emerged as one of the most common cancers in recent years. The mitochondrial electron transport chain (ETC) is closely connected with metabolic pathways and inflammatory response. However, the influence of ETC-associated genes on the tumor immune response and the pathogenesis of lung cancer is not clear and needs further exploration.
Methods: The RNA-sequencing transcriptome and clinical characteristic data of LUAD were downloaded from the Cancer Genome Atlas (TCGA) database. The LASSO algorithm was used to build the risk signature, and the prediction model was evaluated by the survival analysis and receiver operating characteristic curve. We explored the function of FDX1 through flow cytometry, molecular biological methods, and liquid chromatography–tandem mass spectrometry/mass spectrometry (LC–MS/MS).
Results: 12 genes (FDX1, FDX2, LOXL2, ASPH, GLRX2, ALDH2, CYCS, AKR1A1, MAOB, RDH16, CYBB, and CYB5A) were selected to build the risk signature, and the risk score was calculated with the coefficients from the LASSO algorithm. The 1-year, 3-year, and 5-year area under the curve (AUC) of ROC curves of the dataset were 0.7, 0.674, and 0.692, respectively. Univariate Cox analysis and multivariate Cox regression analysis indicated that the risk signature is an independent risk factor for LUAD patients. Among these genes, we focused on the FDX1 gene, and we found that knockdown of FDX1 neither inhibited tumor cell growth nor did it induce apoptosis or abnormal cell cycle distribution. But FDX1 could promote the ATP production. Furthermore, our study showed that FDX1 was closely related to the glucose metabolism, fatty acid oxidation, and amino acid metabolism.
Conclusion: Collectively, this study provides new clues about carcinogenesis induced by ETC-associated genes in LUAD and paves the way for finding potential targets of LUAD.
Keywords: lung cancer, inflammatory response, mitochondria electron transport chain, risk signature, metabolism
INTRODUCTION
There have been an increasing number of new cancer cases every year. Lung cancer is one of the most morbidity diseases among all cancers, with a proportion as high as 11.6% (Bray et al., 2018; Barta et al., 2019). Lung cancer has a poor prognosis and is one of the deadly cancers in humans; over one-half of patients die within 1 year of diagnosis (Zappa and Mousa, 2016; Kimura et al., 2018; Duma et al., 2019). Non–small-cell lung carcinoma (NSCLC) accounts for 80–85% of all lung cancers (Sher et al., 2008). Lung adenocarcinoma (LUAD) is the most common histological type of NSCLC, accounting for 50% of NSCLCs (Bi et al., 2020; Zhang et al., 2020).
Metabolism plays an important role in carcinogenesis, and in recent years, it has been leveraged for tumor treatments (Biswas, 2015; Vander Heiden and DeBerardinis, 2017; Kumar and Misra, 2019). Multiple studies have shown that metabolism and cancer are closely related; currently, metabolites are important targets in the treatment of cancer (Chae and Kim, 2018; Dinges et al., 2019; Huang et al., 2021). The mitochondria electron transport chain locates in the inner membrane of the mitochondria and is composed of four complexes, including complexes I, II, III, and ATP synthase (Chen and Butow, 2005). Mutations in mitochondria DNA (mDNA) have been identified in several tumor types (Larman et al., 2012; Bonora et al., 2021; Kopinski et al., 2021). For example, mitochondrial fission regulator 2 (MTFR2) was a biomarker for diagnosis and poor prognosis in LUAD (Chen et al., 2021).
The mitochondria in tumor cells contain the rich protein network, and the interaction between these proteins is very important for initiating an antitumor immune response. Studies have reported that the enzyme RIPK3 can regulate the activity of mitochondrial enzyme PGAM5 and trigger the expression of inflammatory cytokines in NKT cells, thus playing a dual role in the development of autoimmune diseases and the destruction of tumor cells (Kang et al., 2015). The intensity of the inflammatory response and multiple metabolic processes in patients with lung cancer activate each other and jointly promote the progression of the disease. As the inflammatory response intensifies, the metabolic dysfunction becomes more obvious. Studies have found that the serum levels of PCT and IL-6 after lung cancer surgery are higher than those before surgery. Combined detection of PCT and IL-6 can be an effective means to identify complications after lung cancer surgery (Zhu et al., 2019). Therefore, exploring mitochondrial metabolism has important practical significance for tumor progression, tumor prognosis, tumor treatment, and many other aspects.
In this study, we investigated the role of the ETC genes in the overall survival of LUAD using LUAD transcriptome expression data from the TCGA database. Next, we constructed cells with FDX1 knocked down and explored the changes in cellular biological functions, including the proliferation and apoptosis rates, the cell cycle distribution, and cellular metabolism.
METHODS
Dataset Analysis
The RNA-sequencing transcriptome and clinical characteristic data of the LUAD cohort which contained 535 LUAD patients and 59 normal samples were downloaded from the TCGA database (https://cancergenome.nih.gov/). Mitochondria ETC genes were reported (Supplementary Table S1).
Prognostic Risk Signature Prediction and Calculation
Univariate Cox analysis was performed to evaluate the correlation between ETC genes and overall survival (OS). A risk score for each patient was calculated as the sum of each gene’s score, which was obtained by multiplying the expression of each gene and its coefficient. The cohort was divided into high- and low-risk groups based on the median value of the risk scores. The difference of OS between high- and low-risk groups was calculated by the Kaplan–Meier method with a two-sided log-rank test. The receiver operating characteristic (ROC) curve was constructed to evaluate the prediction accuracy of the prognostic model.
The chi-square test was performed to compare the distribution of clinicopathological parameters between high- and low-risk groups. Heatmaps were used to visualize the difference with heatmap R package. Univariate and multivariate Cox regression analyses were used to identify the independent prognostic factors for the cohort. The survival difference between high-risk and low-risk groups stratified by age, gender, stage, and TNM was further evaluated.
Single Gene Bioinformatics Analysis
The survival curve was plotted through the online tool PrognoScan (http://dna00.bio.kyutech.ac.jp/PrognoScan/index.html). The Go enrichment analysis was performed using clusterProfiler package in R environment. GSEA was carried out using the curated gene sets “c2.cp.kegg.v7.4.symbols.gmt” to illustrate the different enriched terms between the high and low FDX1 expression groups.
Cell Culture
A549 cell line was obtained from the National Infrastructure of Cell Line Resource (Shanghai, China). The A549 cell line was cultured in RPMI 1640 containing 10% fetal bovine serum and penicillin (100 U/mL)/streptomycin (0.1 mg/ml), and cultured at 37°C in a humidified atmosphere containing 5% CO2.
RNA Interference
Small interfering RNA was purchased from GenePharma (Suzhou, China). A549 cells were transfected with 50 nm FDX1 siRNAs using Lipofectamine RNAiMAX (Invitrogen/Thermo Fisher Scientific, Cat# 13778030). The knockdown efficiency was evaluated by quantitative RT-PCR after 72 h of transfection. The following siRNA sequences were used: FDX1-1-F, CAU​CUU​UGA​AGA​UCA​CAU​Att; FDX1-1-R, UAU​GUG​AUC​UUC​AAA​GAU​Gag; FDX1-2-F, GCA​UAU​GGA​CUA​ACA​GAC​Att; and FDX1-2-R, UGU​CUG​UUA​GUC​CAU​AUG​Cca.
RT-PCR
Total RNA was extracted from the cells using TRIzol reagent (Thermo Scientific, Cat# 15596018). Then, the RNA was quantified using Nanodrop. The RNA was reverse-transcribed into DNA using a PrimeScript RT Reagent Kit (Takara, Cat# RR036A) according to the manufacturer’s protocol. The primers were as follows: FDX1-F, TTC​AAC​CTG​TCA​CCT​CAT​CTT​TG; FDX1-R, TGC​CAG​ATC​GAG​CAT​GTC​ATT; GAPDH-F, GGA​GCG​AGA​TCC​CTC​CAA​AAT; and GAPDH-R, GGC​TGT​TGT​CAT​ACT​TCT​CAT​GG.
Cell Growth Assays
The CCK-8 agent (Dojindo, Cat# CK04) was used to detect cell viability. A549 cells were plated in 96-well plates at 2000 cells per well. Then, CCK-8 was added to each well every 24 h for 5 days according to the manufacturer’s protocol. The absorbance value was detected using a microplate reader (Bio-Rad Laboratories; Hercules, CA, USA) at 450 nm.
Flow Cytometry
Both apoptosis and cell cycle analysis were analyzed on a flow cytometer (Beckman Coulter) according to the manufacturer’s instructions. Apoptosis was determined using the Apoptosis Detection Kit (Dojindo, Kumamoto, Japan) and analyzed with FlowJo v10 (FlowJo, LLC). Cell cycle analysis was performed using the Cell Cycle and Apoptosis Analysis Kit (Beyotime; Jiangsu, China) and analyzed by Modfit LT 3.2 software (Verity Software House; www.vsh.com; Topsham, ME).
ATP Measurement
ATP levels were measured with an ATP assay kit (Beyotime Biotechnology, Cat# S0027) according to the manufacturer’s instructions. In brief, 20 μl cell sample was mixed with 100 µl ATP detection working fluid; the luminescence was measured using a multi-scan spectrum (BioTEK H1MFD). The concentration of ATP in the sample was calculated according to the standard curve. In order to eliminate the error caused by the difference of the protein amount in sample preparation, the concentration of ATP is converted to nmol/mg.
Metabolic Profiling
SiFDX1 cells and control cells were cultured in 10-cm plates. The metabolites were extracted using prechilled 80% (v/v) HPLC-grade methanol after culturing for 72 h and then incubated overnight at −80°C. The tubes were centrifuged for 20 min at 14,000 g, and the supernatant was transferred to new tubes. Then, the protein precipitation was used to be quantified by the BCA method. The supernatant was concentrated by a vacuum centrifugal concentrator for 1 h. Furthermore, the metabolites were redissolved according to the protein concentrations. The polar metabolites were detected by liquid chromatography–tandem mass spectrometry/mass spectrometry (LC–MS/MS). Data were acquired in both positive (ESI+) and negative (ESI-) modes. All the data were used for the statistical analysis. T-test results were evaluated with Excel. MetaboAnalyst (www.metaboanalyst.ca) was used to determine the heatmap and differential metabolic pathways.
Statistical Analysis
All statistical analyses were performed using R software (version 3.5.1). Wilcoxon’s test was used to compare the expression of ETC genes between LUAD and adjacent normal tissues. The relationship between ETC genes and the clinicopathological characteristics of LUAD patients was analyzed using the Kolmogorov–Smirnov test. Using the “km” method in the R package “ConsensusClusterPlus,” we classified 535 LUAD patients into different subtypes. The median risk score was used as a cutoff value to classify patients into a high-risk group and a low-risk group, and the Kaplan–Meier method was used to analyze the difference in overall survival (OS) between the high- and low-risk groups. The chi-square test was used to compare the relationship between the risk score and clinicopathological variables. Cox univariate and multivariate analyses of the relationship between clinicopathological variables and risk scores were performed. p < 0.05 was considered to indicate a statistically significant difference.
RESULTS
Expression Pattern and Risk Signature of ETC Genes in LUAD.
Mitochondrial ETC plays a pivotal role in cell energy metabolism. The occurrence and development of lung adenocarcinoma are closely linked to cell metabolism, and we hope to explore the impact of mitochondrial ETC gene expression in LUAD. We downloaded the ETC genes from online database AmiGO2 (http://amigo.geneontology.org/amigo). LUAD cancer tissues and normal lung tissues were compared to explore the expression level of mitochondria ETC genes (Supplementary Table S2). A total of 47 differential expression genes (DEGs) were identified with high expression of 34 genes and low expression of 13 genes in LUAD tissues (Supplementary Figure S1, Supplementary Table S2).
To better explore the relationship between mitochondria ETC genes and clinical outcomes in LUAD patients, univariate Cox regression analysis was performed to evaluate the prognostic role of ETC genes in LUAD (Supplementary Table S3). In order to predict the clinical outcomes of LUAD with ETC genes, we applied the least absolute shrinkage and selection operator (LASSO) Cox regression algorithm to the differential expression ETC genes to construct the prognostic signature. According to the partial likelihood deviance and lambda values, 12 genes (FDX1, FDX2, LOXL2, ASPH, GLRX2, ALDH2, CYCS, AKR1A1, MAOB, RDH16, CYBB, and CYB5A) were selected to build the risk signature, and the risk score was calculated with the coefficients from the LASSO algorithm (Figures 1A,B) (Supplementary Table S4). According to the median risk score, LUAD patients were divided into low- and high-risk groups to investigate the prognostic role of the risk signature (Figures 1C,D). The results indicated that the high-risk group had a worse survival (Figure 2A). Moreover, a receiver operating characteristic (ROC) curve was generated to assess the predictive value of the constructed model. The 1-year, 3-year, and 5-year area under the curve (AUC) of ROC curves of the TCGA-LUAD dataset were 0.7, 0.674, and 0.692, respectively (Figures 2B–D).
[image: Figure 1]FIGURE 1 | Identification of prognostic ETC-associated genes. (A). The LASSO coefficient distribution map of the 12 ETC genes in LUAD patients. (B). The partial likelihood deviance plot based on the LASSO model. (C). The risk score distribution of the 12-gene risk signature model in LUAD patients. (D). The survival status of patients in high-risk and low-risk groups of LUAD patients.
[image: Figure 2]FIGURE 2 | Prognostic accuracy of the risk model. (A). The survival analysis of high-risk signature and low-risk signature in LUAD patients. (B–D). The 1-year, 3-year, and 5-year area under the curve (AUC) of ROC curves.
The Risk Score was an Independent Prognostic Factor in LUAD.
Next, the associations of the risk signature and clinicopathological features were evaluated, and we discovered that significant difference was observed of N stage, T stage, stage, age, and survival status between the two risk groups, while no significant difference was found of M and gender between the two risk groups (Figure 3A). Furthermore, we performed univariate and multivariate Cox regression analyses to determine whether the risk signature was an independent prognostic indicator. Univariate Cox analysis showed that the risk score, stage, and T and N status were correlated with the OS (Figure 3B). Multivariate Cox regression analysis indicated that the risk score was correlated with the OS (Figure 3C). These results suggested that the risk signature is an independent risk factor for LUAD patients.
[image: Figure 3]FIGURE 3 | Risk signature of ETC genes in LUAD. (A). The associations of risk signature and clinicopathological features (T, N, M, tumor stage, gender, age, and the survival status). (B, C). Univariate and multivariate Cox analyses of the clinicopathological features (age, gender, stage, T, N, and M) and risk signature of overall survival in LUAD patients.
FDX1 Plays a Pivotal Role in LUAD.
FDX1 encodes a small iron–sulfur protein that participates in the reduction in mitochondrial cytochrome and the synthesis of various steroid hormones (Sheftel et al., 2010; Strushkevich et al., 2011). Also, FDX1 can augment the copper-dependent cell death induced by elesclomol and may provide a new idea for increasing the efficacy of several cancer-targeting agents (Tsvetkov et al., 2019). Next, we focused on FDX1 and explored its function in LUAD. The mRNA expression level was significantly decreased in the tumor tissues compared to adjacent normal tissues in the TCGA-LUAD dataset (Figure 4A). Also, we discovered that LUAD patients with the lower expression of FDX1 had a worse prognosis using the online analysis tool PrognoScan (http://dna00.bio.kyutech.ac.jp/PrognoScan/index.html) (Figure 4B), which suggested that FDX1 played a pivotal role in LUAD patients. Moreover, the GO enrichment analyses revealed that FDX1 was mainly associated with oxidative phosphorylation, respiratory electron transport chain, and mitochondrial protein complex (Figure 4C). In addition, GSEA enrichment analysis was performed to explore the underlying mechanism of FDX1, and the analysis suggested that low expressed FDX1 was correlated with fatty acid metabolism and oxidative phosphorylation metabolism (Figures 4D,E). Furthermore, we investigated the function of FDX1 in the online database (http://bioinfo.life.hust.edu.cn/GSCA/#/) and found that FDX1 had significant effect on immune-associated cells, such as dendritic cells, macrophage, and iTreg cells (Supplementary Figure S3).
[image: Figure 4]FIGURE 4 | FDX1 plays a pivotal role in LUAD. (A). The mRNA level of paired LUAD tumor tissues and adjacent normal tissues in the TCGA-LUAD dataset. (B). The Kaplan–Meier plot of low expression and high expression of FDX1 in LUAD patients using the ProgScan online tool. c. The GO enrichment analysis of FDX1. (D, E). The GSEA analysis of low expression of FDX1.
Knockdown of FDX1 Neither Inhibited Tumor Cell Growth Nor Did It Induce Apoptosis or Cell Cycle Arrest.
To investigate whether FDX1 deficiency affects the growth of tumor cells, we constructed the FDX1-deficient cells using small interference RNA and determined the knockdown efficiency through qPCR. We found that the siRNAs significantly inhibited the expression of FDX1 (Figure 5A). However, knockdown of FDX1 did not change the cell viability through assay (Figure 5B). We further investigated the influence of FDX1 on apoptosis, and the effects of two siRNA groups were not significantly different (Figure 5C). Next, we determined the cell cycle changes in FDX1-deficient cells (KD-FDX1) and FDX1 wild-type cells (WT-FDX1). Knocking down of FDX1 did not induce G2/M cell cycle arrest significantly (Figures 5D,E). These data confirmed that knockdown of FDX1 neither affected cell growth nor did it induce apoptosis or cell cycle arrest. To confirm the effect of FDX1 deficiency on ATP levels, we measured the production of ATP in FDX1-wild-type cells and FDX1-knockdown cells, and the results showed that the ATP concentration of the FDX1 deficiency group was lower than that of the control group (Figure 5F). These data inspired us to explore more about the aberrant metabolism caused by FDX1 deficiency.
[image: Figure 5]FIGURE 5 | Biological function of FDX1 in A549 cells. (A). Expression of FDX1 in A549 cells transfected with si-FDX1. (B). The cell growth of the FDX1 deficiency group and control group was assessed by the CCK-8 assay. (C). The apoptotic rate of the control group and FDX1 deficient group. (D). PI staining was used to detect the cell cycle distribution of the control group and FDX1-deficient group. (E). The cell cycle distribution of FDX1-knockdown cells and FDX1-wild-type cells. (F). ATP levels of FDX1-deficient cells and wild-type A549 cells.
Metabolic Profiling of Tumor Cells With FDX1 Deficiency.
To further explore the metabolic changes caused by FDX1 deficiency, we performed nontargeted metabolomic analysis on WT-FDX1 cells and KD-FDX1 cells. The data showed that 10 metabolites and 5 metabolites were downregulated in positive and negative modes, respectively, with a threshold value of p < 0.05 and a ratio of WT-FDX1 cells to KD-FDX1 cells <0.6 (Supplementary Figure S2, Figure 6A). In addition, 79 metabolites and 38 metabolites were upregulated in positive and negative modes, respectively, with a threshold value of p < 0.05 and a ratio of WT-FDX1 cells to KD-FDX1 cells >2 (Supplementary Figure S2, Figure 6A). Differential metabolite levels were further analyzed using MetaboAnalyst (www.metaboanalyst.ca). Several pathways were identified in the negative mode, including amino sugar and nucleotide sugar metabolism, fructose and mannose metabolism, fatty acid degradation, and alanine, aspartate, and glutamate metabolism (Figure 6B). Thiamine metabolism, glutathione metabolism, and fatty acid degradation pathways were changed dramatically in the positive mode (Figure 6C).
[image: Figure 6]FIGURE 6 | Metabolic profiling of tumor cells with FDX1 deficiency. (A). The heatmap of differential metabolites in WT-FDX1 and KD-FDX1 cells in the negative ion mode. (B, C). Pathway enrichment analysis of the differential metabolites in both the negative and positive ion modes. (D–I). The levels of D-fructose 6-phosphate, arachidonic acid (20:4), L-palmitoylcarnitine, acylcarnitine, L-cysteine, and L-glutamine in WT-FDX1 and KO-FDX1 cells. The data are presented as the mean ± SD. *p < 0.01, **p < 0.001 and ***p < 0.0001 (t-test).
Among these metabolites, fructose 6-phosphate was increased dramatically after FDX1 knockdown, one of the intermediate metabolites of glucose that affect downstream factors in the glycolysis and the pentose phosphate pathways (Figures 6D,E). In addition, long-chain fatty acids, including arachidonic acid (20:4), were decreased in FDX1-knockdown cells. In addition, acylcarnitine and L-palmitoylcarnitine were increased significantly in cells with FDX1 deficiency (Figures 6F,G). These data suggested that knockdown of FDX1 promoted fatty acid oxidation. Moreover, L-cysteine and L-glutamine metabolites involved in amino acid metabolism were affected by FDX1 deficiency (Figures 6H,I). Taken together, these data suggested that FDX1 deficiency led to metabolic changes, especially in glucose metabolism, fatty acid oxidation, and amino acid metabolism.
DISCUSSION
Over the years, the most prevalent causes of death have changed. Several studies have reported that cancer is the leading cause of death (Heron and Anderson, 2016), and lung cancer is one of the most common causes of death by cancer (Bray et al., 2018). For this reason, researchers have carried out a variety of studies on LUAD to obtain a better understanding of it. In this study, we identified the ETC genes that correlated closely to the overall survival of LUAD patients. The prognostic model was constructed by the Lasso Cox regression model. The LUAD patients were classified into two groups: low-risk group and high-risk group, and the high-risk group was associated with poor prognosis. Moreover, the univariate and multivariate Cox analyses suggested that the ETC-associated gene signature was an independent prognostic factor for predicting the outcome of LUAD patients.
We constructed the risk signature using the 12 genes. Among them, aspartate β-hydroxylase (ASPH) plays a pivotal role in the malignant transformation of solid tumors by enhancing cell proliferation, migration, invasion and stimulation of angiogenesis, and immunosuppression (Ince et al., 2000; Huyan et al., 2014; Kanwal et al., 2020). A previous study showed that repression of aldehyde dehydrogenase 2 family (ALDH2) promotes lung tumor progression through accumulated acetaldehyde and DNA damage (Li et al., 2019). CYBB, a gene related to ETC and ferroptosis, associated signature could predict the 1-, 3-, and 5-year survival rates of LUAD patients (Wang et al., 2021). Also, mutation of the CYBB gene selectively affects macrophages and is associated with immune changes (Bustamante et al., 2011). FDX1 and FDX2, the important metabolism-related genes, are closely related to mitochondrial cytochrome (Sheftel et al., 2010; Strushkevich et al., 2011; Shi et al., 2012). These data suggested those genes were associated with the changes of the inflammatory response/immune microenvironment and the prognosis of LUAD patients.
Furthermore, we explored the function of FDX1 in LUAD cell lines. To our knowledge, the detailed function of FDX1 has not yet been elucidated in LUAD. In this study, our data showed that KD-FDX1 cells and WT-FDX1 cells had no difference in terms of growth, apoptosis rate, and cell cycle distribution, while it was involved in other cellular aspects, including aberrant energetics, tumor-associated inflammation, and changes in the immune microenvironment (Hanahan and Weinberg, 2011; Boroughs and DeBerardinis, 2015).
Aberrant metabolism links closely to the immune microenvironment in tumor development. Also, an increasing amount of evidence suggests that the metabolism plays an important role in the development and progression of cancer (Garon et al., 2014; La Vecchia and Sebastián, 2020). We have identified that KD-FDX1 cells have a significant influence on glucose metabolism, fatty acid oxidation (FAO), and amino acid metabolism. Glucose and lactic acid metabolism were reported to be common abnormalities in lung cancer (Hensley et al., 2016; Chen et al., 2019). Our data revealed that KD-FDX1 cells had higher D-fructose 6-phosphate levels. A recent research work has shown that D-fructose 6-phosphate associated with PFKP may be a prognostic factor for lung cancer (Ganapathy-Kanniappan, 2020). In addition, several studies have suggested that fatty acid oxidation is abnormal in lung cancer cells, and FAO may regulate immune suppression through enabling lymph node metastasis formation (Liu et al., 2020; Li et al., 2021). In our study, we found that KD-FDX1 cells have higher L-palmitoylcarnitine and acylcarnitine levels at the same arachidonic acid (20:4) concentration. In other words, this finding suggested that FDX1 knockdown promotes FAO. Increasing evidence has shown that glutamine can fulfill the metabolic needs of lung cancer cells. This is the first time to reveal the association of FDX1 with fatty acid oxidation (FAO) and amino acid metabolism in LUAD using nontargeted metabolomics. There are still some limitations in our article. For example, the number of cell lines we have verified is limited, and further expansion of cell lines can increase the credibility of the article. In addition, the molecular mechanism of FDX1’s regulation of metabolism still needs to be further explored. Overall, in our results, we found that FDX1 knockdown may decrease glutamine, and we speculated that FDX1 was likely to be a potential target in lung cancer treatment (Vanhove et al., 2019).
CONCLUSION
Taken together, we constructed an accurate prognosis model of LUAD patients. Moreover, we explored the effect of FDX1 knockdown in LUAD cells. Although there was no obvious effect on cell growth, apoptosis, or cell cycle distribution in the KD-FDX1 and WT-FDX1 cells, knockdown of FDX1 may significantly affect the metabolism. Our results indicated that knockdown of FDX1 mainly promoted glycolysis and fatty acid oxidation, and changed amino acid metabolism. This study provides new clues about the carcinogenesis induced by FDX1 in LUAD and paves the way for finding potential targets of LUAD.
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Aberrant ROS Mediate Cell Cycle and Motility in Colorectal Cancer Cells Through an Oncogenic CXCL14 Signaling Pathway
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Background: Reactive oxygen species (ROS) act as signal mediators to induce tumorigenesis.
Objective: This study aims to explore whether chemokine CXCL14 is involved in the proliferation and migration of ROS-induced colorectal cancer (CRC) cells.
Methods: The proliferative and migratory capacities of CRC cells treated with or without H2O2 were measured by various methods, including the CKK-8 assay, colony formation assay, flow cytometry, wounding healing assay, and migration assay.
Results: The results revealed that H2O2 promoted the proliferation and migration of CRC cells by regulating the cell cycle progression and the epithelial to mesenchymal transition (EMT) process. Furthermore, we noted that the expression level of CXCL14 was elevated in both HCT116 cells and SW620 cells treated with H2O2. An antioxidant N-Acetyl-l-cysteine (NAC) pretreatment could partially suppress the CXCL14 expression in CRC cells treated with H2O2. Next, we constructed CRC cell lines stably expressing CXCL14 (HCT116/CXCL14 and SW620/CXCL14) and CRC cell lines with empty plasmid vectors (HCT116/Control and SW620/Control) separately. We noted that both H2O2 treatment and CXCL14 over-expression could up-regulate the expression levels of cell cycle-related and EMT-related proteins. Moreover, the level of phosphorylated ERK (p-ERK) was markedly higher in HCT116/CXCL14 cells when compared with that in HCT116/Control cells. CXCL14-deficiency significantly inhibited the phosphorylation of ERK compared with control (i.e., scrambled shNCs). H2O2 treatment could partially restore the expression levels of CXCL14 and p-ERK in HCT116/shCXCL14 cells.
Conclusion: Our studies thus suggest that aberrant ROS may promote colorectal cancer cell proliferation and migration through an oncogenic CXCL14 signaling pathway.
Keywords: colorectal cancer, ROS, CXCL14, cell cycle, migration
INTRODUCTION
Colorectal cancer (CRC) is one of the most common fatal malignancies affecting people worldwide (Sung et al., 2021). The incidence of CRC has increased over the years, especially among individuals of age <45 years (Brody, 2015; Siegel et al., 2017). Emerging evidence has suggested CRC cells exhibit elevated reactive oxygen species (ROS) levels than the normal cells (Lei et al., 2011). ROS can regulate the occurrence and development of cancer in an autocrine or paracrine way (Reczek and Chandel, 2018). During intestinal tumorigenesis, myeloid cell-derived ROS triggered oxidative DNA damage in intestinal epithelial cells to stimulate invasive growth in a paracrine manner (Canli et al., 2017). Anti-oxidant treatment can reduce cholangiocellular pre-neoplastic lesions (Yuan et al., 2017). Although accumulating evidence suggests the oncogenic role of ROS, high or excessive levels of ROS can cause damage to the cellular components, leading to cell death (Li et al., 2015; He et al., 2016; Zhuang et al., 2016; Salehi et al., 2018; Ruiz-Torres et al., 2019; Zhang et al., 2019).
Chemokines have been reported to regulate the proliferation and metastasis of tumor cells in an organ-specific manner. CXCL14, a CXC chemokine ligand, chemoattracts proinflammatory cells, such as natural killer (NK) cells and dendritic cells (DCs), to the sites of inflammation or malignancy (Shurin et al., 1950; Starnes et al., 2006). CXCL14 plays a double-sided role in the regulation of tumor development. In head and neck squamous cell carcinoma (HNSCC), CXCL14 could be used as a functional prognosis biomarker for patients’ better overall survival rate (Li et al., 2020a; Wu et al., 2021). On the contrary, CXCL14 was reported to promote cancer cell motility by regulating Ca2+ release in breast cancer (Pelicano et al., 2009a). Previously, we reported that chemokine CXCL14 was significantly upregulated in the CRC tissues than that in the normal and paracancerous tissues (Zeng et al., 2013a). Whether the contradictory functions of CXCL14 in tumor progression are due to the types of tumors awaits further investigation.
The relationship between ROS and chemokines during carcinogenesis has been studied (Wen et al., 2018; Li et al., 2020b; Dasoveanu et al., 2020; Xian et al., 2020; Alafiatayo et al., 2020; da Ros et al., 2015). A recent study demonstrated that topoisomerase inhibitors could promote the expression and secretion of CXCL1 via ROS-mediated activation of JAK2-STAT1 signaling pathway, thereby promoting the motility of cancer cells (Liu et al., 2019). ROS-mediated CXCL8 expression could regulate the development of H. Pylori-associated gastric cancer (Kyung et al., 2019). Stromal cells in tumor microenvironment could also secret ROS-mediated chemokine and act on tumor cells in a paracrine manner (Ramírez-Moreno et al., 2020). Despite these recent advances, the oncogenic signaling transduction pathways targeted by aberrant ROS levels and chemokines remain to be fully understood.
The purpose of this present study aims to clarify the association between ROS and chemokine CXCL14 in CRC progression, and demonstrate the oncogenic function of chemokine CXCL14 in CRC cells. Herein, we reported experimental evidence for ROS-induced cell cycle progression and the epithelial to mesenchymal transition (EMT) process via CXCL14/pERK pathway in colorectal cancer cells.
MATERIALS AND METHODS
Cell Culture and Treatment
Human CRC cell line HCT116 and SW620 cells were kind gifts from Prof. Yunlong Lei (Molecular Medicine and Cancer Research Center, Chongqing Medical University). Cells were maintained in DMEM medium (Hyclone) containing 10% fetal calf serum (Hyclone), penicillin and streptomycin at 37°C in a humidified atmosphere with 5% CO2. The cells were treated without or with H2O2 in media, which were changed daily. Cells were pretreated with antioxidant 5 mM or 10 mM N-acetylcysteine (NAC) for 30 min before addition of H2O2.
Plasmid Constructions and Cell Transfection
To clone the CXCL14 cDNA, we isolated total RNAs from the HCT116 cell line using Trizol method. The RNA samples were dissolved with TE buffer, and then quantified by measuring OD value. The extracted RNA samples were further reverse transcribed into cDNA, which would be used as PCR template. The primers used for CXCL14 amplification were synthesized (Invitrogen). The primer sequences for amplification were as follows: cxcl14, forward 5′-GAT​CCC​CGC​CAC​CAT​GTC​CCT​GCT​CCC​ACG​C-3′, reverse 5′-TCG​AGC​TAT​TCT​TCG​TAG​ACC​CTG​CGC-3’; gapdh, forward 5′-ACC​TGA​CCT​GCC​GTC​TAG​AA-3′, reverse 5′-TCC​ACC​ACC​CTG​TTG​CTG​TA-3’. For CXCL14 stable expression in HCT116 cells, the recombinant plasmid of EX-CXCL14-LV203 and the control plasmid EX-NEG-LV203 were transfected into 293T cells with lentivirus packaging system, separately. Then, the concentrated virus particles were collected and the HCT116 cells were infected with the viruses in their logarithmic growth phase. The stable transfectants were selected in the presence of puromycin and identified by real-time PCR and western blotting. The primers for real-time PCR were as follows: cxcl14, forward 5′-CTA​CAG​CGA​CGT​GAA​GAA​GC-3′, reverse 5′-TTC​TCG​TTC​CAG​GCG​TTG​TA-3’. The construction of HCT116 cells lacking CXCL14 was also accomplished via lentiviral-mediated transduction with a scrambled shNCs or verified CXCL14-specific shRNA sequence encoded in LVRH1GP. A 21-mer shRNA expressing vector targeting CXCL14 (shCXCL14) and its scrambled sequence-expressing vector as a negative control (shNC) were synthesized (Invitrogen). The sequence for CXCL14 shRNA was forward 5′-GAT​CCG​CAC​CAA​GCG​CTT​CAT​CAA​TTC​AAG​AGA​TTG​ATG​AAG​CGC​TTG​GTG​CTT​TTT​TGG-3′, and reverse 5′-AAT​TCC​AAA​AAA​GCA​CCA​AGC​GCT​TCA​TCA​ATC​TCT​TGA​ATT​GAT​GAA​GCG​CTT​GGT​GCG-3’.
ROS Measurement
Intracellular ROS were detected by staining cells with 5-(and-6)-chloromethyl-2′,7′-dichlorodihydrofluorescein diacetate (CM-H2DCF-DA) (Genmed Scientifics Inc., Burlington, MA, United States). Cells after firm adhesion to the wall were treated with H2O2 for 6 h. After trypsin digestion and centrifugation, supernatant was removed. 10 μmol/L DCFH-DA dye diluted with serum-free medium was added to cells for incubation at 37°C for 20 min. The CM-H2DCF-DA signal was then analyzed with the BD Biosciences FACSCalibur Flow Cytometer (Mountain View, CA).
Cell Proliferation and Colony Formation Assay
Cell proliferation was determined by using the Cell Counting Kit-8 (CCK-8) Assay (Boster). The cancer cells (5000 cells per well) were seeded in the 96-well plates and treated with different concentrations of H2O2 for 48 h. The cells were incubated with 10 μL of CCK-8 per well and the optical density (OD) value at 450 nm was determined by microplate reader. The experiment was repeated in triplicate. The formula of promotion rate of cell proliferation (P%) is as follows:
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For colony formation assay, the cancer cells (1000 cells per well) were resuspended in DMEM supplemented with 10% FBS without or with H2O2 in 6-well plates. The cultures were maintained for 14 days and stained with 0.1% crystal violet and estimated under the microscope. Each experiment was performed in triplicate.
Wound Healing and Cell Migration Assay
Confluent HCT116 cells were wounded with a micropipette tip (200 μL) and immediately placed in 1% serum-containing medium supplemented with or without H2O2. Bright-field images of wounded monolayers were obtained immediately after wounding (0 h) and at various times thereafter as indicated. The extent of wound closure was quantified by obtaining three wound measurements for each of three random fields (× 100) per wound, and all wound conditions were performed in triplicate.
The cell migration assay was performed in chambers with 8-μm-porosity polycarbonate filter membranes according to the manufacturer’s instructions (Becton Dickinson Labware). Cells (1 × 105 cells per well) treated without or with H2O2 in serum-free medium were added to the upper chamber and incubated for 20 h. The bottom chamber was prepared with 20% FBS as a chemoattractant. Nonmigrating cells on the upper surface of the membrane were removed. Cells that invaded to the lower surface were fixed with 4% paraformaldehyde stained with crystal violet, and photographed under a microscope (Eclipse TS100, Nikon) at × 20 magnification.
Western Blot Analysis
Both adherent and floating cells were harvested. All cell protein was extracted in RIPA lysis buffer (50 mM Tris, 1.0 mM EDTA, 150 mM NaCl, 0.1% SDS, 1% Triton X-100, 1% sodium deoxycholate, 1 mM PMSF). The concentrations of protein were quantified by using the DC Protein Assay Kit (500–0121; Bio-Rad). The cellular lysates were resolved on SDS-PAGE and electrophoretically transferred to polyvinylidene difluoride membranes. The membranes were then blocked with a buffer [composed of 10 mM Tris (Zhu et al., 2018), 150 mM NaCl, 0.1% Tween 20 and 5% bovine serum albumin], and then incubated with the primary antibodies (CXCL14, diluted 1:400, Proteintech, 10468-1-AP; Cyclin A1, diluted 1:1000–2000, Abcam, ab53699; Cyclin B1, diluted 1:1000–2000, Abcam, ab215436; CDK1, diluted 1:1000–2000, Abcam, ab265590; CDK2, diluted 1:1000–2000, Abcam, ab101682; E-cadherin, diluted 1:1000–2000, Abcam, ab238099; N-cadherin, diluted 1:1000–2000, Abcam, ab207608; vimentin, diluted 1:1000–2000, Abcam, ab92547; ERK, diluted 1:1000–2000, Abcam, ab184699; p-ERK, diluted 1:1000–2000, Abcam, ab214036; and GAPDH, diluted 1:1000–2000, Abcam, ab181602) at 4°C for overnight. Then, the membranes were washed and treated with appropriate secondary antibodies conjugated with horseradish peroxidase for (goat anti-rabbit IgG H&L, Abcam, ab7090; goat anti-mouse IgG H&L, Abcam, ab7068) 2 h. The immunoreactivities were determined by using enhanced chemiluminescence reagents (WBKLS0500; Millipore) (Wang et al., 2011). The GAPDH protein was used as an internal control.
Statistical Analysis
Statistical values were defined by using an unpaired Student’s t-test. Differences among multiple groups were assessed by one-way ANOVA analysis. p < 0.05 was considered to be statistically significant.
RESULTS
ROS Promoted the Proliferation and Migration of CRC Cells
Recent studies have demonstrated that cancer cells can be characterized by elevated ROS levels when compared with the normal cells (Maurya and Vinayak, 2015; Prasad et al., 2017; Moloney and Cotter, 2018). Aberrant ROS production is associated with tumor initiation and progression (Yang et al., 2016; Ghanbari Movahed et al., 2019). To determine the role of ROS in CRC cell proliferation and migration, we applied exogenous H2O2 to induce cellular ROS stress in HCT116 cells and SW620 cells. As illustrated in Figures 1A,B, the cells treated with the exogenous H2O2 showed an endogenous increase in the oxidative stress level when compared with the control cells, as measured by flow cytometry.
[image: Figure 1]FIGURE 1 | Effects of H2O2 on colorectal cancer cell growth and cell cycle. Cells treated with the exogenous H2O2 showed an endogenous increase in the oxidative stress level as measured using CM-H2DCF-DA by flow cytometry in HCT116 cells (A) and SW620 cells (B). The HCT116 cells (C) and SW620 cells (D) were treated with different concentrations of H2O2 for 48 h, and the cell proliferation was determined by CCK8 assay. The calculation of promotion rate of cell proliferation has been described in the Materials and Methods section. Representative photographs of colony formation of HCT116 cells (E) and SW620 cells (G) treated with or without H2O2. The statistical analysis of the numbers of cell colonies of HCT116 cells (F) and SW620 cells (H). DNA content of HCT116 cells (I) and SW620 cells (K) treated with or without H2O2 in various phases of the cell cycle measured by flow cytometry. B. Statistical analyses of cell cycle distribution of HCT116 cells (J) and SW620 cells (L). The experiments were performed in triplicate (n = 3). Error bars represent mean ± S.D. p < 0.05 was considered to be statistically significant. *p < 0.05; **p < 0.01.
Cell proliferation was determined by the CCK-8 assay. As shown in Figures 1C,D, treatment with different doses of H2O2 induced different biological outcomes. H2O2 increased HCT116 cell proliferation at a concentration of <25 μM when compared with the control cells. Adversely, H2O2 decreased the cell proliferation at concentration of >25 μM (Figure 1C). We found a similar phenomenon in SW620 cells (Figure 1D). As expected, the cells treated with H2O2 formed a greater number of colonies when compared with the control cells (Figures 1E–H). To further characterize the effect of H2O2 on the cell cycle progression, we examined the DNA content of HCT116 cells and SW620 cells in various phases of the cell cycle, as measured by flow cytometry (Figures 1I–L). Results showed that H2O2 increased the cell percentage in the S phase and G2/M phase and decreased the cell percentage in the G1 phase in HCT116 cells (Figures 1I,J), and H2O2 increased the cell percentage in the S phase in SW620 cells (Figures 1K,L).
The migratory capacity of HCT116 cells and SW620 cells treated with or without H2O2 was estimated by the wound healing assay. In the wound healing assay, the number of H2O2-treated HCT116 and SW620 cells that migrated into the wound area was much greater than the control cells (Figures 2A–D), which suggests the role of ROS in mediating the closure of cell wounds. The cells in the wound area may be a direct reflection of migration, or partially due to cell proliferation. To circumvent this difficulty, we further performed cell migration assays in 24-well transwell chambers. Results showed that ROS significantly increased the migration capacity of the HCT116 cells and SW620 cells (Figures 2E–H). Taken together, these data strongly suggest that ROS is directly involved in mediating the proliferation and migration of CRC cells.
[image: Figure 2]FIGURE 2 | Effects of H2O2 on CRC cell migration. The HCT116 cells (A) and SW620 cells (C) were treated with H2O2 for different time, and the cell migration was determined by the wound healing assay. The width of wound area in HCT116 cells (B) and SW620 cells (D) was quantitatively analyzed. The migration of HCT116 cells (E) and SW620 (F) cells treated with or without H2O2 was measured by the modified Boyden chamber assays. Quantitative results of the numbers of migrated cells in HCT116 cells (G) and SW620 cells (H). The experiments were performed in triplicate (n = 3). Error bars represent mean ± S.D. p < 0.05 was considered to be statistically significant. *p < 0.05; **p < 0.01.
ROS Promoted Malignant Behaviors in Human CRC Cells via Regulation of the Cell Cycle Progression and EMT
In mammalian cells, the cell-cycle progression is highly controlled by cyclins and cyclin-dependent kinases (CDKs). The activity of cyclin A1/CDK2 complex is essential for the cell-cycle G1/S phase transition, and the cyclin B1/CDK1 complex plays the fundamental role in cell-cycle G2/M transition (Malumbres and Barbacid, 2009; Xie et al., 2020). We noted that H2O2 could up-regulate the expression levels of cyclin A1, cyclin B1, CDK1, and CDK2 in a time-dependent manner in HCT116 cells (Figures 3A,B). H2O2 could up-regulated the expression of cyclin A1, CDK2 and survivin in SW620 cells, which could be partially suppressed by the antioxidant NAC pretreatment (Figures 3C,D). We also noted that H2O2 could up-regulate the expression of proliferating cell nuclear antigen (PCNA) in SW620 cells (Figures 3E,F). These data indicated increased growth capacity for the CRC cells in the presence of H2O2 through regulation of the cell cycle progression and cell proliferation.
[image: Figure 3]FIGURE 3 | H2O2 regulated the expression levels of cell cycle-related and EMT-related proteins. (A) The HCT116 cells were treated with or without 15 μM H2O2 for different time. The expression levels of Cyclin A1, CDK2, Cyclin B1, CDK1 were measured by western blot. (B) Quantitative results of cell cycle-related protein expression levels. (C) The SW620 cells treated with or without 20 μM H2O2 or pretreated with 10 mM NAC. The expression levels of Cyclin A1, CDK2, surviving and vimentin were measured by western blot, which could be down-regulated by the antioxidant NAC. (D) Quantitative results of protein expression. (E) The expression of PCNA in SW620 cells treated with different concentration of H2O2 was measured by western blot. (F) Quantitative results of PCNA expression levels. (G) The HCT116 cells treated with or without 15 uM H2O2 for different time. The expression levels of E-cadherin, vimentin and N-cadherin were measured by western blot. (H) Quantitative results of EMT-related protein expression levels. All experiments were repeated three times or more. Error bars represent ±S.D. p < 0.05 was considered to be statistically significant. * p < 0.05; ** p < 0.01, *** p < 0.001.
The epithelial to mesenchymal transition (EMT) endows cancer cells with the properties of invasion and metastasis (Yuan et al., 2020). In solid tumors, EMT occurs at the invasive front and induces migratory cells with downregulated expression of epithelial markers E-cadherin and upregulated expression of the mesenchymal markers vimentin and N-cadherin (Nieto et al., 2016). By immunoblotting, we observed a substantial decrease in the expression level of E-cadherin and an increase in the expression levels of vimentin and N-cadherin in response to exogenous H2O2 in HCT116 cells (Figures 3G,H). We also noted that vimentin expression was down-regulated after exposure to H2O2, which could be partially restored by the antioxidant NAC in SW620 cells (Figures 3C,D).
ROS Up-Regulated the Expression of Chemokine CXCL14
Previous studies have shown that ROS can act as signal transduction molecules and regulate the expression of oncogenic chemokines (Wang et al., 2017). Based on previous reports, we performed immunoblotting to examine the expression level of chemokine CXCL14 after exposure to H2O2 in CRC cells. We observed that the CXCL14 expression was significantly elevated in HCT116 cells treated with H2O2 when compared with the control cells and in a time-dependent manner (Figures 4A,B). We then used the antioxidant NAC to explore whether the CXCL14 expression was affected. Results showed that NAC pretreatment partially suppressed the expression levels of CXCL14, indicating that CXCL14 expression might be regulated by ROS in HCT116 cells (Figures 4A,B). Meanwhile, we found that the expression levels of CXCL14 mRNA and protein were elevated after exposure of H2O2 in a time-dependent way in SW620 cells (Figures 4C,D), which could be partially suppressed by the antioxidant NAC pretreatment (Figures 4E,F).
[image: Figure 4]FIGURE 4 | ROS up-regulated the expression of chemokine CXCL14. (A) The HCT116 cells were treated with 15 μmol/L H2O2 for different time and/or pretreated with 5 mmol/L NAC. (B) Quantitative results of the expression levels of CXCL14. (C) The SW620 cells were treated with 20 μmol/L H2O2 for different time. The expression level of CXCL14 mRNA was measured by real-time PCR. (D) The SW620 cells were treated with 20 μmol/L H2O2 for different time. The expression level of CXCL14 protein was measured by western blot. (E) The SW620 cells were treated with 20 μmol/L H2O2 and/or pretreated with 10 mmol/L NAC. (F) Quantitative results of the expression levels of CXCL14. All experiments were repeated three times or more. Error bars represent ± S.D. p < 0.05 was considered to be statistically significant. *p <0.05; **p <0.01, ***p <0.001.
CXCL14 was Required for Oncogenic Signaling in CRC Cells
To gain further insights into the role of CXCL14 in ROS-induced oncogenesis, we first constructed a stably CXCL14-expressing HCT116 cell line (HCT116/CXCL14), as shown in Figures 5A–C. The proliferative and migratory capacity of HCT116/CXCL14 cells was determined by using the colony formation assay (Figure 5D), wound healing assay (Figure 5E) and migration assay (Figure 5F). As compared with the control cells (HCT116/Control), HCT116/CXCL14 cells exhibited stronger proliferative and migratory capacities, suggesting that CXCL14 might play an important role in CRC progression, which was consistent with previous data (Zeng et al., 2013a).
[image: Figure 5]FIGURE 5 | Effects of CXCL14 on cell proliferation and migration of human colorectal cancer cells. CXCL14 was stably over-expressed in the HCT116 cells, as determined by RT-PCR assay (A) and western blot assay (B). (C) Quantitative results of CXCL14 expression levels. (D) The proliferative capacity of HCT116 cells stably expressing CXCL14 (HCT116/CXCL14) was stronger than that of HCT116/Control only transfected with empty vectors, as measured by colony formation assay. (E) The migratory capacity of HCT116/CXCL14 was stronger than that of HCT116/control cells, as measured by wound healing assay. (F) Quantitative results of cell migration numbers in modified Boyden chamber assays in HCT116/Control cells and HCT116/CXCL14 cells. (G) The expression levels of cell cycle-related and EMT-related proteins in HCT116/CXCL14 cells and HCT/Control cells were measured by western blot. (H) Quantitative results of cell cycle-related protein expression. (I) Quantitative results of EMT-related protein expression. CXCL14 was stably over-expressed in the SW620 cells, as determined by RT-PCR assay (J) and western blot assay (K). (L) Quantitative results of CXCL14 expression levels. M. The expression levels of CDK2, Cyclin A1, vimentin in HSW620/CXCL14 cells, and SW620/Control cells were measured by western blot. (H) Quantitative results of protein expression. The experiments were performed in triplicate (n = 3). Error bars represent mean ± S.D. p < 0.05 was considered to be statistically significant. * p < 0.05; ** p < 0.01, *** p < 0.001.
We further examined the expression levels of cyclin A1, cyclin B1, CDK1, and CDK2, and found that CXCL14 could up-regulate the expression levels of cell cycle-related protein (Figures 5G,H). Meanwhile, we also noted that the HCT116/CXCL14 cells were characterized with downregulation of epithelial markers E-cadherin and upregulation of mesenchymal markers vimentin and N-cadherin (Figures 5G,I), suggesting that CXCL14 may promote the CRC progression through the regulation the EMT process.
We also constructed a stably CXCL14-expressing SW620 cell line (SW620/CXCL14), as shown in Figures 5J–L. We found that the expression levels of CDK2, cyclin B1, and vimentin could be up-regulated by CXCL14 (Figures 5M,N).
Taken together, these data strongly suggests that chemokine CXCL14 may be directly involved in CRC cell proliferation and migration.
CXCL14 Regulated the ROS-Induced Phosphorylation of ERK
The typical extracellular-regulated kinase (ERK) cascade is a highly conserved signaling pathway that bridges extracellular signal molecules and intracellular diverse executor proteins, modulating various physiological or pathological processes, including tumor cell proliferation and migration (Maik-Rachline et al., 2019). Aberrant ROS can induce the activation of ERK through different signal cascade reactions in different cancers (Su et al., 2019). In the present study, we found that ROS treatment resulted in a greater accumulation of phosphorylated ERK (p-ERK) in HCT116 cells in a time-dependent manner, which could be partially restored by the antioxidant NAC pretreatment (Figures 6A,B). Previous evidence demonstrated that chemokines could induce cancer development through the activation of Erk1/2 (Zhao et al., 2017). To explore whether chemokine CXCL14 could mediate the level of p-ERK in CRC cells, we compared the levels of p-ERK between HCT116/CXCL14 cells and HCT116/Control cells. The results revealed that the level of p-ERK was markedly higher in the HCT116/CXCL14 cells than that in the HCT116/Control cells (Figures 6C,D). Furthermore, CXCL14-deficiency markedly inhibited the phosphorylation of ERK when compared with the control cells (i.e., scrambled shRNA), as shown in Figures 6E,F. More interestingly, H2O2 treatment could partially restore the expression levels of CXCL14 and p-ERK in HCT116/shCXCL14 cells (Figures 6E,F).
[image: Figure 6]FIGURE 6 | Effects of CXCL14 on the ROS-induced phosphorylation of ERK. (A) H2O2 increased the expression levels of CXCL14 and p-ERK in HCT116 cells treated without or with 15 μM H2O2 or pretreated with 5 mM NAC in a time-dependent manner. (B) Quantitative results of the expression levels of p-ERK. (C) CXCL14 could up-regulated the phosphorylation level of ERK in HCT116/CXCL14 cells. (D) Quantitative results of the p-ERK and total ERK expression levels in the HCT116/CXCL14 cells and HCT/Control cells. (E) CXCL14-deficiency markedly inhibited the phosphorylation of ERK in HCT116/shCXCL14 cells when compared with that in HCT116/shNC. (F) Quantitative results of the p-ERK and total ERK expression levels in HCT116/shCXCL14 and HCT116/shNC cells. All experiments were repeated three times or more. Error bars represent ±S.D. p < 0.05 was considered to be statistically significant. * p < 0.05; ** p < 0.01, *** p < 0.001.
Taken together, these data suggest that chemokine CXCL14 may stimulate the expression of ROS-induced p-ERK, thereby promoting the CRC progression.
DISCUSSIONS
Accumulating evidence suggests that ROS can function as signaling molecules to participate in various physiological and pathological processes, including tumor cell proliferation and motility (Idelchik et al., 2017). The production of ROS can be induced by chronic inflammation, which may further lead to the development of chronic inflammation (Trivedi and Adams, 2018), which is similar to the roles of chemokines in the pathogenesis of chronic inflammation-associated diseases, including CRC (Coussens and Werb, 2002). Based on these backgrounds, we hypothesized that CXCL14 might be involved in ROS-induced CRC progression. To test the hypothesis, we conducted relevant studies and confirmed an important role of CXCL14 in ROS-induced CRC cell proliferation and migration. (a) Exogenous ROS (H2O2) could promote the proliferation and migration of human CRC cells. (b) ROS could promote the malignant behaviors of human CRC cells by regulating the cell cycle progression and EMT process. (c) CXCL14 was required for oncogenic signaling induced by ROS. (d) ROS-induced CXCL14 stimulated the phosphorylation of ERK in human CRC cells.
In the present study, we demonstrated ROS treatment and CXCL14 overexpression could modulate the expression levels of cell cycle-related proteins (Cyclin A1/B1, CDK1/2) and EMT-related proteins (E-cadherin, N-cadherin, vimentin), suggesting that CXCL14 might be involved in ROS-induced cell cycle progression and EMT process, which was consistent with the role of ROS-induced CXCL14 in breast cancer reported by Pelicano et al. (2009b). However, a previous study showed that ROS stimulated angiogenesis and tumor progression by reducing the expression of CXCL14 via EGFR/MEK/ERK signaling pathway in HNSCC cells (Maehata et al., 2010). Oncogenic role of ROS is with no doubt, while CXCL14 may have tumor-suppressive or tumor-supportive functions, depending on the type of the tumor. The conflicting biological functions of CXCL14 in tumor biology have been addressed. CXCL14 plays an anti-tumor role in HNSCC and tongue carcinomaa (Sato et al., 2010; Kondo et al., 2016), but a pro-tumor role in some breast cancer, pancreas cancer, and glioblastoma (Wente et al., 2008; Sjöberg et al., 2016). The contradictory results may be related to the type of the tumor, or dosage and treatment of ROS. CXCL14 may play distinct roles even in the same type of tumor. Gu et al. reported that CXCL14 expression was positively correlated to the overall survival of breast cancer patients as well as lymph node metastasis (Gu et al., 2012). However, Sjoberg et al. reported that high stromal CXCL14 expression correlated with shorter recurrence-free survival of breast cancer patients (Sjöberg et al., 2016). Moreover, CXCL14 expression was reported to be up-regulated by ROS and promoted cell motility in breast cancer cell lines (Pelicano et al., 2009b). In colorectal cancer, there are also some seemingly contradictory studies.
We found that CXCL14 modulated ROS-induced cell proliferation and motility in colorectal cancer cells, suggesting an oncogenic role of CXCL14 in CRC, which was consistent with our previous studies (Zeng et al., 2013b). However, the current study contradicted other findings (Lin et al., 2014; Hata et al., 2015). Lin et al. reported that the expression levels of CXCL14 mRNA and protein in CRC tissues were significantly down-regulated compared with levels in normal tissues (Lin et al., 2014). The clinical sample size and the method of evaluation of immunohistochemical staining may have a certain impact on the statistics and analysis of the results. Sjoberg, et al. divided the expression of CXCL14 in breast cancer clinical samples into three categories: epithelial CXCL14 expression, stromal CXCL14 expression, and total CXCL14 expression. They found that CXCL14 was strongly expressed in stromal cells and stromal CXCL14 expression significantly correlated with shorter survival in breast cancer (Sjöberg et al., 2016). Also, we found that CXCL14 was expressed in stromal cells in CRC specimens (data not shown). If software was adopted to calculate the mean optical density of immunohistochemical staining, the value would include CXCL14 expression in both tumor cells/normal epithelial cells and stromal cells. This evaluation method was different from that we used. Hata et al. reported that the incidence of AOM/DSS-induced cancer was suppressed in the CXCL14 transgenic mice due to the enhanced NK cell activity, implying an anti-tumor role of CXCL14 in chronic colitis-associated carcinogenesis (Hata et al., 2015). Accumulating evidence has demonstrated the multifarious roles of CXCL14 in cancer progression and immune responses. Chemoattraction of iDCs and NK cells and functional maturation of dendritic cells by CXCL14 can substantially contribute to anti-tumor immune response (Shurin et al., 1950; Starnes et al., 2006). In addition to normal epithelial cells, some cancer cells and stromal cells such as cancer-associated fibroblasts (CAFs) in the tumor microenvironment can express and secrete CXCL14 (Sjöberg et al., 2016). In the CXCL14 transgenic mice, all cells could highly express CXCL14, which might affect the anti-tumor or pro-tumor effect of CXCL14 from two aspects. First, whether stable expression of CXCL14 in the CXCL14 transgenic mice affects the function of some immune cells or stromal cells remains to be further explored. Second, there is no significant difference in the expression of CXCL14 between tumor tissues and normal tissues in the CXCL14 transgenic mice. In this way, tumor tissues may have no advantage in chemotacxis of DCs, NK cells or other cells to exert anti-tumor or pro-tumor effects.
Western blotting results revealed that the level of pERK1/2 was markedly higher in HCT116/CXCL14 cells when compared with HCT116/control, and CXCL14-deficiency markedly inhibited the phosphorylation of ERK1/2 compared with control (i.e., scrambled shRNA). Furthermore, ROS treatment could partially restore the expression levels of CXCL14 and pERK1/2 inHCT116/shCXCL14 cells. Thus, CXCL14 seems to provide a potent molecular association between oxidative stress and ERK signaling. In HNSCC cells, the level of phosphorylated ERK was up-regulated after ROS treatment (Maehata et al., 2010), which was consistent with our results. It is the difference that CXCL14 acts as a downstream signal molecule of p-ERK in HNSCC cells and CXCL14 acts as an upstream signal, regulating the phosphorylation level of ERK in CRC cells.
In conclusion, our results established the role of CXCL14 in the ROS-induced CRC cell proliferation and migration to facilitate the development of a rationale for the use of CXCL14 blockers in the treatment and prevention of CRC.
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Lipid metabolism involves multiple biological processes. As one of the most important lipid metabolic pathways, fatty acid oxidation (FAO) and its key rate-limiting enzyme, the carnitine palmitoyltransferase (CPT) system, regulate host immune responses and thus are of great clinical significance. The effect of the CPT system on different tissues or organs is complex: the deficiency or over-activation of CPT disrupts the immune homeostasis by causing energy metabolism disorder and inflammatory oxidative damage and therefore contributes to the development of various acute and chronic inflammatory disorders and cancer. Accordingly, agonists or antagonists targeting the CPT system may become novel approaches for the treatment of diseases. In this review, we first briefly describe the structure, distribution, and physiological action of the CPT system. We then summarize the pathophysiological role of the CPT system in chronic obstructive pulmonary disease, bronchial asthma, acute lung injury, chronic granulomatous disease, nonalcoholic fatty liver disease, hepatic ischemia–reperfusion injury, kidney fibrosis, acute kidney injury, cardiovascular disorders, and cancer. We are also concerned with the current knowledge in either preclinical or clinical studies of various CPT activators/inhibitors for the management of diseases. These compounds range from traditional Chinese medicines to novel nanodevices. Although great efforts have been made in studying the different kinds of CPT agonists/antagonists, only a few pharmaceuticals have been applied for clinical uses. Nevertheless, research on CPT activation or inhibition highlights the pharmacological modulation of CPT-dependent FAO, especially on different CPT isoforms, as a promising anti-inflammatory/antitumor therapeutic strategy for numerous disorders.
Keywords: carnitine palmitoyltransferase (CPT), fatty acid oxidation (FAO), inflammatory diseases, cancers, CPT activator, CPT inhibitor
1 INTRODUCTION
Lipids, which generally consist of triglycerides, cholesterol, phospholipids, and glycolipids, are hydrophobic molecules that have three basic functions, namely, energy storage, signal transduction, and membrane building. Initially considered as the reserves of static metabolic energy, these are now also considered as important components of various cellular signal transduction pathways. The roles of lipids in modulating host immune response, either in promoting or eliminating inflammation, have been of major clinical interest (Chen et al., 2019). Recently, lipid metabolism has been proved to be associated with various diseases, including acute and chronic inflammatory disorders and cancer. As one of the most important lipid substances in vivo, fatty acid (FA) utilization by β-oxidation is a major bioenergetic pathway that could be upregulated with prolonged fasting, exercise, or metabolic stress. FA oxidation (FAO) mainly occurs in the mitochondria and involves a series of reactions that result in the conversion of FA to acetyl-coenzyme A (acetyl-CoA). In the early 20th century, Franz (1904) elucidated the mechanisms underlying FA degradation by successive cyclic removal of two carbon units at a time, which subsequently initiated further studies on FAO (Schlaepfer and Joshi, 2020).
Compared with the transmembrane movement of short-chain and medium-chain FAs, the transport of long-chain FA is more difficult, thus becoming a key step of FAO. In the mid-1950s, Fritz (1955) determined the essential function of carnitine in the oxidation of long-chain FA in mammalian tissues. Subsequent studies by Bremer (1963) and Fritz and Yue (1963) led to a conceptual framework depicting how carnitine enables long-chain FA esterification to CoA in the extramitochondrial compartment to generate enzymes of β-oxidation in the mitochondrial matrix, thus circumventing the permeability issue of the inner membrane to acyl-CoA esters. Generally, the transfer of long-chain FAs into the mitochondria for oxidation occurs in a well-organized and regulated manner. Enzymes that facilitate this transfer are known as L-carnitine acetyltransferases; these catalyze the reversible transfer of acyl groups between L-carnitine and coenzyme A (CoA), resulting in the conversion of acyl-CoA esters into acyl-carnitine esters and vice versa (Schlaepfer and Joshi, 2020). Due to the impermeability of the mitochondrial inner membrane to long-chain CoA FA, this step in CoA and carnitine exchange is essential (McGarry and Brown, 1997). Among the enzymes, carnitine palmitoyltransferase (CPT) plays a rate-limiting role in FAO and thus has been recognized as a pivotal component of cellular metabolic homeostasis. CPT occurs in two isoforms, namely, CPT1 and CPT2, which are localized mainly in the mitochondria (Brosnan et al., 1973; McGarry and Brown, 1997) and play a crucial role in preserving their structural and functional integrity. In addition, CPT also facilitates adaptation to the environment, under both healthy and disease conditions (Roe, 2002). Therefore, intensive studies on CPT may help to understand in depth the pathogenesis of various diseases and explore a promising class of therapeutics.
2 STRUCTURE, DISTRIBUTION, AND PHYSIOLOGICAL ACTION OF THE CARNITINE PALMITOYLTRANSFERASE SYSTEM
CPT1, CPT2, and carnitine-acylcarnitine translocase (CACT) play vital roles in the transport system for FA esterification in the mitochondrial membrane. The transmembrane protein CPT1 is located at the outer mitochondrial membrane, while CPT2 is in the inner of the mitochondrial membrane (Fraser et al., 1997). Unlike the unique form of CPT2 (Demaugre et al., 1990), three tissue-specific isoforms of CPT1 have been identified: the liver isoform (L-CPT-1, CPT1A), muscle isoform (M-CPT-1, CPT1B), and brain isoform (B-CPT-1, CPT1C) (Britton et al., 1995; Yamazaki et al., 1996; Price et al., 2002). CPT1A, with its full-length cDNA clone isolated from rat liver that predicted a protein of 773 amino acids (Esser et al., 1993), is characterized by tight mitochondrial membrane binding, which would lose activity once removed from the membrane. Compared with CPT1A, CPT1B consists of 772 amino acids (Cox et al., 1998; van der Leij et al., 2000) and has lower affinity for substrate carnitine (McGarry and Brown, 1997). A study has demonstrated that homozygous deletions in CPT1B are lethal in mouse (Ji et al., 2008). The protein primary sequence of CPT1C is larger (798 amino acids) than the two other isoforms. Although CPT1C tends to adopt the same membrane topology as CPT1A, its enzyme activity is extremely low or undetectable (Hada et al., 2014). First identified in 1990 (Woeltje et al., 1990a; Woeltje et al., 1990b), the cDNA sequence of CPT2 predicted a nascent product of 658 amino acids in both rats and humans. Unlike CPT1, CPT2 does not contain a single polypeptide with both the inhibitor binding and catalytic domains (Bonnefont et al., 2004).
CPT1A is the primary isoform and is found in the liver, spleen, kidneys, lungs, intestines, pancreas, brain, and ovaries (Brown et al., 1997; McGarry and Brown, 1997). CPT1B is predominant in the skeletal muscle, adipose tissue, heart, and testis (Esser et al., 1996), whereas CPT1C is mainly expressed in the brain and is downregulated in the testis, ovaries, small intestine, and colon (Price et al., 2002). Microcosmically, CPT1A and CPT1B are both located in the outer membrane of the mitochondria, whereas CPT1C is localized to both the endoplasmic reticulum and mitochondria (Dai et al., 2007; Sierra et al., 2008). CPT1 isoform switching in the mitochondria has been established during the development of rat heart; although CPT1A represents a minor constituent of the CPT complex in the adult rat heart, its contribution is much greater in newborn animals (Brown et al., 1995). CPT2 is a ubiquitous enzyme in rats and humans (Demaugre et al., 1990; Woeltje et al., 1990a; Woeltje et al., 1990b).
The CPT system is an important intermediate of lipogenesis and a vital mechanism for the homeostasis of FA metabolism (Figure 1). CPT1A and CPT1B at the outer mitochondrial membrane catalyze the first transport step of lipid metabolism, in which the long-chain acyl-CoA and carnitine are converted into long-chain acylcarnitine and CoA. The transesterified acylcarnitines are then transferred from the cytosol into the intermembrane space (Eaton et al., 1996; Console et al., 2014) and the remaining acyl of acylcarnitine is converted back to CoA on the inner membrane and catalyzed by CPT2, which is then available for β-oxidation (Joshi and Zierz, 2020). Meanwhile, the released carnitine signal transduction is returned back to the intermembrane space of the mitochondrion through the CACT and available for the re-transport of FA (Joshi and Zierz, 2020). Comparatively, CPT1C does not serve a key role in FAO. However, it shows significant effects on neuronal oxidative metabolism, energy homeostasis, and cell senescence (Lee and Wolfgang, 2012; Reilly and Mak, 2012; Guan et al., 2019). In terms of the underlying molecular pathway, the peroxisome proliferator-activated receptor (PPAR) family is a key transcription factor in the development of FAO. Studies have shown that PPAR activation controls the levels of intracellular free fatty acids (FFAs) (Castaño et al., 2018; Ye et al., 2019). Furthermore, the expression and activity of the CPT system increase with PPAR activation, thus manipulating FA metabolism.
[image: Figure 1]FIGURE 1 | Role of the CPT system in the long-chain FA oxidation. CPT1 at the outer mitochondrial membrane catalyzes the conversion of long-chain acyl-CoA along with carnitine to long-chain acylcarnitine and CoA. The transesterified acylcarnitines are then transferred from cytosol into intermembrane space and the remaining acyl of acylcarnitine is changed back to CoA on the inner membrane catalyzed by CPT2, which is next available for β-oxidation. Meanwhile, the released carnitine is returned to the intermembrane space of the mitochondrion through the CACT and is available for the re-transport of FA. Abbreviations: CPT, carnitine palmitoyltransferase; CACT, carnitine–acylcarnitine–translocase; and CoA, coenzyme A.
3 IMPLICATIONS OF CARNITINE PALMITOYLTRANSFERASE SYSTEM IN INFLAMMATORY DISEASES AND CANCERS
In recent years, studies have focused on the contribution of lipid metabolic pathways on the pathogenesis of multiple disorders. Considering the modulatory effects and clinical implications of lipid molecules in different tissues or organs, we summarize the pathophysiological role of the CPT system in many diseases of acute and chronic inflammation as well as cancer in this review. These diseases include chronic obstructive pulmonary disease (COPD), bronchial asthma, acute lung injury (ALI), chronic granulomatous disease (CGD), nonalcoholic fatty liver disease (NAFLD), hepatic ischemia–reperfusion (IR) injury, kidney fibrosis, acute kidney injury (AKI), cardiovascular disorders, and cancer (Figure 2; Table 1). We also concentrate on the current knowledge on pharmacological modulators targeting the CPT system from preclinical evaluation to clinical trials in managing these diseases (Figure 3; Table 2).
[image: Figure 2]FIGURE 2 | Pathophysiological role of the CPT system in different tissues or organs. Related diseases include COPD, asthma, ALI, CGD, NAFLD, hepatic IR injury, kidney fibrosis, AKI, cardiovascular disorders, and cancer. Abbreviations: COPD, chronic obstructive pulmonary disease; ALI, acute lung injury; CGD, chronic granulomatous disease; NAFLD, nonalcoholic fatty liver disease; IR, ischemia–reperfusion; AKI, acute kidney injury; CPT, carnitine palmitoyltransferase; FA, fatty acid; FFA, free fatty acid; FAO, fatty acid oxidation; FAM13A, family with sequence similarity 13 member A; ROS, reactive oxygen species; mtROS, mitochondrial ROS; LPS, lipopolysaccharide; LRRK2, leucine-rich repeat kinase 2; AMPK, AMP-activated protein kinase; Sirt, sirtuin; PPAR, peroxisome proliferator-activated receptor; Nrf2, nuclear factor erythroid-2–related factor 2; HO-1, heme oxygenase-1; NLRP3, nucleotide-binding oligomerization domain-like receptor protein 3; JAK2/STAT3, Janus kinase 2/Signal transducer and activator of transcription 3; CTRP6, C1q/tumor necrosis factor‐related protein 6; α-SMA, α-smooth muscle actin; IRAK1, interleukin-1 receptor–associated kinase 1; TLR4, toll-like receptor 4; O2/rec, hyperoxia followed by air recovery; ECs, endothelial cells; TNFα, tumor necrosis factor-α; IL6, interleukin 6; NaHS, sodium hydrosulfide; EndoMT, endothelial-to-mesenchymal transition; TGF-β1, transforming growth factor-β1; PERK, protein kinase R-like endoplasmic reticulum kinase; BA-NL, betulinic acid–loaded nanoliposomes; DEX, dexamethasone; IL-17A, interleukin 17A; CAFs, cancer-associated fibroblasts; MAPKis, mitogen-activated protein kinase inhibitors; CAC, colitis-associated cancer; HCC, hepatocellular carcinoma; and IDO, indoleamine 2,3-dioxgenase-1.
TABLE 1 | The role of CPT in inflammatory disease.
[image: Table 1][image: Figure 3]FIGURE 3 | Different pharmacological modulators targeting the CPT system. C75, acetate, LRRK2, leptin, fisetin, fenofibrate, L-carnitine, CTRP6 peptide, sodium hydrosulphide, 1, 25-dihydroxyvitamin D3, GBE, quercetin, kaempferol, and isorhamnetin primarily activate CPT1, whereas BA-NL, etomoxir, perhexilin, dexamethasone and ST1326 mainly inhibit CPT1. Similarly, fenofibrate activates CPT2, while perhexilin and aminocarnitine inhibit CPT2. Abbreviations: LRRK2, leucine-rich repeat kinase 2; CTRP6, C1q/tumor necrosis factor–related protein 6; GBE, ginkgo biloba extract; CPT, carnitine palmitoyltransferase; and BA-NLs, betulinic acid–loaded nanoliposomes.
TABLE 2 | The development status of CPT inhibitors/activators.
[image: Table 2]3.1 Pulmonary Diseases
The lung is seldom considered as a metabolic organ. However, active lipid metabolism occurs in lung tissues, especially within the alveolar area, where surfactant homeostasis is exquisitely regulated to ensure continuous optimal function in each respiration cycle. Metabolic disturbance of the lipid profile induces excess inflammation, oxidative stress, and cellular apoptosis, which has been proven to be involved in the occurrence and development of various lung diseases.
3.1.1 Chronic Obstructive Pulmonary Disease
COPD is a major worldwide health problem that is increasing in prevalence and mortality (Rennard and Drummond, 2015). The progressive lung condition is characterized by an irreversible airflow limitation associated with an abnormal inflammatory response in the airway and is mostly attributable to noxious particles or gases (Mizumura et al., 2018; Gong et al., 2019). Among these, cigarette smoke (CS) is the major risk factor for the development of COPD, which accounts for at least 75% of the deaths (Gong et al., 2019). Despite increasing epidemiologic evidence linking lipid metabolism to CS-induced emphysema (Lundström et al., 2011; Zehethofer et al., 2015), the regulatory effects of FAO and CPT on COPD pathogenesis remains unclear (Jiang et al., 2017).
CS exposure has been reported to promote FAO and mitochondrial respiration, along with an increased expression of CPT1 in the airway epithelial cells (EpiCs) (Agarwal et al., 2014; Jiang et al., 2017; Gong et al., 2019). Genome-wide association studies on COPD have demonstrated that FAM13A (family with sequence similarity 13 member A) enhances FAO by upregulating CPT1A expression, while chemical or genetic inhibition of FAO attenuates the accumulation of mitochondrial-derived reactive oxygen species (ROS) and cell death induced by CS exposure in vitro and in vivo (Jiang et al., 2017). Additionally, CS exposure also disrupts the extracellular matrix during COPD (Shapiro and Ingenito, 2005), which could subsequently promote FAO in EpiC (Schafer et al., 2009). In terms of the specific mechanism, a recent study suggested that the increased FAO and CPT expression by CS challenge in airway EpiC might exploit fat storage in adipose tissues to meet elevated FA demands within the lungs under stress conditions. By metabolic adaptation, the cells are able to generate ATPs to meet their energy needs. However, sustained elevation in FAO and CPT could disturb the metabolic homeostasis of cells and be harmful to their fate and functions. This viewpoint has been supported by observations of reduced mitochondrial ROS production and improved human bronchial EpiC viability with treatment using a CPT1A inhibitor, etomoxir, after CS exposure (Jiang et al., 2017).
However, enhanced FAO and CPT expression by L-carnitine has been proven to be beneficial to emphysema or COPD (Gong et al., 2019). L-carnitine, which is the critical metabolite in the transport of long-chain FAs into the mitochondria for subsequent β-oxidation, is downregulated in the lungs of mice with emphysema (Conlon et al., 2016). L-carnitine is the substrate for CPT1 and can increase its gene and protein expression, thus promoting FAO (Karlic et al., 2002; Xi et al., 2008). Gong et al. (2019) have reported that L-carnitine promotes CPT1A gene expression in lung EpiCs, which in turn imparts a protective effect on CS-induced cellular apoptosis. Furthermore, L-carnitine preserves FAO after CS challenge in lung EpiC, thus preventing lung injury and subsequent emphysema (Petrache et al., 2005; García-Lucio et al., 2018). In an animal emphysema model induced by elastase, L-carnitine also exhibited a significant protective effect (Conlon et al., 2016). In a clinical study, Borghi-Silva et al. (2006) recruited moderate-to-severe COPD patients and conducted oral L-carnitine supplementation for 6 weeks, which showed improved exercise tolerance and inspiratory muscle strength. The exact influence of the CPT system to COPD development and the specific mechanism require further investigation.
3.1.2 Acute Lung Injury
ALI and its severe form, acute respiratory distress syndrome (ARDS), are common respiratory critical syndromes with no effective therapeutic intervention. They are triggered by a variety of direct or indirect pulmonary insults, and their complex pathophysiology is yet to be fully understood. One group of researchers showed that profound impairment in cellular oxygen consumption is one of the pathological hallmarks in the lungs of patients with the pathogen-induced ALI. In the murine model of lipopolysaccharide (LPS)–induced ALI, severely impaired FAO in alveolar EpiCs participated in the inflammatory response and lung injury, which might be attributed to the decreased expression of key mediators involved in FAO, such as CPT1A, and could partly be counteracted by treatment with a PPARα agonist, fenofibrate (Cui et al., 2019). Hyperoxia or positive pressure ventilation induces sustained lung injury in neonates, which is likely due to metabolic dysregulation in pulmonary endothelial cells (ECs). In a hyperoxia-exposed newborn murine model, pharmaceutical inhibition using etomoxir or genetic deletion of CPT1A aggravated EC apoptosis and lung injury, while treatment with L-carnitine attenuated the pathological changes (Yao et al., 2019). Elevated age is a risk factor for the poor outcomes of ALI/ARDS. Using an LPS-triggered ALI model in adult and aged mice, Gibbs et al. (2021) assessed age-related alterations in lung inflammation, muscle injury, and metabolism. They observed that etomoxir administration resulted in an increase in the mortality of aged but not adult ALI mice, thereby confirming that the CPT system is essential for survival from severe lung injury and indicating that adult mice have improved resilience to FAO inhibition. Furthermore, CPT1B in the skeletal muscles of aged ALI mice showed a distinct phenotype with its upregulated expression and decreased activity relative to adults, suggesting its correlation to the adverse age-related outcomes of ALI/ARDS.
3.1.3 Bronchial Asthma
As another common chronic respiratory disease, the pathophysiology of bronchial asthma (or asthma) is orchestrated by various inflammatory cells and mediators in close communication with airway structural cells, including EpiCs and smooth muscle cells (SMCs). Increasing evidence has linked energy metabolism to the differentiation, function, and longevity of these inflammatory and structural cells. In allergen-induced murine models, Al-Khami et al. (2017) reported a significant increase in CPT1 expression in the bronchial epithelium and infiltrated inflammatory immune cells of asthma mice. Furthermore, the pharmacologic inhibition of CPT1 by etomoxir decreased airway hyperresponsiveness, inflammatory cell infiltration, and cytokine production associated with the disease. Similarly, Esteves et al. (2021) found a metabolic switch toward mitochondrial β-oxidation with an increased rate of mitochondrial respiration and a higher level of CPT2 in asthmatic bronchial SMC, whereas blocking CPT2 by either etomoxir or perhexiline drastically reduced the proliferation of asthmatic bronchial SMCs and remodeling in bronchial smooth muscles.
3.1.4 Chronic Granulomatous Disease
CGD is a primary immunodeficiency syndrome that is characterized by defects in respiratory burst of phagocytes, leading to serious and life-threatening infections (Squire et al., 2020). Studies have suggested that disrupted lipid metabolism and suppressed mitochondrial FAO contribute to the pathophysiology of granulomatous lung disease (Huizar et al., 2013; Soliman et al., 2020). In a murine model of pulmonary granulomatous inflammation, PPARγ expression and activity in alveolar macrophage were significantly reduced 60 days after multi-walled carbon nanotube (MWCNT) exposure. In macrophage-specific PPARγ knock-out mice, granuloma formation was much more extensive than in the wild-type after MWCNT challenge (Soliman et al., 2020). With enhanced mitochondrial FAO and CPT expression mediated by PPARγ activation, Soliman et al. discovered that MWCNT instillation reduced the mRNA expression of CPT1, CPT2, and PPARγ coactivator 1 alpha in permeabilized bronchoalveolar lavage cells, accompanied by elevated oxidative stress in alveolar macrophages and inflammatory injury of murine lung tissues (Huizar et al., 2013).
According to the current evidence, CPT activation can exert either a beneficial or harmful effect during the development of pulmonary diseases. For example, CS exposure could either elevate or decrease FAO and CPT expression of EpiCs in distinct COPD models. This may be explained by the changing metabolic state of injured cells or organs during the pathological process of disease. Inhibition of CPT-dependent FAO impairs the energy metabolism of cells; meanwhile, the continuous activation of the CPT system may also contribute to mitochondrial dysfunction and excess ROS production, which further aggravate cellular damage. Accordingly, it is necessary to identify the basic metabolic profile of certain cells and the pathophysiological condition of the diseases before conducting the experiment.
3.2 Liver Diseases
Mitochondrial FAO is the primary pathway for FA metabolism and performs a key role for energy homeostasis in the liver (Li and Davie, 2010; Singh et al., 2012). Abnormal FAO and CPT1A expression have been shown to participate in the development of NAFLD and hepatic IR injury (Wei et al., 2014). The expression of FAO-relevant genes, including CPT1B and CPT2, decreased in an intrahepatic cholestasis model. They could partly be counteracted by pretreatment with a PPARα agonist, fenofibrate, which also conferred protection against the cholestatic liver injury (Zhao et al., 2017). In addition, a direct and specific increase of CPT1A in HepG2 cells plays a crucial role in the lipid-lowering and anti-inflammatory effects exerted by Ginkgo biloba extract, quercetin, kaempferol, and isorhamnetin (Wei et al., 2014).
3.2.1 Nonalcoholic Fatty Liver Disease
As a common nexus of a metabolic and hepatic disease, NAFLD is a clinical syndrome that involves lesions in the hepatic lobule, hepatic steatosis, and fat piling pathological features, despite no history of excessive alcohol consumption (Dludla et al., 2020; Ni et al., 2020). Insulin resistance and impaired adipose tissue function are instrumental in promoting hepatic lipid accumulation with metabolic syndrome. In fact, enhanced lipid accumulation, abnormal inflammatory response, and oxidative stress underpinned the development, severity, and the progression of NAFLD (Dludla et al., 2020). Hepatic mitochondrial dysfunction is commonly found in patients with nonalcoholic steatohepatitis. Dysfunction of hepatic mitochondria, altered expression of genes associated with lipid metabolism, and changes in triglycerides, cholesterol, and acyl-carnitines were observed in mice, indicating an impaired mitochondrial carnitine shuttle (Schröder et al., 2016). Using either a Western-style diet or a methionine- and choline-deficient diet, mice with mitochondrial dysfunction developed severe steatohepatitis, which is characterized by lipid accumulation, immune cell infiltration, and hepatocyte ballooning (Schröder et al., 2016).
Since the establishment of the importance of lipid homeostasis and mitochondrial function in NAFLD, much effort has been made to develop therapeutic agents that target the process. One study showed that leucine-rich repeat kinase 2 (LRRK2) participates in the regulation of FAO, and its deficiency might promote inflammation in a palmitic acid-induced NAFLD mouse model. Furthermore, CPT1A, the critical enzyme of FAO, is positively modulated by LRRK2 via the activation of AMP-activated protein kinase (AMPK) and PPARα (Lin et al., 2020). In another study, Liou et al. (2018) reported that fisetin, a naturally abundant flavonoid isolated from various vegetables and fruits, could alleviate hepatic lipid metabolism and improve NAFLD in mice via the activation of the FAO pathway. Recently, Hwangbo et al. (2020) showed that auranofin might have potential as a candidate for improving NAFLD symptoms. Auranofin significantly suppressed lipid peroxidation, inflammatory activity, and hepatic steatosis of liver tissues in NAFLD mice induced by a high-fat diet, which attributed to the decreased expression of NADPH oxidase 4 and PPARγ. Therefore, we hypothesize that regulating mitochondrial FAO and maintaining lipid homeostasis may alleviate NAFLD.
3.2.2 Hepatic Ischemia–Reperfusion Injury
Hepatic IR injury is a severe clinical issue that could lead to poor outcomes; furthermore, no effective therapies have been established (Wang W. et al., 2020; Ibrahim et al., 2021). The paradigm of hepatic IR follows two apparently separate phases, namely, the ischemic and reperfusion phases. The ischemic phase induces cellular metabolic disturbance due to glycogen consumption, ATP depletion, and lack of oxygen supply, whereas the reperfusion phase results in metabolic disturbance and an unusual immune-inflammatory response that involves both direct and indirect cytotoxic mechanisms (Zhai et al., 2013). Zhang et al. (2018) showed that the pathophysiology of hepatic IR injury is primarily marked by lipid metabolic reprogramming, which results in a secondary effect of inflammation, thereby highlighting the role of lipid metabolism in disease pathogenesis.
In view of the present research, FA metabolism has been attracting considerable interest in hepatic IR injury (Hwangbo et al., 2020), and the role of FAO in the disease is an important research topic (Wang et al., 2020). Luo et al. (2021) reported that CPT1A deficiency mitigated inflammation and oxidative stress in carbon tetrachloride-induced liver injury of mice. They also showed that CPT1A overexpression suppressed the nuclear factor erythroid-2-related factor 2/heme oxygenase-1 and nucleotide-binding oligomerization domain-like receptor protein 3 inflammasome signaling pathways. In a classic IR model with the mice exposed to in situ ischemia for 1 h and reperfusion for 6 h, Wang et al. (2020) found that mild hypothermia effectively attenuated hepatic IR injury, which might be attributable to the preservation of mitochondrial FAO and CPT1A expression via the Janus kinase 2/signal transducer and the activator of transcription 3 signaling. In addition, pharmacological interventions of FAO had obvious effects on IR injury, i.e., the activation of CPT1-dependent FAO by leptin significantly attenuated IR-induced injury, which is manifested by reduced hepatic enzyme level, hepatic injury score, hepatocyte apoptosis, and mitochondrial damage, while the inhibition of CPT1 by etomoxir imparted negative effects.
As an essential metabolic and digestive organ, the effect of the CPT system on hepatic disorders is comparatively definite. CPT deficiency and FAO downregulation induce lipid metabolic reprogramming, which leads to a secondary effect on inflammation in diseases. Thus, therapeutic manipulation targeting CPT system to maintain lipid homeostasis may be of great significance to treat multiple liver disorders.
3.3 Kidney Diseases
Kidneys are organs associated with high energy consumption, and they generate large amounts of ATP via FAO. The strongest mitochondrial FAO activity has been observed in the proximal and distal convoluted tubules (Wirthensohn and Guder, 1986). Tubular EpiCs have been confirmed to primarily rely on FAO as their energy source, whereas elevated CPT and FAO aggravated mitochondrial ROS accumulation and cell injury in diabetic nephropathy (Rosca et al., 2012). In human and murine models, reduced FAO contributed to the pathophysiology of kidney fibrosis (Kang et al., 2015). In addition, during the development of AKI, damage to the proximal tubule and medullary thick ascending limb resulted in reduced PPARα expression, which subsequently led to the diminished expression and activity of mitochondrial FAO enzymes, represented by the CPT system.
3.3.1 Kidney Fibrosis
Kidney fibrosis is the major pathological process and common end point of the progression of chronic kidney disease, which eventually leads to end-stage renal disease (Zeisberg and Neilson, 2010). In addition to proper blood pressure and glycemic control, therapeutic options to deter or revert the development of fibrosis are quite limited. In recent years, studies have focused on the metabolic disturbances coexisting with renal fibrosis. Among these, FAO reduction became critical for energy failure in the tubulointerstitial compartment, thus leading to inflammatory cell infiltration and tissue fibrosis (Kang et al., 2015; Chung et al., 2019). In the unilateral ureteral obstruction and transforming growth factor (TGF)-β1–induced kidney fibrosis models, the defective FAO and decreased CPT1A expression occurred during the progression of the disease. C1q/tumor necrosis factor (TNF)–related protein 6 (CTRP6) is a recently identified adiponectin analog, and it has been downregulated in an animal model of kidney fibrosis. The use of human CTRP6 peptide could inhibit extracellular matrix deposition and promote FAO by upregulating CPT1A (Xie et al., 2021). Concerning the critical role of CPT1A in FAO, one study treated tubular EpiCs with the CPT1 inhibitor etomoxir, and the upregulated expression of genes related to fibrosis such as α-smooth muscle actin and vimentin was observed (Kang et al., 2015). Conversely, a synthetic CPT1 activator, C75, significantly reduced the symptom of kidney fibrosis in an FA-induced murine model (Kang et al., 2015). In addition, Verónica et al. constructed a conditional transgenic mouse model with CPT1A overexpression in tubular EpiCs that was subjected to three models of renal fibrosis. The mice exhibited reduced fibrotic markers expression, attenuated proinflammatory response, and alleviated EpiC damage, which might be mediated by restoring mitochondrial homeostasis (Miguel et al., 2021).
3.3.2 Acute Kidney Injury
Lipid accumulation is related to various kinds of AKI or ischemic renal injury (IRI); however, its underlying causative factors and pathways remain unclear (Scantlebery et al., 2021). Indeed, following the onset of ischemia, the accumulation of cholesterol and triglycerides was apparently protective due to the buffer effect against FA; however, excess lipids during the progression of ischemia, displayed as droplets, could cause renal injury (Erpicum et al., 2018). In an IRI model, Scantlebery et al. (2021) identified a significant accumulation of cholesterol, specific phospholipids, and sphingolipids in the kidneys. Meanwhile, in silico analysis revealed that several energy and lipid metabolism pathways, including mitochondrial FAO, were downregulated 24 h after IRI, which could contribute to lipid accumulation. Furthermore, the decrease in CPT1 activity during renal IRI has also been observed, and this led to a reduced FA uptake and defective mitochondrial FAO. Idrovo et al. (2012) subjected rats to renal IRI by bilateral renal pedicle clamping with microvascular clips for 60 min, followed by administration of CPT1 agonist, C75, or vehicle, and they found that C75 recovered FAO, improved renal function, and attenuated tissue injury in the animal model. Beside IRI, infection is another important etiological factor for AKI. Both metabolic and inflammatory complications have been observed during sepsis or endotoxemia; however, the molecular mechanism responsible for these LPS-modulated metabolic changes remains elusive. In a murine sepsis model, LPS has been shown to suppress FAO by inhibiting the expression of associated genes, including CPT1, in kidney and liver tissues. This mechanism might rely on interleukin-1 receptor–associated kinase 1, which is one of the key Toll-like receptor (TLR) 4 intracellular signaling kinases (Maitra et al., 2009).
Existing studies have shown that mitochondrial dysfunction is observed in various nephropathies. Besides, the repairment of damaged renal cells largely depends on the ability of the mitochondria to restore ATP production. Accordingly, the preservation of CPT and FAO may attenuate or reverse renal failure, thus becoming a promising therapeutic target for the kidney diseases.
3.4 Cardiovascular Disorders
FAO serves a pivotal role in myocardial fuel selection, which is a key feature of the function and health of the heart. Recent studies have revealed that abnormal CPT expression or activity and impaired FAO could also contribute to the pathogenesis of multiple cardiovascular disorders.
3.4.1 Cardiac Dysfunction
Energy metabolism suppression is one of the cornerstones of cardiac dysfunction in sepsis/endotoxemia. Systemic inflammatory responses, as well as superoxide, nitric oxide, and peroxynitrite could impair cardiac CPT1 activity in vivo and in vitro, thus leading to myocardial dysfunction (Eaton et al., 2003). In an LPS-induced rat model of neonatal sepsis, CPT1 activity was significantly decreased in the heart compared to other organs (Fukumoto et al., 2002). Similarly, in another experimental model of murine endotoxemia, excess inflammation markedly reduced cardiac FAO and mechanical function. In addition, aminocarnitine, a CPT2 specific inhibitor, resulted in the accumulation of FAO intermediates in the heart, which further exacerbated inflammatory cardiac dysfunction. By contrast, the activation of CPT1 by C75 could restore both cardiac and mitochondrial FAO without any effects on inflammatory gene expression or cardiac function. The results indicated that impaired CPT-dependent FAO was detrimental to cardiac injury during endotoxemia, but CPT/FAO restoration alone was not sufficient to recover cardiac function (Makrecka-Kuka et al., 2020).
Cardiovascular disease is considered as one of the main causes of mortality for diabetic patients (Stamler et al., 1993). Compared to nondiabetic patients, myocardial dysfunction incidence was much higher in patients with diabetes, which was due to cardiac metabolic disturbance characterized by high FFA and reduced glucose utilization (Herlitz et al., 1988). In an animal model, diabetic rats had higher body weight, larger left ventricular end-diastolic diameter, and longer QT interval, along with increased proinflammatory cytokines and CPT1 expression in the heart than healthy rats. Nevertheless, treatment with 1,25-dihydroxyvitamin D3 dramatically ameliorated cardiac function, inflammatory response, and CPT1-mediated FA metabolism in diabetic hearts (Lee et al., 2014). TNFα is an adipose-derived proinflammatory cytokine that induces myocardial contractile dysfunction of the cardiomyocytes. In TNFα-stimulated mouse cardiac muscle cells, sodium hydrosulfide ameliorated the impaired mitochondrial respiration and ATP production/synthesis, and attenuated excess oxidative stress, which might be due to the enhanced expression of metabolic indices such as CPT1. The study indicated the therapeutic potential of sodium hydrosulfide for inflammation-associated cardiac dysfunctions (Lee et al., 2019).
3.4.2 Endothelial Dysfunction
Most ECs in a healthy person are quiescent, and they maintain barrier function and vasoregulation, and counteract thrombosis and vascular inflammation. EC metabolism has emerged as a novel and promising therapeutic target to block vascular dysregulation associated with various diseases. Glycolysis and FAO are key regulators of EC metabolism, which further influences their function and behavior (Draoui et al., 2017). ROS overproduction in EC plays a critical role in endothelial dysfunction, whereas mitochondrial ROS (mtROS) is essential to the pathogenesis of diabetic vascular complications. In bovine aortic ECs, Kajihara et al. (2017) found that during hypoglycemia, the activation of FAO followed by mtROS generation and vascular cell adhesion molecule-1 expression could induce endothelial dysfunction. Yet, these effects could be suppressed by treatment with the CPT inhibitor etomoxir. Using CPT1A-silenced ECs in the LPS model, Kalucka et al. (2018) demonstrated that the endothelial loss of FAO-controlling CPT1A promoted leukocyte infiltration and barrier disruption by elevating endothelial oxidative stress. More importantly, the supplementation of acetate could counter ROS-mediated EC dysfunction in CPT1A-deficient mice, providing therapeutic opportunities in related disorders. As one of the stimulators for the CPT system, the PPAR family is also present in the endothelium. PPARα regulated lipid metabolism and inhibited inflammatory response in vascular ECs. In the skeletal muscle and heart, PPARα has been shown to increase the mitochondrial FFA uptake and subsequent FAO through the activation of CPT1 (Fruchart et al., 1999).
In healthy adults, blood vessels are lined with a single monolayer of quiescent ECs that remains in this state for years (Eelen et al., 2018). However, upon ischemia or inflammatory injury, quiescent ECs immediately switch to a proliferative/angiogenic state to achieve tissue homeostasis (Kalucka et al., 2018). Draoui et al. (2017) found that CPT1 and FAO-upregulated proliferation in ECs played an essential role in lymphangiogenesis by promoting DNA synthesis. Meanwhile, CPT1 inhibition in blood vessels has also been shown to have potential therapeutic benefits by blocking pathological angiogenesis. Endothelial FAO is also a critical regulator of endothelial-to-mesenchymal transition (EndoMT), which is a cellular process required for normal heart valve development and is often initiated by the TGF-β family of ligands. However, deregulated EndoMT is associated with a wide range of disorders. Xiong et al. (2018) constructed a conditional mouse model of endothelial CPT2 deletion, and they demonstrated that the disrupted FAO augmented the magnitude of embryonic EndoMT, leading to the thickening of cardiac valves and elevated permeability of multiple vascular beds in adult mice. Soon after that, Shimizu et al. (2020) concentrated on how the TGF-β downstream pathway modulated CPT2 expression. They discovered that the protein kinase R-like endoplasmic reticulum kinase signaling was demanded for cardiac valve formation via CPT2-dependent FAO and EndoMT. Taken together, the results implicated that endothelial CPT and FAO were critical to maintain EC fate, and the therapeutic manipulation targeting EC metabolism might offer the basis for treating various EndoMT-linked disorders.
For the cardiovascular system, enormous quantities of energy are required to maintain the metabolism and physiological function. Current studies implicate the correlation between lipid metabolism reprogramming and cardiovascular disorders and provide evidence that the mitochondrial CPT system is essential for normal cardiac and EC function. Further research is needed to confirm the findings and to develop new effective drugs targeting CPT.
3.5 Cancers
Currently, metabolic rewiring, which supports unrestricted proliferation and metastatic progression of cancer cells, is widely accepted to be an emerging hallmark of cancers (Petővári et al., 2020). As the pivotal energy source and fundamental cellular components in tumor cells, FA is also involved in lipid-dependent metabolic reprogramming. A growing number of studies have pointed out that FAO and CPT are the key regulatory mechanisms underlying the survival, growth, and drug resistance of cancer cells, placing CPT as an emerging target for cancer therapeutics.
3.5.1 Experimental and Preclinical Studies
In the tumor microenvironment, adipocytes served as a metabolic regulator and an energy provider to promote the survival and growth of several cancer cells. One research group reported that adipocytes supplied FA for rapid tumor growth, suggesting a significant role for lipid metabolism in the treatment of cancers (Nieman et al., 2011). Similarly, Wen et al. (2017) isolated adipocytes from tumor tissues of colon cancer patients and found a transfer of FFA from the adipocytes to the cancer cells. Through the absorption of FA, colon cancer cells are resilient to nutrient deprivation conditions as these are capable of upregulating mitochondrial FAO. In addition to colon cancer, Nieman et al. (2011) arrived at a similar conclusion in ovarian cancer. Although studies have confirmed the transfer of FAs from adipocytes to cancer cells, its underlying molecular mechanism remains unclear. In colon cancer patients, abundant adipocytes were correlated with the presence of invasive tumor cells. Xiong et al. (2020) demonstrated that CPT1A is upregulated in colon cancer cells after exposure to adipocytes or FA. Furthermore, three-dimensional culture studies showed that CPT1A is upregulated in tumor cells within adipose tissues compared to that not in direct contact with adipocytes, whereas CPT1A silencing reduces tumor organoid formation and downregulates genes associated with cancer stem cells. In addition, CPT1A-dependent FAO might be a key metabolic pathway that associates adipocytes to colon cancer cells.
Immune cell metabolism in the tumor microenvironment is also important to antitumor immune responses. Macrophages enhance the immunity by phagocyting and killing tumor cells. However, the specific mechanisms have been poorly understood. CpG oligonucleotide, a TLR9 agonist, enhanced the antitumor potential of macrophages by increasing FAO and shunting of acetyl-CoA toward lipid substances synthesis, which needed the involvement of CPT1A and ATP citrate lyase (Liu et al., 2019). Chronic inflammation was considered to participate in the occurrence and development of colon cancer. Arctigenin, the major active constituent of Fructus arctii, has been reported to alleviate colitis and protect against colon carcinogenesis in mice models. Mechanistically, Arctigenin downregulated CPT1-mediated FAO, which further inhibited nucleotide-binding oligomerization domain-like receptor protein 3 inflammasome assemblies in macrophages (Qiao et al., 2020). During the development of NAFLD-promoted hepatocellular carcinoma, intrahepatic CD4+ T cells are crucial for antitumor surveillance. In the lipid-rich liver environment, elevated CPT expression and FAO might increase mitochondrial ROS and lead to cell death of CD4+ T cells, thus promoting tumor formation in a murine model, which could be blocked by the CPT inhibitor perhexiline (Brown et al., 2018). Latest evidence has shown a correlation between the toleration of local dendritic cell (DC) in the tumor microenvironment and immune evasion. Zhao et al. (2018) reported a site of immune privilege established by melanomas that drove FAO in DCs via elevating the expression of CPT1A. This FAO shift increased the activity of immunosuppressive enzymes and promoted the generation of regulatory T cells, leading to tumor-mediated immune tolerance. These findings implicate a role for the metabolic reprogramming of local immune cells in the antitumor therapy.
Except for the effects of FA from adipocytes and immune cells, FAO alterations in tumor cells themselves also affect their proliferation and migration. Xu et al. (2020) showed that a high-dose dexamethasone-inhibited tumor progression was associated with the downregulation of FAO genes, including CPT1A. It could be decreased by the uptake and consumption of lipids and glucose in cancer cells, thus indicating the orchestration of microenvironmental inherent metabolic pathways related to FAO. Wang et al. (2020) prepared betulinic acid–loaded nanoliposomes and evaluated their anticancer effects on colorectal cancer cell lines. This nanodrug significantly suppressed cell proliferation via modulating potential FA metabolism targets and pathways, such as the CPT system, which might be an effective therapy adjuvant in colorectal cancer. In addition, CPT1 and CPT2 are highly expressed in chronic lymphoblastic leukemia cells (Gugiatti et al., 2018), while the inhibition of CPT by perhexiline led to a decreased FA transport, damaged mitochondrial integrity, and the death of leukemic cells (Liu et al., 2016). Tumor growth is an angiogenesis-dependent process that requires continuous neovascularization. Wang et al. (2019) demonstrated that interleukin-17 promoted tumor growth of human lung cancer cells in vivo and in vitro, as well as stimulated angiogenesis by enhancing FAO and the mitochondrial respiration of ECs, which could be blocked by using the CPT inhibitor etomoxir. Furthermore, CPT1A knockdown in breast cancer cells disrupts invasion and lymphangiogenesis of human dermal lymphatic ECs (HDLECs). In addition, CPT1A-null HDLECs showed compromised invasion and lymphangiogenesis relative to the negative control (Xiong Y. et al., 2018).
3.5.2 Clinical Studies
Based on the above information, the CPT system becomes a potential target for the diagnosis and treatment of various cancers, which draws the attention of researchers and clinicians. Tan et al. (2021) collected serum from breast cancer patients, patients with benign breast disease, and healthy controls to estimate the accuracy of CPT1A as a marker in the diagnosis of breast cancer. The results showed that CPT1A levels were higher in patients than in controls, and they were dramatically associated with TNM stage, histological grading, and metastasis. This study suggested a remarkably high diagnostic efficiency of CPT1A that could serve as an indicator for breast cancer monitoring. Malignant melanoma pertains to an aggressive skin tumor with poor prognosis, with approximately 50% of patients harboring gain-of-function mutations in the BRAF gene. Treatment of BRAFV600E-mutant melanomas using mitogen-activated protein kinase inhibitors (MAPKi) induces tumor regression; however, this eventually results in drug resistance. Aloia et al. (2019) analyzed freshly isolated tumor biopsies from metastatic stage IV melanoma patients with paired pretreatment and early-on treatment and found that melanoma cells treated with MAPKi exhibited increased levels of PPARα-mediated and CPT1A-dependent FAO. In addition, the concomitant inhibition of FAO and glycolysis could induce apoptosis in MAPKi-treated melanoma cells, possibly benefitting patients receiving MAPKi therapies. Research on gastric cancer also proved the relationship between the CPT system and the tumor growth–promoting effect. Chen et al. (2020) showed that hypoxia-induced high expression of CPT1C was closely associated with the poor prognosis of patients with gastric cancer and could promote the proliferation of gastric cancer cells, while gene silencing or etomoxir treatment significantly suppressed cell proliferation and caused cell cycle arrest. In addition, studies on colorectal cancer indicated the possibility of regarding FAO inhibition as a novel approach and clinical strategy against the disease. Through experiments in tissue samples of colorectal patients and human colorectal cancer cell lines, Wang et al. (2018) demonstrated that CPT1A-mediated FAO activation induces cancer cells to resist anoikis, which is a specialized form of apoptosis triggered by the loss of adhesion to the extracellular matrix.
The majority of cancer-related deaths have been attributed to highly aggressive metastases. Colorectal patients with peritoneal metastases have been associated with decreased overall survival. Peng et al. (2021) investigated the primary tumor tissues collected from patients with T4Nx colorectal cancer, and they determined that CPT1A was downregulated in patients with peritoneal metastases. Furthermore, cancer-associated fibroblasts (CAFs) promoted the proliferation, invasion, and migration of colon cancer cells by increasing CPT1A expression. Conversely, disrupting FAO in CAFs with the CPT inhibitor etomoxir results in a decrease in tumor growth and intraperitoneal dissemination. Mao et al. (2021) reported CPT1A expression in 325 cytogenetically normal acute myeloid leukemia (AML) patients, except those with solid tumors. The results revealed that AML patients with upregulated CPT1A expression have a relatively short overall survival than those with downregulated expression. CPT1A-selective inhibitor ST1326 in combination with B-cell lymphoma/leukemia-2 inhibitor ABT199 imparted strong synergistic inhibitory effects on AML cells as well as primary patient blasts.
The development of cancer is a complex pathological process involving multiple cells and mediators. The interaction between cells and microenvironment may induce metabolic reprogramming, thus affecting the prognosis. For the contradictory findings from Peng et al., we speculate that the energy provided by CAFs is sufficient to support distant metastasis of the tumors or there exists competition between primary tumor cells and CAFs for FA utilization. Current studies highlight the importance of lipid metabolic state of single cell type for the proliferation and migration of tumor cells. Novel techniques, such as single-cell sequencing, could be applied to further clarify the metabolic shift in each cell types and patterns of cell–cell cross talk in different cancers.
4 CONCLUSION AND PERSPECTIVES
Lipids are important metabolic energy reserves and crucial components of cellular signal transduction pathways. Dysregulated lipid metabolism is involved in various diseases, including acute and chronic inflammatory disorders and cancers. As one of the most important steps of lipid metabolism, FAO and its key rate-limiting enzyme, the CPT system, regulate host immune responses, which is of great clinical significance. The deficiency or overactivation of the CPT system can ultimately lead to the disruption of immune homeostasis, and therefore elevate the risk for various inflammatory diseases and even cancers. Evidence has shown the involvement of the CPT system and related mitochondrial FAO in the development and progression of these disorders. Accordingly, agonists or inhibitors targeting the CPT system have emerged as novel therapies for these diseases. In addition to experimental therapeutic strategies, there have been several clinical trials on CPT modulators. Oral or intravenous administration of L-carnitine could significantly improve the condition of patients with chronic kidney disease (Nemati et al., 2019), septic shock (Puskarich et al., 2015; Evans et al., 2019), knee osteoarthritis (Malek et al., 2016), coronary artery disease (Lee et al., 2015), and maintenance hemodialysis (Savica et al., 2005). However, the efficacy, stability, and safety of the agents, as well as whether they could disturb local or systemic energy metabolism should be considered comprehensively in future clinical uses. Besides, due to the uncertain role of the CPT system in several diseases, such as COPD and cancers, new techniques should be applied to seek a breakthrough. For example, single-cell sequencing could be used to identify the expression and influence of the CPT system within each cell type and CRISPR-CAS9 gene editing could be utilized to modify CPT expression in specific cells, thus providing more precise tools to explore its cell-specific role. Furthermore, given the fact that danger signals often change multiple times in lipid metabolism, developing more potent activators/inhibitors that target multiple FAO signaling pathways, including the CPT system or combined with other anti-inflammatory/antitumor therapeutics, may facilitate translation of this promising strategy into clinical application.
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Aim: Ovarian cancer is a collaborative malignant tumor of the female reproductive system in clinical research. Some clinical studies have shown that OR3A4, which is a cancer-causing lncRNA, plays a major role in promoting the occurrence and development of a variety of tumors. And we also expressed the view that it expressed in ovarian tissue. However, the function of OR3A4 in ovarian cancer remains unclear.
Methods and Results: To further verify the function of lncRNA OR3A4 in ovarian cancer, we established the xenograft model in the zebra fish. In this study, cells transformed with OR3A4 shRNA plasmids were transplanted into the zebra fish, and the cell proliferation and migration ability were significantly reduced compared to the empty vector. While knocking out OR3A4, we further downregulated its expression by siRNA of KLF6. Our study found that the knocked out OR3A4 resulted in a decrease in cell proliferation and migration level, which can be found in the downregulated expression of KLF6. We also verify the relationship between OR3A4 and circulating tumor cells in the zebra fish xenograft model, the results indicate that lncRNA OR3A4 may be involved in the resistance of ovarian cancer to complain.
Conclusion: lncRNA OR3A4 promotes the proliferation and metastasis of ovarian cancer through the KLF6 pathway.
Keywords: ovarian cancer, lncRNA OR3A4, KLF6, inflammation, zebra fish
INTRODUCTION
Ovarian cancer is a joint malignant tumor of the female reproductive system in clinical research (Jemal et al., 2007; Bowtell et al., 2015). In China, its incidence rate ranks the third after cervical cancer and endometrial cancer, which seriously threaten women’s health (Shi et al., 2017). At present, it has been observed that long non-coding RNA refers to RNA molecules with nucleotide length between 200 and 200,000 without translation function (Mercer et al., 2009; Zhang et al., 2013; Lorenzen and Thum, 2016). Its mechanism of action is mainly to interfere with the physiological activities of cells and play a role in the occurrence, progression, and metastasis of tumors by affecting the expression of downstream genes and interfering with the normal shearing of mRNA (Maass et al., 2014; Schmitt and Chang, 2016; Luo et al., 2018; Chen et al., 2019).
Long non-coding RNA OR3A4 is the member of the olfactory receptor family 3 and subfamily A (Shang et al., 2019). Studies have reported that the expression of OR3A4 can be detected in the peripheral blood of primary gastric cancer tissues and gastric cancer patients, and it has also been found that OR3A4 can promote the growth, invasion, metastasis, and tumorigenesis of gastric cancer cells in vitro and in vivo (Guo et al., 2016). This indicates that OR3A4 is a cancer-causing lncRNA that promotes tumor progression. Clinical studies have confirmed that it plays an important role in promoting the occurrence and development of a variety of tumors , such as gastric cancer, breast cancer, liver cancer, and lung cancer (Gutschner and Diederichs, 2012; Guo et al., 2016; Liu et al., 2017; Li et al., 2019a; Zhong et al., 2019). However, the expression and function of long non-coding RNA OR3A4 in ovarian cancer remains unclear.
Kruppel-like factor 6 (KLF6) is a member of the Kruppel-like factor family and is considered a tumor suppressor (Zhang et al., 2018). Research proves that KLF6 in human cancer mainly by p53 independence means an increased expression of p21 (Lang et al., 2013; D'Astolfo et al., 2008), makes the cell cycle of tumor cells stranded in the G1/S transition, and thus plays a role of inhibition of the proliferation of cancer cells, transfer, etc. In a variety of cancers, such as rectal cancer and liver cancer (Reeves et al., 2004; Watanabe et al., 2008), KLF6 can lead to a decreased protein expression level due to gene deletion or mutation, resulting in the occurrence and development of tumors. At present, studies have shown that KLF6 silencing in ovarian cancer can promote cell and tumor growth and blood vessel production, but whether it can promote apoptosis of ovarian cancer has yet to be further studied (DiFeo et al., 2006; Han and Gong, 2021; Zhang et al., 2021). Therefore, the role of long non-coding RNA OR3A4 and KLF6 in ovarian cancer, and whether they are related became the purpose of this study. By detecting the overexpression of long non-coding RNA OR3A4 in ovarian cancer tissues and ovarian cancer cells, this study found that the increased expression of OR3A4 could inhibit the expression of KLF6, and the knockdown of OR3A4 could inhibit the migration and invasion of ovarian cancer cells. In order to further prove the role of KLF6 in ovarian cancer, this study used siRNA technology to study the role of KLF6 in isolation-induced apoptosis of ovarian cancer cells, providing a theoretical basis for further revealing the role of KLF6 in the pathogenesis of ovarian cancer.
The results show that in ovarian cancer, lncRNA OR3A4 can inhibit the expression of KLF6 expression and, at the same time, promote the cell migration and invasion ability, and the declined KLF6 expression can also block the apoptosis induced by cisplatin. lncRNA OR3A4 promotes cell migration and invasion ability of important roles and molecular mechanism, provides a theoretical basis for the future of clinical trials and drug development, and provides a new potential therapeutic target and idea. In addition, studies have shown that inflammation and tumor progression are closely linked. It was reported that chronic inflammation was related to 15–20% of tumor occurrence, such as lung cancer, gastrointestinal tumors, and breast cancer are related to systemic inflammation (Tomita et al., 2011; Xu et al., 2017). Inflammation can upregulate tumor-causing cytokines and inflammatory mediators, inhibit tumor cell apoptosis, induce tumor angiogenesis, stimulate DNA damage, induce immunosuppressive microenvironment, and remodel the extracellular matrix (Coussens and Werb, 2002; Hanahan and Weinberg, 2011). Besides, studies have likewise reported the impact of antitumor drugs on the immune response, such as methotrexate (MTX) blocking the acute inflammatory immune response after wasp infection (Yadav et al., 2021). It suggests that the effects of inflammation and tumors are mutual. In this study, we have also observed that the administration of the antitumor drug cisplatin increases the migration and aggregation of neutrophils, which are among the most quickly responsive innate immune cells in inflammation. This model could be invoked as a basis for studying the correlation between immune cells and tumors in the further study.
MATERIALS AND METHODS
Cells and Drugs
SKOV3 cell lines were obtained from the Boster Biological Technology Co., Ltd. (Wuhan, Hubei, China). SKOV3 cell lines were cultured in an RPMI-1640 medium supplemented with 10% fetal bovine serum (FBS) in a 37°C incubator containing 5% CO2. Cisplatin was purchased from Sigma (St. Louis, MO, United States).
Cell Proliferation
For the CCK8 assay, a cell counting kit 8 (CCK8, Dojindo, Japan) was used according to the manufacturer’s instructions. SKOV3+EV, SKOV3+OR3A4 shRNA, and SKOV3+OR3A4 shRNA + KLF6siRNA cells were respectively placed in a 1640 medium for 24 h, followed by incubation in 96-well plates at a density of 5 × 103 cells/well, and cultured for 24, 48, and 72 h, respectively. At the appropriate time points, 10 μL of CCK8 reagent was added to each well and mixed uniformly. Then all cells were incubated for another 3 h, and the optical absorbance at 450 nm was measured with an ELISA plate reader (Thermo Fisher, United States).
Cell Migration
SKOV3 cell migration was analyzed using a wound healing assay. A culture insert was set into a 12-well plate, following which SKOV3+EV, SKOV3+OR3A4 shRNA, and SKOV3+OR3A4 shRNA + KLF6siRNA cells were counted and seeded (8 × 105) into each well containing the culture insert with 70 μL of medium and incubated for 24 h. Suction was utilized to draw out the medium from the insert, and the insert was gently removed using sterile tweezers, followed by the addition of 2 ml of medium to each well of the plate. Finally, cell migration was observed for 0–8 h.
Western Blotting
Western blotting was done using the standard protocol. In brief, the samples were lysed and denatured in 5× sample buffer. The same amount of proteins was separated on a 10% SDS–polyacrylamide gel and transferred onto a nitrocellulose membrane. The nitrocellulose membrane was incubated with 5% non-fat milk in Tris-buffered saline (150 mM NaCl, 20 mM Tris–HCl, pH7.4) with a primary antibody overnight at 4°C. After washing, the membrane was further incubated with a secondary antibody for 45 min, and proteins were detected with an ECL detection system. ImageJ software was used to measure the band intensity.
Zebra Fish Xenograft Model Experiment
Cells of shRNA were transfected for 24 h, and empty vectors were collected and washed three times with HBSS. The labeled cells were stained with the lipophilic fluorescent tracking dye CM-DiI. The cells were seen at 37°C for 5 min and then at 4°C for 15 min. Finally, the cells were washed three times with HBSS. The labeled cells were used only for injection. The zebra fish embryos at 48 hpf (hours post fertilization) were fixed using a low–melting point agarose gel; the tumor cell suspension is loaded into a capillary needle and injected into the protriptyline space with the amount of 300–400 cells in one strip. The zebra fish injected with the tumor cells is cultured in a 34°C incubator. The cells were transplanted for observation under a microscope on the second day (1 day post-injection, dpi). Zebra fish larvae with similar tumor cell sizes were selected and cultured in an incubator at 34°C for 96 h (4 dpi). Then they were fixed with the low–melting point gel and imaged using a fluorescence stereomicroscope (Olympus MVX10, Japan), with the magnifying power of ×3.2. The images were created with ImageJ software, and the statistical analysis was performed by GraphPad Prism 8 software.
Drug Screening in Zebra Fish
After the zebra fish xenograft model was established, the zebra fish larvae with similar tumor cell mass sizes were selected for drug screening for 1 day. The drug concentration of 0.6 mg/ml was added to the zebra fish culture solution and administered by immersion. Fresh culture solution containing the drug was replaced every 24 h and cultured in an incubator at 34°C. The drug was administered continuously for 3 days (4 dpi), respectively. The methods of microimaging, picture processing, and statistical analysis were the same as before.
Data Analysis
Group data were presented as mean ± SE. The unpaired t-test was used to compare between groups. Multiple group means were compared by ANOVA, followed by the least significant difference (LSD) post hoc t-test.
RESULTS
Correlation Between KLF6 and Ovarian Cancer and Pathway Enrichment Analysis
Based on the TCGA PanCancer Atlas database of the cBioPortal website, we obtained the relationship between KLF6 and the incidence of various cancers. The alteration frequency of KLF6 in bladder cancer was the highest, which had a total of 8.76% alteration in 411 cases. Followed by ovarian cancer, there was 5.14% alteration of KLF6 in 584 cases. Among them, 0.17% were mutations, 0.17% were fusions, and 4.29% were amplification. Then we evaluated the effect of the KLF6 expression level on the survival of ovarian cancer patients through the TCGA OV database of the UALCAN Website. We found that when the KLF6 gene is highly expressed, the probability of patients surviving more than 2,000 days is significantly lower than that of the KLF6 medium- to low-expression group, which indicates that the expression level of KLF6 may be negatively correlated with the survival rate of ovarian cancer (p < 0.05).
After evaluating the correlation between KLF6 and ovarian cancer, we obtained 20 genes co-expressed with KLF6 in ovarian cancer samples based on the TCGA mRNA expression profiles on the cBioPortal Website. Subsequently, enrichment of co-related genes was analyzed by R language. The GO analysis results showed that these genes were predominantly enriched in response to hormones such as steroid hormones, glucocorticoid, and corticosteroid; muscular organ development; skeletal muscle cell differentiation; p38MAPK signal cascade; and other biological process (BP). Molecular function (MF) is mainly enriched in the activity of RNA polymerase II–specific DNA-binding transcription activator, histone acetyltransferase binding, and protein tyrosine/serine/threonine phosphatase activity. The KEGG pathway of these 20 genes is significantly enriched in the MAPK signaling pathway, parathyroid hormone synthesis, secretion and action, osteoclast differentiation, and apoptosis (Figure 1).
[image: Figure 1]FIGURE 1 | Correlation between KLF6 and ovarian cancer and pathway enrichment analysis. (A) Using the TCGA PanCancer Atlas database of cBioPortal, the alteration frequency of KFL6 in various cancer was obtained. (B) Effect of the KLF6 expression level of ovarian cancer patient survival based on the TCGA OV database of UALCAN. (C) Co-expressed genes with KLF6 in ovarian cancer samples according to the mRNA expression profiles of the TCGA database. (D, E) KEGG and GO analysis of modular genes by the R package of clusterProfiler. The enrichment file is in KEEG. and GO. txt.
Knocked Out of lncRNA OR3A4 Resulted in Decreased Proliferation and Migration Levels of SKOV3 in Zebra Fish Xenograft Model
To further verify the function of lncRNA OR3A4 on SKOV3 in vivo, we established the xenograft model in the zebra fish. The zebra fish xenograft model has been used in tumor-related research in recent years mainly because of its high efficient transplantation and intuitive and rapid observation. In this study, the cells transformed with OR3A4 shRNA plasmids were transplanted into the protriptyline space around the yolk sac of zebra fish embryos at 3 days post-fertilization (3 dpf). Then we imaged and analyzed the SKOV3 proliferation and migration at 4 days after transplantation. It was noted that after the knockdown of OR3A4 in SKOV3 cells, the cell proliferation and migration ability were significantly reduced compared with the empty vector (Figure 2).
[image: Figure 2]FIGURE 2 | Knocked out of lncRNA OR3A4 in the zebra fish xenograft model resulted in decreased proliferation and migration of SKOV3 (A, B) Representative fluoroscopy image at 4 days after transplantation of the empty vector (EV) transfected with shRNA and the SKOV3 cells transfected with the lncRNA OR3A4 shRNA plasmid into the protriptyline space of zebra fish larvae at 3d after fertilization(C, D) Fluorescent segment images corresponding to those pictures. The signals in the circles (transplant sites) are employed to the statistical analysis of cell proliferation, and the signals in the oval circles (migrated trunk sites) are used for the statistical analysis of cell migration (E, F) Statistical analysis of the effects of transfection of OR3A4 shRNA plasmid on the proliferation and migration of SKOV3 in the zebra fish xenograft model. *p < 0.05, **p < 0.01, n = 16.
KLF6 Mediated the Proliferation and Migration of lncRNA OR3A4 in SKOV3
To study the regulation of proliferation and migration of SKOV3 by lncRNA OR3A4 through the KLF6 pathway, we verified by cell rescue experiments. While knocking out OR3A4, we further downregulated its expression by siRNA of KLF6. Our study found that knocked out OR3A4 resulted in a decrease in cell proliferation and migration levels, which can be found by downregulating the expression of KLF6 (Figure 3). The result stated that OR3A4 could regulate the proliferation and migration of SKOV3 cells by downregulating the expression of KLF6.
[image: Figure 3]FIGURE 3 | KLF6 mediated the proliferation and migration of lncRNA OR3A4 in SKOV3 (A) Knocking out of OR3A4 and the downregulation of KLF6 expression can rescue the proliferation of SKOV3 cells (B, E) Knocked out OR3A4 while downregulated KLF6 saved the migration level of SKOV3 cells (B–D) Typical pictures of transwell experiments.
Knocked Out OR3A4 in SKOV3 Cells Enhanced the Antitumor Effect of Cisplatin
To study the effect of lncRNA OR3A4 on cisplatin resistance of SKOV3 cells, we treated with cisplatin, and on this basis, downregulated the expression of OR3A4, and then detected the cell proliferation and migration level. Studies have shown the same.
Proliferation and migration were significantly reduced after the concurrent use of circulating tumor cells, and the expression of OR3A4 was downregulated compared with that after a single treatment (Figure 4). The results indicate that lncRNA OR3A4 may be involved in the resistance of SKOV3 to cisplatin.
[image: Figure 4]FIGURE 4 | Knockdown of OR3A4 in SKOV3 cells enhanced the antitumor effect of cisplatin (A) The proliferation level of cells processed by DDP and simultaneously knocked down OR3A4 was significantly lower than those treated individually (B–F) The migration level of cells treated with DDP while knocking down OR3A4 was considerably lower than those treated individually (B–E) The representative images of transwell experiments (F) The statistical analysis of cell migration (G) KLF6 expression in SKOV3 cells while knocking down OR3A4. *p < 0.05, **p < 0.01, ***p < 0.001.
The Zebra Fish Xenograft Model Verified that the Knockdown of lncRNA OR3A4 Enhanced the Tumor Inhibition Effect of Cisplatin
To further verify the relationship between lncRNA OR3A4 and cisplatin in the zebra fish xenograft model, we first tested the treated concentration of cisplatin in zebra fish. Because there may be differences between the soaking concentration and the concentration in zebra fish larvae, we started the experiment according to the general concentration of the cells of the experiment. We determined the appropriate concentration of cisplatin treatment according to the development of zebra fish larvae. We found that the concentration of cisplatin equal to or higher than 0.8 mg/ml had a significant effect on the development and survival of zebra fish, whereas when the concentration of cisplatin was equal to or lower than 0.6 mg/ml, the development of zebra fish larvae was unaffected.
After determining the cisplatin treatment concentration in zebra fish larvae, we further performed the study based on the zebra fish xenograft model. Similar to the results from the cell experiment, we found that the proliferation and migration of tumor cells after simultaneous treatment with cisplatin and OR3A4 knockdown were significantly lower than those of a single treatment (Figure 5).
[image: Figure 5]FIGURE 5 | Impacts of different cisplatin concentrations on the overall development in juvenile zebra fish (3–6 dpf).
In addition, we used neutrophil EGFP-labeled juvenile zebra fish at 3 dpf to detect the effect of cisplatin treatment and OR3A4 knockdown on the immune cells. The results showed that compared with the DDP treatment alone, the migration and aggregation of neutrophils in zebra fish larvae after cisplatin combined with OR3A4 knockdown were significantly enhanced (Figure 6).
[image: Figure 6]FIGURE 6 | Concurrent treatment with DDP and knockdown of OR3A4 enhanced the tumor inhibition of cisplatin in the zebra fish xenografts model (A–D) The representative imaging of zebra fish larvae treated with DDP, knockout OR3A4, and concurrent treatment (E–F) Statistical effects of DPP, knockdown of OR3A4, and concurrent treatment on the proliferation and migration of SKOV3 cells in a zebra fish xenograft model (G) The representative images of the effects on the migration and aggregation of neutrophils in zebra fish larvae treated with DDP and knocked out OR3A4. *p < 0.05, ***p < 0.001, n = 16.
DISCUSSION
lncRNA is an important regulatory factor in the occurrence and development of ovarian cancer (Gutschner and Diederichs, 2012; Zhan et al., 2018; Long et al., 2019), which can be invoked as a potential biomarker and therapeutic target for ovarian cancer. For instance, the silencing of lncRNA MNX1-AS1 can inhibit the proliferation and migration of ovarian cancer cells (Gao et al., 2019), and lncRNA MNX1-AS1 may become a potential target of ovarian cancer. lncRNA BACE1-AS can inhibit the proliferation and invasion of ovarian cancer stem cells and can be utilized as a new target for ovarian cancer treatment (Chen et al., 2016). lncRNA HOXA1 can promote the proliferation and migration of ovarian cancer cells, which is closely linked to the prognosis of the ovary (Li et al., 2019b). Downregulation of lncRNA SPRY4-IT1 can promote the metastasis of ovarian cancer cells by regulating epithelial–mesenchymal transition (Li et al., 2017; Yu et al., 2017). lncRNA ElncRNA1, an oncogene in the proliferation of epithelial ovarian cancer cells, was substantially upregulated by estrogen (Qiu et al., 2017).
Krüppel-like factor 6(KLF6) is a member of the Krüppel-like factor family. It has been proved that KLF6 plays the role of tumor suppressor in various tumors by regulating diverse biological processes (Narla et al., 2001; Reeves et al., 2004). Studies have shown that the mechanism of KLF6 inhibiting tumor is to increase the expression of p21 through the p53-independent pathway, thus inhibiting the occurrence and proliferation of cancer cells. At present, lncRNA OR3A4 in the occurrence and development of ovarian cancer is difficult to identify and the role of KLF6 as a tumor suppressor in ovarian cancer is also unknown. Therefore, this study aims to take lncRNA OR3A4 and KLF6 as research objects and try to explore their roles in ovarian cancer cells.
To study that lncRNA OR3A4 regulates the proliferation and migration of SKOV3 through the KLF6 pathway, we verified it by saving experiments in cells. The results showed that the knockdown of OR3A4 resulted in a decrease in cell proliferation and migration levels, which could be found by downregulating KLF6 expression. To further verify the relationship between lncRNA OR3A4 and cisplatin in the zebra fish xenograft model, we first tested the treated concentration of cisplatin in zebra fish. Because there may be differences between the soaking concentration and the concentration in zebra fish larvae, we started the experiment according to the general concentration of cells in experiment. We determined the appropriate concentration of cisplatin treatment according to the development of zebra fish larvae.
We found that the concentration of cisplatin equal to or higher than 0.8 mg/ml had a significant effect on the development and survival of zebra fish, whereas when the concentration of cisplatin was equal to or lower than 0.6 mg/ml, the development of zebra fish larvae was unaffected. Therefore, we used 0.6 mg/ml in vivo cisplatin treatment in zebra fish. Further studies have the responsibility for determining whether resistance to lncRNA OR3A4 is mediated by KLF6.
Moreover, cisplatin treatment combined with the knockdown of lncRNA OR3A4 enhanced tumor suppression, which may be related to the activation of innate immune cells, especially neutrophils. In this study, we first detected the role of neutrophils after tumor drug administration, which is a rapidly responsive cell in immunity. In further research, we will also study the role of macrophages, NK cells, T cells, B cells, and other immune cells in tumor killing.
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DNA immune recognition regulation mediated by the cGAS-STING pathway plays an important role in immune functions. Under normal physiological conditions, cGAS can recognize and bind to invading pathogen DNA and activate the innate immune response. On the other hand, abnormal activation of cGAS or STING is closely related to autoimmune diseases. In addition, activation of STING proteins as a bridge connecting innate immunity and adaptive immunity can effectively restrain tumor growth. Therefore, targeting the cGAS-STING pathway can alleviate autoimmune symptoms and be a potential drug target for treating cancer. This article summarizes the current progress on cGAS-STING pathway modulators and lays the foundation for further investigating therapeutic development in autoimmune diseases and tumors.
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INTRODUCTION
Innate Immunity and Immune Diseases
Innate Immunity and cGAS-STING Signaling Pathway
The human immune system uses pattern recognition to sense infection and trigger an immune response against pathogen invasion. At the beginning of the 21st century, TLR9 was the only known foreign DNA pattern recognition receptor (PRR). In 2006, Medzhitov and Stetson reported a novel DNA-sensing immune response independent of TLR9 which can lead to interferon regulatory factor 3 (IRF3) mediated type I interferon production (Stetson and Medzhitov, 2006). They further found that the abnormal accumulation of cytoplasmic DNA caused by the abnormality of 3′ repair exonuclease 1 (Trex1) could be sensed by unknown DNA receptors leading to fatal autoimmune symptoms (Stetson et al., 2008). By the end of 2012, Chen’s team discovered a novel second messenger molecule, guanine cyclic dinucleotide (cGAMP), and its synthase cGAMP synthase (cGAS), and demonstrated that cGAS could recognize abnormal DNA in the cytoplasm and induce an innate immune response named “the cGAS-STING signaling pathway” (Ablasser et al., 2013). In the absence of double-stranded DNA (dsDNA), cGAS is in a dormant state. When a virus invades the body or when cell damage causes abnormal dsDNA accumulation in the cytoplasm, cGAS can recognize and bind to dsDNA, actively form a dimer, and catalyze the synthesis of ATP and GTP into cGAMP with phosphodiester bonds (2′3′-cGAMP). cGAMP is an endogenous ligand of STING protein located on the endoplasmic reticulum membrane. After STING is activated, the conformation of STING changes and STING moves from the endoplasmic reticulum to the Golgi apparatus, and then recruits TANK-binding kinase 1 (TBK1) and phosphorylates IRF3. Phosphorylated IRF3 forms a dimer and enters the nucleus. At the same time, STING can also activate IKK kinase (inhibitor of nuclear factor kappa-B kinase) and phosphorylate IκB, causing its degradation and the release of NF-κB. IRF3, NF-κB, and other regulatory factors in the nucleus work together to induce the expression of type I interferon (IFN-I) and various inflammatory factors (e.g., TNF, IL-6, and IL-1β), and initiate the innate immune response (Figure 1).
[image: Figure 1]FIGURE 1 | The cGAS-STING pathway. cGAS is activated by sensing cytoplasmic DNA. Activated cGAS catalyzes the formation of cGAMP. cGAMP activates STING protein, and activated STING recruits TBK1 and phosphorylates IRF3. Meanwhile, STING activated IKK kinase and phosphorylated IκB, leading to the release of NF-κB. Phosphorylated IRF3 formed dimer and translocated with NF-κB into the nucleus to synergistically induce the expression of IFN-I and various inflammatory factors. This pathway can be regulated by cGAS and STING modulators.
Autoimmune Diseases and the cGAS-STING Signaling Pathway
The cGAS-STING pathway plays an important role in innate immunity, but cGAS can also be activated by the body’s abnormal DNA to cause tissue damage or autoimmune diseases, such as Aicardi-Goutières syndrome (AGS), systemic lupus erythematosus (SLE), primary biliary liver disease. Genetic studies have shown that mutations in the genes prevent abnormal accumulation of cytoplasmic DNA, such as DNA exonuclease Trex1 (Crow et al., 2006), deoxyribonuclease-II (DNAse-II) (Kawane et al., 2001), and adenosine deaminase ADAR1 (Hartner et al., 2009), can lead to these diseases. Our group constructed a Trex1-D18N point mutation model in mice by using the CRISPR/Cas9 technology. The mice exhibit a systemic inflammatory phenotype, similar to familial chilblain lupus (FCL) and SLE. In this model, the inactivation of TREX1 leads to abnormal accumulation of dsDNA in the cytoplasm, which leads to the overexpression of IFN-I. However, after the cGAS gene is knocked out, abnormal IFN-I levels return to normal, and systemic inflammatory response and abnormal activation of T cells are effectively alleviated (Xiao et al., 2019), underscoring the role of the cGAS-STING pathway in such diseases and making it an important target for the development of drugs to treat these diseases (Abe et al., 2013).
On the other hand, the cGAS-STING pathway is also an important monitoring mechanism in the body’s antitumor immunity. In the process of immune surveillance, cGAS can detect the DNA leaked into the cytoplasm during abnormal mitosis that often occurs in malignant cells, induce the secretion of IFN-I, which stimulates the presentation of tumor antigens, and activates tumor-specific CD8+ effector T cells to exert the antitumor effect (Duewell et al., 2014). In addition, dendritic cells (DCs) can recognize tumor-derived DNA to express IFN-I and initiate antitumor immunity (Deng et al., 2014). It is worth noting that the cGAS-STING pathway is defective in many cancer types, including melanoma and colorectal cancer (Ridker et al., 2017). Increasing evidence indicates that the specific activation of STING can stimulate innate immunity and promotes T cell infiltration into the tumor microenvironment (TME), thereby suppress tumor progression (Düwell et al., 2019).
Modulating the cGAS-STING pathway and expression of IFN-I and related inflammatory factors are important in alleviating autoimmune diseases caused by immune abnormalities. In addition, cGAS and STING can serve as a bridge connecting innate immunity and adaptive immunity and regulate the occurrence and development of malignant tumors (Parlato and Yeretssian, 2014). Therefore, targeting the cGAS-STING pathway has great therapeutic potential and is receiving much attention in the pharmaceutical field. In the following, we summarized the current progress in developing molecular agents targeting the cGAS-STING pathway, and their therapeutic potential is also discussed.
CGAS INHIBITORS
Structural Features of cGAS
The cGAS protein is a member of the nucleotide transferase family. It contains an N-terminal domain and a C-terminal domain with a specific zinc-ion-binding module (Figure 2). The zinc-band structure mediates the binding of cGAS to the phosphate ribose backbone of dsDNA and the dimerization of cGAS and participates in the synthesis of 2′3′-cGAMP. The catalytic domain of cGAS is the NTase family, whose N-terminus contains all catalytic residues (Zhang et al., 2020). In 2013, Kranzusch et al. (2013), Kato et al. (2013), and Li et al. (2013a) reported the crystal structure of cGAS protein without binding dsDNA or ligand. Point mutation studies have shown that certain amino acid residues such as Lys335 (m-cGAS)/Lys347 (h-cGAS) are important for forming cGAS dimers and cGAS functions. cGAS activity is eliminated by Lys335 and Lys382 (m-cGAS)/Lys394 (h-cGAS) point mutations (Zhang et al., 2014). In addition, Tyr436 and Arg376 can form π-π stacking and π-cation with the aromatic center of the ligand, respectively. The amino group of Lys362 can form a salt bridge with the phosphate group of cGAMP, and the amino hydrogen on Asp227 adenine can interact with Asp319. The carboxyl oxygen forms a hydrogen bond. These amino acids exert a synergistic effect in cGAS functions (Chen, 2019). The crystal structure analysis provides a foundation for structure-based drug design and development (Hall et al., 2017a).
[image: Figure 2]FIGURE 2 | The potential targeting sites of cGAS modulators, as shown on the X-ray crystal structure of human cGAS (Adopted from PDB ID: 4KM5). (A) Human cGAS domain composition. The human cGAS structure contains N-terminal helical extensions (amino acid residues 1–160) and C-terminal domains (amino acid residues 161–522). A unique zinc ion is located at position 202. (B) Binding diagram of human cGAS with inhibitors. The G212, S213, and R376 sites in the activation loop are the key sites of cGAS binging substrate (ATP + GTP). The inhibitors that target DNA binding sites include AMD, ODNA151, and suramin, and the inhibitors targeting ATP and GTP binding sites include RU.521, CU-32, CU-76, and I-a-9c.
Current cGAS Inhibitors
The development of cGAS inhibitors is at its initial stage. The currently known cGAS inhibitors can be divided into non-substrate competitive inhibitors and substrate competitive inhibitors according to whether they act on the active site of cGAS substrates. Non-substrate competitive inhibitors usually inhibit the activity of cGAS by binding to the necessary groups other than the active center, such as aspirin. Substrate competitive inhibitors usually share structural similarities with the substrate for binding, thereby reversibly inhibiting enzyme activity, such as RU.521. The following is a detailed description of the currently known cGAS inhibitors (Table 1).
TABLE 1 | cGAS inhibitors.
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The classic drug aspirin is a non-steroidal anti-inflammatory drug (NSAID), which is known to acetylate proteins such as cyclooxygenase (COX) (Shakespear et al., 2011). Studies have shown that aspirin can inhibit the activity of human cGAS by regulating its post-translational modification in patient cells by acetylating Lys384, Lys394, or Lys494 (Dai et al., 2019). Aspirin improves DNA-mediated autoimmune responses in mice and patients with AGS by inhibiting the function of cGAS (Dai et al., 2019). At present, aspirin is widely used in clinical practice, with 2,269 items registered clinical trials on the NIH list. Its pharmacological action and pharmacological metabolism have been well defined. These findings suggest that aspirin can act as a human cGAS inhibitor for the treatment of immune diseases.
Antimalarial Drugs
Antimalarial drugs (AMDs), a family of widely used drugs for the treatment of malaria, have proved a safety profile. In 2015, An et al. reported a series of AMDs that can interfere with the binding of cGAS and dsDNA, including hydroxychloroquine sulfate (HCQ), chloroquine (CQ), and quinine (QN) (An et al., 2015). The results show that HCQ can inhibit cGAS activity by non-specific binding of aminoquinoline and aminoacridine, taking up the DNA binding sites R342 and K372. In addition, their inhibition of cGAS activity and IFN-β production is dose-dependent. For example, the half-maximal inhibitory concentration (IC50) of AMDs in THP-1 cells is in the dose range of 3–25 μM, while the IC50 of QN is 13 μM (Bose et al., 2016). Because of the good safety profile of AMDs and its inhibitory capability on cGAS, the interaction between AMD and cGAS provides a new therapeutic strategy for the treatment of innate immune diseases.
An Oligodeoxynucleotide Containing a TTAGGG Modified Fragment (ODNs)
In 2018, Steinhagen et al. reported that ODNs containing the TTAGGG modified fragment could inhibit cGAS activity (Steinhagen et al., 2018). It inhibited the expression of type I interferon in THP-1 cells and the activation of cGAS in Trex1−/− cells. Among them, the inhibitory activity of ODN A151 depends on the telomere sequence and phosphorothioate backbone to prevent cGAS activation by competing with DNA (Steinhagen et al., 2018), laying the foundation for developing new immunosuppressive agents to treat autoimmune diseases caused by cGAS abnormal activation.
The RU Series of Compounds
Some drugs bind to cGAS, thereby affecting the affinity of ATP or GTP to cGAS, which is the key to inhibition. In 2017, Vincent et al. reported that the RU series of compounds could occupy the catalytic sites Arg364 and Tyr421 of cGAS in mice, reduce the binding affinity of cGAS to ATP and GTP suppress the expression of interferon in primary macrophages (Vincent et al., 2017). RU.521 showed good activity in the macrophages derived from the AGS mouse model (IC50 = 700 nM). Due to the low signal of human cGAS (h-cGAS) in RF mass spectrometry, accurate kinetic characterization cannot be carried out (Lama et al., 2019). Based on the significant inhibition of the RU series of compounds on murine cGAS, the RU series of compounds are expected to be used as human cGAS inhibitors but need further investigation.
The PF Series of Compounds
In 2017, Hall et al. reported the PF series of compounds with a high affinity for binding human cGAS by a novel fluorescence polarization method (Hall et al., 2017b). The study found that PF-06928215 bound to cGAS efficiently and showed high inhibitory activity in vitro. Later, Zhao’s research group reported the discovery of a novel human cGAS catalytic domain (H-cGASCD) and screened out the PF compounds S2 (IC50 = 13.1 ± 0.09 μM) and S3 (IC50 = 4.9 ± 0.26 μM) as h-cGAS inhibitors (Zhao et al., 2020). These studies lay a foundation for the further application of PF compounds.
Suramin
Suramin has a variety of functions and many clinical applications. So far, there are 21 suramin-related clinical trials on the NIH list. Its toxicological characteristics and target structure are clear. In 2018, Wang et al. reported that suramin could inhibit cGAS and regulate the production of type I interferon (Wang et al., 2018). It is showed that suramin, as a nucleic acid analog, blocks the binding of cGAS to dsDNA. However, suramin may interact with the Toll-like receptor 3 (TLR 3) pathway to produce off-target effects as well (Padilla-Salinas et al., 2020). Therefore, structure optimization of suramin needs to be further conducted.
Substituted Acetamides
At present, few skeleton structures of cGAS nucleoside site inhibitors have been reported. In 2019, Chen reported the synthesis of cGAS inhibitor pharmacophore based on the cGAS receptor-ligand complex structure (Chen, 2019). Conformational analysis shows that the original receptor-ligand binding effect between the compound I-a-9-c and cGAS. Tyr436 and Arg376 can form π-π stacking and π-cation with the aromatic center of the I-a-9c, respectively. In addition, the hydroxyl group on its propanol group can also form a hydrogen bond with the carboxyl group of Asp 227 in cGAS, and the hydrogen bond improves the inhibition of cGAS activity. The inhibitory rate of I-a-9c on the cGAS activity at 10 μM is 83.9% in THP-1 cells (Chen, 2019). These compounds have low toxicity and high efficiency, so it has potential for further development.
The CU Series of Compounds
Crystal structure studies have shown that the two DNA-binding surfaces and the protein-protein interface (PPI) of cGAS play an important role in IRF3 activation and IFN-β induction (Hall et al., 2017b). In 2019, Padilla-Salinas et al. reported a novel drug binding site of cGAS at Z9189 by targeting the PPI of human cGAS (Padilla-Salinas et al., 2020). Structural docking indicated that the inhibitor CU series of compounds targeting Z9189 might be inserted into the zinc capsule structure of cGAS, thus inhibiting dimer formation through the allosteric effect. It is worth noting that CU-32 and CU-76 specifically inhibit the cGAS-STING pathway but have no significant effect on the RIG-I-MAVs pathway or the TLR pathway. Further studies showed that the IC50 values of CU-32 and CU-76 in THP-1 cells were 0.66 and 0.27 μM, respectively, and the inhibitory effect was dose-dependent (Padilla-Salinas et al., 2020), which provides a new chemical scaffold for developing cGAS inhibitors.
RESEARCH STATUS OF STING MODULATORS
Increasing evidence indicates that persistent activation of STING is associated with the pathogenesis of autoimmune diseases induced by its gene mutations, such as AGS (Barber, 2015), autoimmune myocarditis (Kwon and Bakhoum, 2020), multiple arthritis, and other related vascular diseases (Feng et al., 2020). These diseases occur in infants with family history and pose a serious threat to human life and health. Therefore, STING is an attractive target for therapeutic intervention.
Structural Characteristics of STING
The human STING (h-STING) protein, as a homodimer, consists of a luminal N-terminal domain (four transmembranes helically anchored ER: TM1-4) and a cytoplasmic C-terminal domain (CTD) containing ligand binding pockets (Wang et al., 2014) (Figure 3). The crystal structure of CTD dimer shows that without cGAMP, the ligand-binding domain (LBD) is in an inactive open conformation. cGAMP binding induces the CTD of the STING dimer to turn clockwise relative to the transmembrane domain (TMD) (Wang et al., 2014). Rotating 180° causes the formation of β-sheets, covering the ligand-binding pocket, causing STING to become an active closed state. Point mutation studies have shown that the residues in the N-terminal helical loop, V147 L, N154 S, and V155 M, may contribute to the conformational change of STING. After the ligand binds to STING, the STING TMD is modified post-translationally, and STING was translocated from the endoplasmic reticulum to the Golgi apparatus, in which palmitoylation of Cys88/91 is crucial to the activation of STING. STING binds to the TBK1 dimer through the C-terminal, activates TBK1, and phosphorylates IRF3, and the main phosphorylation site is Ser366 at the C-terminal (Weerapana et al., 2010). The phosphorylation at Ser172 of TBK1 is required for its activation (Mukai et al., 2016). Although the specific mechanism of STING activation needs further investigation, these analyses lay the foundation for structure-based drug design to facilitate the research and development of novel immune regulatory agents with high efficiency and low toxicity. The currently known STING inhibitors are listed on Table 2.
[image: Figure 3]FIGURE 3 | The potential targeting sites of STING modulators, as shown on the Cryo-EM structure of human STING (Adopted from PDB ID: 6NT5). (A) Human STING domain composition. Human STING protein, as a homologous dimer, is composed of a luminal N-terminal domain (TMD, amino acid residues 1–152) and a cytoplasmic C-terminal domain (CTD, amino acid residues 153–385) containing ligand-binding domain (amino acid residues 153–340). (B) Binding diagram of human STING with modulators. The inhibitors targeting the TMD domain include C-178, H-151, and NO2-FAs. The inhibitors targeting the CTD domain include di-ABZI, Compound 24b, G10, and α-Mangostin. The inhibitors targeting the ligand-binding sites include astin C, Compound13, and Compound18. Its agonists include ADU-S100, BMS-986301, MK-1454, MSA-2, and SR-717.
TABLE 2 | STING inhibitors.
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Nitrofuran Derivatives
Palmitoylation of STING is a post-translational modification critical for the assembly of STING into polymer complexes in the Golgi apparatus and recruitment of downstream signal factors (Zhang et al., 2013). In 2018, Haag et al. reported that nitrofuran derivative C-178 and indoles derivative H-151-Al (H-151) were irreversible inhibitors of mouse STING (m-STING) and human STING (h-STING), respectively (Haag et al., 2018). The main inhibitory mechanism was that C-178 forms covalent bonds with Cys91 and Cys88 of STING TMD, which affects the palmitoylation of STING. Unlike C-178 and H-151, Hansen et al. reported that nitro-fatty acids (NO2-FAs/CXA-10) had an inhibitory effect on either mouse or human STING (Hansen et al., 2018). NO2-FAs forms a covalent bond with Cys88/91 and N-terminal His16, which affects the palmitoylation of STING and inhibits TBK1 phosphorylation in the fibroblasts derived from patients of STING-associated vascular disease (SAVI). Additionally, CXA-10, a STING inhibitor, has also entered clinical trials as an oral peroxisome proliferator-activated receptor agonist (PPAR) for the treatment of primary focal segmental glomerulosclerosis (FSGS) (Hansen et al., 2018).
Astin C
STING can be directly associated with cyclic dinucleotides (CDNs) to activate the downstream immune response (Burdette et al., 2011). In 2018, Li et al. reported that astin C, a natural cyclic peptide from Aster, inhibited the innate immune CDN sensor STING (Li et al., 2018). Astin C specifically binds to the CTD region of STING and occupies the cGAMP binding pocket by interacting with Ser162, Tyr163, and Arg238 to inhibit h-STING functions. In isothermal titration calorimetry, astin C binding to STING can be abolished by high concentrations of cGAMP. In addition, astin C inhibited IFN-β mRNA expression in mouse and human fibroblasts with the IC50 values of 3.42 and 10.83 μM, respectively (Li et al., 2018). Based on the high efficiency and low toxicity. Astin C may be used to treat STING dysfunction-mediated diseases.
Derivatives Containing Carboxylic Acids
Targeting the large protein pocket in STING is a challenge since the molecular weight of its endogenous ligand cGAMP is relatively high (Burdette and Vance, 2013). In 2019, Siu et al. reported that by using the symmetry of STING protein, small molecules (derivatives containing carboxylic acids) were screened to bind to the open conformation of STING in the ratio of 2:1 (Siu et al., 2019). Such binding stoichiometry can fully occupy the large binding site while maintaining oral drugs’ good physical and chemical properties. As the antagonists of h-STING, the selected carboxylic acid derivatives of Compound 13 (Siu et al., 2019) (EC50 = 30 μM, IC50 = 11.5 μM) and 18 (EC50 = 30 μM, IC50 = 11 μM) formed hydrogen bonds with Thr263 through carboxyl groups and stabilized the open conformation of STING. With a binding ratio of 2:1, there is a risk of instability in the drug potency. Therefore, two-dimensional optimization of protein-ligand and ligand-ligand interactions is needed to improve valence efficiency (Siu et al., 2019).
STING Agonists
Activating the cGAS-STING pathway can enhance the immune response and restrain tumor growth. In addition, STING agonists can be used as adjuvants to develop vaccines against certain infectious diseases, such as HIV and malaria. Currently, most STING activators are synthetic CDNs. The entry of cGAMP into cells can overcome the escape of cGAS recognition by pathogens (Li et al., 2013b), and activate the interferon response driven by STING in DCs, thereby promoting the formation of major histocompatibility complex presenting tumor-associated antigens to activate CD8+ T cells for antitumor killing (Li et al., 2016). Several known STING agonists are described below (Table 3).
TABLE 3 | STING agonists.
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In recent years, CDNs have become a class of STING agonists with anticancer effects (Dubensky et al., 2013). In 2015, Corrales et al. reported that CDNs can bind to the ligand-binding domain of STING and activate it, thereby affecting the vascular system and tumor microenvironment and initiating the activities of APC (antigen-presenting cells) and CD8+ T cells (Corrales et al., 2015). Intratumoral injection of CDNs produces a significant antitumor T cell immune response, prevents distal metastasis of lung cancer, generates immune memory, and causes complete tumor regression (Corrales et al., 2015). One of their CDNs was named ADU-S100. In 2019, Meric-Bernstam et al. reported that in comparison to cGAMP, ADU-S100 shows better metabolic stability and higher effectivity in activating STING (Meric-Bernstam et al., 2019). Currently, ADU-S100 is undergoing clinical trials as a STING agonist.
BMS-986301, a cyclodinucleotide derivative originally developed by IFM Therapeutics, was presented by Bristol Myers Squibb (BMS) at the Cancer ImmunoTherapy Society (SITC) in 2018. In May of 2019, BMS-986301 entered a phase 1 trial (Clinical Trials.gov ID: NCT03956680) to treat advanced solid tumors with monotherapy combined with immune checkpoint inhibitors (ICIs). However, the structure of BMS-986301 has not been fully determined (Ding et al., 2020).
In 2018, Harrington et al. reported that cyclic dinucleotide MK-1454 induced complete tumor regression through intratumoral administration and enhanced the efficacy of anti-PD-1 therapy in a homologous mouse tumor model (Harrington et al., 2018). MK-1454 has entered a clinical trial (NCT03010176) to treat advanced solid tumors (Harrington et al., 2018). These drugs have a high safety profile, and their maximum tolerated dose (MTD) has not been determined and should be further studied.
Nonnucleotide Agonists
Amide Compounds
Cyclic dinucleotide agonists are limited in their clinical application due to their high polarity and proteolytic tendency. In recent years, non-nucleotide derivatives have gained prominence due to their high specificity and effectiveness. In 2018, Ramanjulu et al. reported the synthesis of symmetrically related amide benzimidazole (ABZI) compound, which enhanced the binding and cellular function of STING (Ramanjulu et al., 2018). This formamide compound is anchored to Ser241 in the STING CTD region by hydrogen bonds. The pyrazole ring is located at the bottom of the binding pocket and connected to Ser162 by hydrogen bonds. In addition, two ABZI subunits on N1 benzimidazole bind to the pocket. These effects significantly enhance the binding affinity between STING and di-ABZI. In human peripheral blood mononuclear cells (h-PBMCs), di-ABZIs can induce IFN-β with EC50 of 130 nM, 400 times higher than cGAMP, without apparent toxicity. Furthermore, di-ABZI caused significant tumor volume regression by intravenous administration in a mouse model of colon tumors (Ramanjulu et al., 2018). In 2020, Xi et al. reported that amino benzimidazole derivatives - Compound 16g, 24b, and 24e, all STING agonists significantly increase the expression of IFN-β, CXCL10, and IL-6 and promote the phosphorylation of STING, TBK1, and IRF3 in h-PBMC and THP-1 cells (Xi et al., 2020). They also have significant antitumor effects when given intravenously in mice with colorectal tumors. Compounds 16g, 24b, and 24e in THP-1 cells showed high safety with the EC50 values of 1.24, 0.287, and 1.14 μM (Xi et al., 2020). Since then, N-(methylcarbamoyl)-2-{[5-(4-methylphenyl)-1,3,4-oxadiazol-2-yl]sulfanyl}-2-phenylacetamide (C11) (Gall et al., 2018) and 6-bromo-n -(naphthalen-1-yl)-benzo (d) (Stetson and Medzhitov, 2006; Ablasser et al., 2013) dioxole-5-carboxamide (BNBC) (Zhang et al., 2019) have been identified as h-STING agonists. In human fibroblasts (THF) and myeloid cell lines (MM6), C11 and BNBC can specifically activate STING-mediated transcription and translation of interferon and other antiviral genes, effectively blocking replication of multiple alphavirus types, including chikungunya fever, venezuelan equine encephalitis, mayaro virus. Moreover, the immune response is independent of MAVS and TRIF. However, C11 does not activate innate immune responses in mouse and THP-1 cells, and the specific mechanism is unclear.
Kitacinnamycins 8
The natural products of medicinal plants have been important resources for discovering novel drugs in recent decades (Newman and Cragg, 2016). In 2019, Shi et al. identified a new class of cinnamoyl-containing nonribosomal peptides (CCNPs) through the genomic collection and biosynthetic methods, named kitacinnamycins (Shi et al., 2019). Kitacinnamycins 8 increased poly (dA:dT) and cGAMP-induced IFN-β expression in a dose-dependent manner (Shi et al., 2019). However, the pharmacokinetics of kitacinnamycins 8 remain uncovered.
Flavonoids Compounds
In 2013, Kim et al. reported that 5,6-dimethylxanthenone-4-acetic acid (DMXAA) is a mouse STING agonist. In the mouse macrophage cell line Raw264.7 and L929 cells, DMXAA, similar to cyclic dinucleotide PAMPs and cyclic GMP-AMP, binds with m-STING to activate the TBK1-IRF3 pathway. In addition, DMXAA showed good activity in mouse solid tumors, causing tumor-specific vascular injury and other antitumor effects. However, its clinical trials failed, possibly because DMXAA does not bind to h-STING and lacks efficacy or mechanism-related toxicity in humans (Kim et al., 2013a). Unlike DMXAA, flavonoids α-Mangostin (Zhang et al., 2018) and G10 (Banerjee et al., 2020) were agonists of human STING. α-Mangostin and G10 bind to and stabilize the CTD region of STING in THP-1 cells and HEK293T (the human embryonic kidney cell line), respectively, and activate the STING-TBK1-IRF3 pathway. The EC50 values of G10 in STING R232 and H232 variants were 2.5 and 4.3 μM, respectively. In addition, α-Mangostin can repolarize human monocyte-derived M2 macrophages into the M1 phenotype, which has an antitumor function. However, α-Mangostin lacks in vivo biological activity and pharmacological properties, and G10 cannot activate all human STING, such as THP-1. In 2017, Liu identified a dispiro diketopiperzine (DSDP) compound as a h-STING agonist using a high-throughput cell-based screening method (Liu et al., 2017). DSDP induced STING-dependent cytokine responses in human foreskin fibroblasts (HFF) and h-PBMCs and effectively inhibited the replication of yellow fever virus, dengue virus, and Zika virus (Liu et al., 2017).
Other Compounds
In 2020, Pan et al. reported a non-nucleotide agonist, MSA-2, acting on STING (Pan et al., 2020). MSA-2 exists as an interconverting monomer or dimer, but only can it bind and activate STING in the dimer form. In mouse tumor models, MSA-2 was well tolerated by subcutaneous injection and oral administration. It can stimulate the secretion of IFN-β in tumors, induce tumor regression, have long-lasting antitumor immunity, and synergize with anti-PD-1 therapy. Moreover, in the acidic tumor microenvironment, the cellular efficacy of MSA-2 was enhanced with extracellular acidification (Pan et al., 2020). In 2020, Chin et al. reported another non-nucleotide STING agonist, SR-717 (Chin et al., 2020). SR-717 activates STING and induces “closure” of STING in a binding manner similar to that of cGAMP-STING. Through protein thermal transfer analysis, SR-717 can directly bind to recombinant STING and promote the cross-initiation of antigen and the activation of CD8+ T cells, natural killer cells, and dendritic cells. In addition, SR-717 can induce the expression of relevant immune genes, including programmed cell death ligand 1 (PD-L1), and show antitumor activity (Chin et al., 2020). MSA-2 and SR-717 are STING agonists suitable for clinical application because of their oral characteristics and simplified administration mode, and their pharmacological metabolism should be further studied.
INDIRECT MODULATION OF THE CGAS-STING PATHWAY
Indirect Inhibition of cGAS by Targeting BAF
BAF is a self-integration disorder factor encoded by BANF1 and belongs to chromatin-binding protein, essential for nuclear membrane recombination in mitosis (Wang et al., 1996). BAF can dynamically bind to dsDNA, inhibit cGAS activity and suppress abnormal immune responses (Wang et al., 1998). Therefore, activating the cGAS-STING signaling pathway by inhibiting BAF may be an effective antitumor strategy (Zhao et al., 1998). Kim et al. found that a butanol lactone derivative, obtusilactone B, purified from spirea pernifolia, can inhibit BAF activity (Kim et al., 2013b). The specific binding of obtusilactone B to BAF inhibits vaccinia-associated kinase 1 (VRK1)-mediated BAF phosphorylation, leading to DNA nuclear membrane disintegration, thus inactivating BAF. In addition, Kim et al. isolated brazilin from legumes, which can inhibit BAF phosphorylation in vitro and in vivo by inhibiting VRK1, and disrupt BAF banding to DNA (Kim et al., 2015). Therefore, obtusilone B and brazilin can be candidates for the indirect regulation of cGAS-STING signaling. The above modulators are shown in Table 4.
TABLE 4 | Indirect regulators targeting the cGAS-STING pathway.
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Studies have shown that tyrosine kinase receptor HER2 can effectively inhibit cGAS-STING signaling (Kroemer et al., 2015). Activated HER2 recruits the downstream protein kinase AKT1 and phosphorylates TBK1, thus blocking the formation of STING and TBK1 complex, and causing ubiquitination of TBK1 and ultimately weakening the STING signal (Wu et al., 2019). Therefore, inhibiting HER2 may effectively activate cGAS-STING-mediated signaling. Kulukian et al. reported a small molecule, tucatinib which could inhibit HER2 activity and blocks downstream signal transduction through MAPK and PI3K/AKT pathways (Kulukian et al., 2020). In addition, tucatinib was selectively cytotoxic to HER2-amplified breast cancer cells. Tucatinib has shown enhanced antitumor activity in combination with trastuzumab (therapeutic agents that target HER2 positive advanced metastatic tumors) or docetaxel (a newly developed taxoid anticancer agent), resulting in improved rates of partial and complete tumor regression (Kulukian et al., 2020).
Indirect Inhibition of cGAS by Targeting G3BP1
In 2019, Liu et al. reported a novel cGAS-regulatory factor G3BP1 (GTPase activating protein SH3 domain-binding protein 1) (Liu et al., 2019). G3BP1 promotes the binding and activation of cGAS with DNA by changing the structure or oligomerization state of cGAS. Epigallocatechin gallate (EGCG), a polyphenol isolated from tea, is a known inhibitor of G3BP1 and specifically inhibits the binding of G3BP1 to cGAS and prevents the activation of cGAS, thereby blocking IFN-I production in vivo and in vitro. EGCG administration attenuated autologous DNA-induced autoinflammation in AGS mouse models and reduced interferon gene expression (Liu et al., 2019). Currently, EGCG is undergoing clinical trials with the potential to treat cGAS-dependent immune disorders.
Modulation of the cGAS-STING Pathway by Compound C
Compound C is known to be a reversible inhibitor of AMPK and ALKs protein kinases. However, our group found that Compound C could inhibit the expression of IFN-β and related interferon stimulating factors (ISGs) by inhibiting the accumulation of cGAMP in the cytoplasm (Lai et al., 2020). Liquid chromatography-mass spectrometry (LC-MS) data showed that Compound C could inhibit the expression of type I interferon by decreasing the accumulation of cGAMP. It plays a modulator role in cGAS-STING-mediated DNA sensing pathway, but this effect is independent of AMPK protein activity. The IC50 of Compound C in L929 cells is 40 μM. In addition, Compound C can rescue the autoimmune phenotype of Trex1 gene deletion in mice (Lai et al., 2020), indicating that Compound C can inhibit the cGAS-STING pathway by acting on cGAMP, which will lay a foundation for further structural optimization of Compound C, and revealing the structure-activity relationship between small molecule compounds and cGAS or STING proteins, and for the design, synthesis and bioactivity studies of related new compounds.
Indirect Inhibition of cGAS-STING Pathway by Targeting IRF3
Celastrol is a bioactive substance isolated from Tripterygium wilfordii. In 2020, our group found that celastrol could inhibit IRF3 activation in vitro and in vivo, thus effectively inhibits exogenous DNA-induced IFN-I response, with an IC50 value of 145.7 ± 23.6 nM (Liu et al., 2020). In addition, celastrol significantly rescued autoimmune phenotypes in Trex1−/− mice, including myocarditis and abnormal interferon response (Liu et al., 2020). Therefore, celastrol may be used to treat autoimmune and interferon-related diseases, but its specific targets need further clarification.
Indirect Inhibition of cGAMP by Targeting ENPP1
Exonucleotide pyrophosphatase/phosphodiesterase I (ENPP1), as a key phosphodiesterase, catalyzes the hydrolysis of ATP or GTP to AMP or GMP, which affect the activity of STING by degrading cGAMP (Onyedibe et al., 2019). ENPP1-targeting inhibitors are expected to treat diseases associated with the cGAS-STING pathway. ENPP1 inhibitors can be divided into two classes. The first group are nucleotide inhibitors. They are structurally similar to natural ENPP1 substrates and competitively bind ENPP1 with ATP or GTP, such as α,β-metADP/ATP, 2-mesADP/ATP and bzATP, with IC50 values ranging from 13 to 32 μM (Lee et al., 2017). In addition, γ-S-α,β-metATP derivative, ARL 67156 and Diadenosine boranophosphate derivative are also nucleotide inhibitors of ENPP1, but their pharmacological activities need to be further determined (Lévesque et al., 2007). The second class of non-nucleotide inhibitors include polyoxometalates (TiW11CoO40)8−, suramin, heparin, etc. (TiW11CoO40)8− is the most effective ENPP1 inhibitor at present, and its Ki is 1.46 nM (Lee and Müller, 2017). In addition, SR-8314 and MV-626 could increase tumor infiltration of CD3+, CD4+, and CD8+T cells and showed significant antitumor activity (Weston et al., 2019).
CLINICAL STUDIES OF REGULATORY AGENTS TARGETING THE CGAS-STING PATHWAY
Various modulators that target the cGAS-STING pathway have moved towards clinical trials (Table 5, data from https://www.clinicaltrials.gov/ October 13, 2021). Currently, two cGAS inhibitors are in clinical trials. In 2015, suramin combined with paclitaxel in treating stage IIIB-IV breast cancer (NCT00054028) proved effective. In 2019, aspirin was used in the clinical trial (NCT04132791) to prevent and treat cardiovascular diseases due to its ability to reduce the morning activity of platelets. A low-dose aspirin study is currently underway to prevent heart and vascular disease, colon and rectal cancer (NCT03603366). These clinical trials need to be followed up. It is believed that suramin and aspirin may be used as cGAS inhibitors to treat DNA-mediated immune diseases based on these pharmacological findings.
TABLE 5 | Clinical trials of regulatory agents targeting cGAS-STING pathways.
[image: Table 5]On the other hand, there are currently five STING modulators under clinical studies. From 2016 to 2019, ADU-S100 (NCT03937141, NCT02675439, NCT03172936), MK-1454 (NCT04220866, NCT03010176), and BMS-986301 (NCT03956680) were enrolled in clinical trials for the treatment of advanced/metastatic solid tumors or lymphomas. Compared with single-drug treatment, ADU-S100, MK-1454, or BMS-986301 combined with the ICIs therapy (Pembrolizumab/Ipilimumab/Nivolumab) to treat solid tumors and had shown good drug tolerance, has yet to reach maximum tolerated dose. Currently, CXA-10 has been used in 11 clinical trials. Among them, the clinical trial of oral CXA-10 in the treatment of primary focal segmental glomerulosclerosis has entered phase 2, but no clinical trial of CXA-10 as a STING inhibitor in the treatment of related immune diseases has been reported. In 2008, DMXAA was used as a STING agonist in clinical trial treating refractory tumors (DART). However, as it was an m-STING specific agonist, it did not react with h-STING, resulting in an unsatisfactory effect, and the experiment failed. Therefore, the structure of DMXAA needs to be further optimized. In addition, two indirect regulators targeting the cGAS-STING pathway have been tested clinically for pharmacologic metabolic research and cancer treatment.
In 2019, EGCG was studied in pharmacokinetics and liver safety pharmacology (NCT04177693). So far, 117 clinical trials related to EGCG have been enrolled.
By October 2021, tucatinib has been used in more than 30 clinical trials, particularly used for treating HER2+ breast cancer. For example, tucatinib (NCT03054363) is combined with palbociclib (a drug used to treat advanced breast cancer) and letrozole (aromatase inhibitor) used for treating hormone-receptor-positive and HER2-positive metastatic breast cancer patients. Treatment protocol of tucatinib with capecitabine and trastuzumab has been approved for treating patients with unresectable previously treated HER2+ breast cancer by US Food and Drug Administration on April 17, 2020.
SUMMARY AND PROSPECT
In recent years, rapid progress has been made in clarifying the structure and mechanism of key proteins in the cGAS-STING pathway and in revealing the important role of this pathway in human autoimmune disease and cancer. Therefore, targeting the cGAS-STING signaling pathway to activate innate immunity and enhance the immune function provides great potential for cancer treatments. On the other hand, abnormal activation of the cGAS-STING pathway is the main cause of inflammation and autoimmune diseases. Therefore, the research and development of appropriate compounds, delivery pathways, and treatment regimens to suppress the cGAS-STING pathway will benefit patients with autoimmune and infectious diseases.
The crystal structures of several cGAS-STING pathway-related proteins have been analyzed, laying a foundation for the design of structure-based drugs. We now understand more clearly that binding or catalytic sites targeting cGAS and STING proteins and post-translational modifications can influence the enzyme activity and thus regulate immune responses. However, the high-resolution structures of some key protein complexes in the cGAS-STING pathway have not been resolved, such as the STING oligomer -TBK1 oligomer. It was found that the function of STING was strictly regulated by membrane transport, and retrograde membrane transport was crucial for silencing signaling pathways. This transportation defect is the basis of the pathogenesis of COPA syndrome, a single-gene autoinflammatory disease. The membrane transport of STING is co-mediated by COP-II and COP-I. Thus, using the regulatory agents to target membrane transport is likely to be a novel strategy for treating autoimmune diseases (Taguchi et al., 2021). However, the regulatory factors of STING transfer from the Golgi apparatus to the lysosome and the mechanisms of STING, NF-κB, and autophagy remain to be further studied. In addition, how post-translational modifications regulate the STING and other related enzyme activities, such as the relationship between palmitoylation of STING and oligomerization and activity, also remains unknown (Zhang et al., 2020). In recent years, cGAS has been closely related to the functions of histone and chromatin in the nucleus, and its interaction can affect the activity, but its structural basis and mechanism remain unclear (Kim et al., 2015).
On the other hand, agonists of the cGAS-STING pathway have potential value in the treatment of cancer. Some modified CDN analogs have entered clinical trials, but their clinical application may be hindered by their drug similarity, which needs to be treated in combination with ICIs, with collaborative administration. Small molecule non-CDN agonists provide a new strategy for systemic delivery, but clinical data have not been reported and need to be further verified. A potentially serious problem with agonist immunotherapy is the occurrence of “cytokine storms” (Ng et al., 2018). Continuous activation of immune signals can lead to excessive production of cytokines, causing severe toxicity or even death (Fu et al., 2020). Therefore, how much patients with autoimmune disease or cancer will benefit from cGAS-STING immunotherapy requires further investigation.
The pharmacodynamics optimization of cGAS-STING regulators and the rediscovery of natural drugs are important strategies for its immunopharmacology research. In addition, the compounds that indirectly regulate this pathway will also be a good focus for the study. Recently, inhibition of the cGAS-STING signaling pathway by nucleosomes (Boyer et al., 2020) and circRNAs (Xia et al., 2018) has been reported. Targeting the cGAS-STING pathway has promoted the vigorous development of immunotherapy. The combination of immunoregulatory agents and ICIS therapy has become a hot spot in recent years. We anticipate that there will be more efficient and less toxic immune regulatory agents targeting cGAS-STING available in the future and applied for clinical practice to provide safer and more effective treatments for autoimmune disease and cancer.
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Bladder cancer is a highly metastatic tumor and one of the most common malignancies originating in the urinary tract. Despite the efficacy of immune checkpoints, including programmed cell death-1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), the effect of immunotherapy for bladder cancer remains unsatisfactory. Therefore, it is urgent to develop new targets to expand immunotherapeutic options. In this study, we utilized single-cell sequencing to explore the cell composition of tumors and detected a subset of Treg cells with high expression of T-cell immunoreceptor with immunoglobulin and immunoreceptor tyrosine-based inhibitory motif domain (TIGIT) and interleukin (IL)-32. The antitumor immune response was suppressed by this subset of Treg cells, while IL-32 promoted bladder cancer metastasis. Nevertheless, targeting TIGIT not only reversed immunosuppression by restoring the antitumor immune response mediated by T cells but also suppressed the secretion of IL-32 and inhibited the metastasis of bladder cancer cells. Thus, our study provided novel insights into immunosuppression in bladder cancer and highlighted TIGIT as a novel target for immunotherapy of bladder cancer. We also illustrated the mechanism of the dual effect of targeting TIGIT and revealed the metastasis-promoting effect of IL-32 in bladder cancer. Collectively, these findings raise the possibility of utilizing TIGIT as a target against bladder cancer from the bench to the bedside.
Keywords: bladder cancer, TIGIT, IL-32, metastasis, immunotherapy
INTRODUCTION
Treatment strategies for patients with solid tumors have traditionally been based on three different options: surgery, targeted therapies, and cytotoxic therapy (chemotherapy or radiation therapy) (Chauvin and Zarour, 2020). Immunotherapy has only recently emerged as a novel therapeutic paradigm in our armamentarium (Solomon and Garrido-Laguna, 2018). Unfortunately, the vast majority of patients cannot benefit from immunotherapy (Ma et al., 2021). Thus, it is necessary to explore new targets for immunotherapy to facilitate the improved treatment of solid tumors.
T-cell immunoreceptor with immunoglobulin and ITIM domain (TIGIT, also called WUCAM, Vstm3, or VSIG9) is a receptor of the Ig superfamily, which plays a critical role in the regulation of immunoresponses (Chauvin and Zarour, 2020). In particular, TIGIT is an immunoreceptor inhibitor checkpoint that has been implicated in tumor immunosurveillance (Manieri et al., 2017; Harjunpaa and Guillerey, 2020). Preclinical models, such as colorectal cancer and melanoma models, have suggested the synergy of anti-TIGIT antibodies with anti-PD-1/PD-L1 antibodies (Curran, 2018). Interestingly, TIGIT molecules have been identified on the surface of CD8+ T cells in bladder cancer, but their function has not been well characterized (Han et al., 2021).
Interleukin-32 (IL-32) is a novel cytokine regulating cancer development and inflammation (Kwon et al., 2018). IL-32 is initially expressed selectively in mitogen-activated T cells and NK cells, and its expression is strongly augmented by microbes, mitogens, and other cytokines (Kim, 2014; Lee et al., 2019). Despite IL-32 being induced mainly by pathogens and proinflammatory cytokines, its expression is more prominent in immune cells than in nonimmune tissues (Khawar et al., 2016). Moreover, IL-32 is expressed in various human tissues and organs such as the spleen, thymus, leukocytes, lung, small intestine, colon, prostate, heart, placenta, liver, muscle, kidney, pancreas, and brain (Oh et al., 2011; Yun et al., 2018; Baselli et al., 2020). Previous studies have demonstrated that IL-32 regulates cell proliferation, metabolism, and immune response and is also involved in the pathological regulation or protection against inflammatory diseases (Netea et al., 2008; Kwon et al., 2018; Palstra et al., 2018). IL-32 has also been involved in various cancers, including renal cancer, esophageal cancer, lung cancer, gastric cancer, breast cancer, pancreatic cancer, lymphoma, osteosarcoma, breast cancer, colon cancer, and thyroid carcinoma (Tsai et al., 2014; Hong et al., 2017; Wen et al., 2019). However, other studies have suggested that IL-32 decreases tumor development, including cervical cancer, colon cancer, prostate cancer, melanoma, pancreatic cancer, liver cancer, and chronic myeloid leukemia (Nishida et al., 2009; Lee et al., 2011; Park et al., 2012; Sloot et al., 2018). Notably, the expression of IL-32 receptor (IL-32R) on the surface of epithelial cells is mediated by the stimulation of interferon gamma (IFN-γ), as previously reported (Aass et al., 2021). Although a higher expression of IL-32 has been demonstrated in bladder cancer, its function has not been well characterized (Yang et al., 2020).
Taken together, our study demonstrated the enrichment of TIGIT+ Treg cells in bladder cancer tissues. Furthermore, Treg cells expressed IL-32 to promote the migration and invasion of bladder cancer cells. In addition, targeting TIGIT with anti-TIGIT monoclonal antibodies suppressed the metastasis of bladder cancer and reversed its antitumor activities. Thus, we have provided novel insights into the function of IL-32 in bladder cancer and the effect of anti-TIGIT monoclonal antibodies against bladder cancer.
MATERIALS AND METHODS
Single-Cell RNA Sequencing
The BD Rhapsody system was used to capture the transcriptomic information of bladder-derived single cells with BD Rhapsody WTA Amplification Kit (Becton, Dickinson and Company, BD Biosciences). Single-cell capture was achieved by random distribution of a single-cell suspension across >200,000 microwells using a limited dilution approach. Beads with oligonucleotide barcodes were added to saturation, so that a single bead was paired with a single cell in a microwell. Cell lysis buffer was added so that the polyadenylated RNA molecules hybridized to beads. Beads were collected in a single tube for reverse transcription. Upon complementary DNA (cDNA) synthesis, each cDNA molecule was tagged on the 5 end, that is, the 3 end of the messenger RNA (mRNA) transcript, with a unique molecular identifier (UMI) and cell label indicating its cell of origin. Whole transcriptome libraries were prepared using the BD Rhapsody single-cell whole-transcriptome amplification workflow. In brief, second-strand cDNA was synthesized, followed by ligation of the WTA adaptor for universal amplification. Eighteen PCR cycles were used to amplify adaptor-ligated cDNA products. Sequencing libraries were prepared using random priming PCR of whole-transcriptome amplification products to enrich the 3 end of transcripts linked with the cell label and UMI. Sequencing libraries were quantified using a High-Sensitivity DNA chip (Agilent) on a Bioanalyzer 2200 and the Qubit High-Sensitivity DNA assay (Thermo Fisher Scientific). The library for each sample was sequenced using an Illumina sequencer (Illumina) on a 150-bp paired-end run.
Single-Cell RNA Statistical Analysis
scRNA-seq data analysis was performed by NovelBio Co., Ltd. using the NovelBrain cloud analysis platform. We applied fast p using default parameter settings that filtered the adaptor sequence and removed low-quality reads to achieve clean data (Chen et al., 2018). UMI tools were applied for single-cell transcriptome analysis to identify the cell barcode whitelist (Smith et al., 2017). UMI-based clean data were mapped to the human genome (Ensemble version 91) utilizing STAR mapping with customized parameters from the UMI tools standard pipeline to obtain the UMI counts of each sample (Dobin et al., 2013). Cells containing over 200 expressed genes and mitochondrial UMI rates below 20% passed the cell quality filtering, and mitochondrial genes were removed from the expression table. The Seurat package (version: 2.3.4, https://satijalab.org/seurat/) was used for cell normalization and regression based on the expression table according to the UMI counts of each sample and percentage of mitochondrial rate to obtain scaled data. Principal component analysis (PCA) was constructed based on the scaled data with the top 2,000 highly variable genes, whereas the top 10 principals were used for the construction of t-SNE and UMAP.
Utilizing the graph-based cluster method (resolution = 0.8), we acquired the results of unsupervised cell clusters based on the PCA top 10 principals and calculated the marker genes using the FindAllMarkers function with the Wilcoxon rank-sum test algorithm under the following criteria: (1) lnFC >0.25; 2. p value < 0.05; 3. min. pct >0.1. To identify the cell type in detail, clusters of the same cell type were selected for re-tSNE analysis, graph-based clustering, and marker analysis.
Estimation of Copy Number Variations
Cells were defined as endothelial cells, fibroblast cells, macrophages, epithelial cells, T cells, and B cells and were used as a reference to identify somatic copy number variations (CNVs) with the R package infercnv (v0.8.2). We scored each cell according to the extent of the CNV signal, defined as the mean of squares of CNV values across the genome. Putative malignant cells were then defined as those with a CNV signal above 0.05 and CNV correlation above 0.5.
Patient Specimens
Specimens were collected from 24 patients with bladder cancer at the Luohu Hospital. The protocol adopted in this study conformed to the ethical guidelines of the 1975 Helsinki Declaration and was approved by the Ethics Review Committee of Luohu Hospital. Clinical data, pathological features, AJCC staging, and other data were collected for follow-up visits and subsequent analyses. Tumor staging was estimated according to the histological classification criteria proposed by the International Union for Cancer. A total of 24 tumor and adjacent normal tissue pairs were collected from patients who underwent bladder cancer resection between 2018 and 2019. Clinical samples are listed in Supplementary Table I.
Cell Culture
T24 and EJ human bladder cancer cell lines, and the MBT2 mouse bladder cancer cell line, were purchased from the American Type Culture Collection (ATCC). All cell lines were identified by short-tandem repeat analysis and were guaranteed to be used within 6 months. The most recent test was performed 3 months ago. All cell lines were maintained in Roswell Park Memorial Institute (RPMI) 1640 (Invitrogen) supplemented with 1 × 107 U/L penicillin (Invitrogen), 10 mg/L streptomycin (Sigma-Aldrich), and 10% fetal bovine serum (FBS) (Gibco) in a humidified incubator at 37°C and 5% CO2 atmosphere, following cell culture guidelines.
In Vivo Tumor Model
MBT2-luciferase cells were established as previously described. Briefly, the full-length cDNA sequence of the luciferase gene was synthesized (Shanghai Generay Biotech Co., Ltd.) and cloned into the pMSCV-puro retroviral vector plasmid (Clontech Laboratories Inc.) to generate the pMSCV-luciferase plasmid. pMSCV-luciferase was cotransfected with the pIK packaging plasmid into 293T cells using the calcium phosphate transfection method. Then, 48 h after transfection, the supernatants were collected and incubated with MBT2 cells. The infectious mixture was incubated for 24 h in the presence of polybrene (2.5 μg/ml). Puromycin (4 μg/ml) was then used to select stably transfected cells over a 12-day period. Female C57B6/J mice (6–8 weeks of age) were housed under specific pathogen-free (SPF) conditions. All animal care and experiments were conducted in accordance with the guidelines provided by the Animal Center of Luohu Hospital and were approved by the Experimental Animal Ethics Committee of Luohu Hospital. In the mouse lung metastasis model, 1 × 106 MBT2-luciferase cells were intravenously injected into two groups of mice. Mice were euthanized at 4 and 6 weeks after injection to observe tumor cell metastasis in the lungs. Metastases were confirmed by hematoxylin and eosin (H&E) staining. The bladder cancer orthotropic mouse model was established by injecting 1 × 106 MBT2-luciferase cells into the bladder wall of mice after anesthesia. After 18 days, each mouse was intravenously injected with 100 μg of neutralizing antibodies every 3 days. Mice were examined daily, and the date of death was recorded for each mouse. To establish the subcutaneous model, MBT2 cells (1 × 106 in 50 μl FBS-free medium containing 20% Matrigel) were injected into the left flank of recipient mice. After 18 days, each mouse was intravenously injected with 100 μg of neutralizing antibodies every 3 days. Mice were examined daily, and the date of death was recorded for each mouse.
In Vivo Bioluminescence
C57B6/J mice inoculated with MBT2-luciferase cells were anesthetized by intraperitoneal injection of sodium pentobarbital (50 mg/kg) and then injected with D-luciferin potassium salt (150 mg/kg). After 15 min, the bioluminescence of mice was tracked and imaged (AniView100, Biolight Biotechnology Co., Ltd.).
Flow Cytometry
Cells were analyzed by flow cytometry, as previously described (Wu et al., 2019a). Single-cell suspensions were prepared from the bladder, spleen, blood, or tumors of individual mice. For cell staining, cells were preincubated in 0.1% bovine serum albumin (BSA)/phosphate-buffered saline (PBS) solution containing 10 μg/ml anti-FcgRII/III (2.4 G2) (BD Pharmingen) for 10 min at 4°C. Cells were then stained for 20 min at 4°C with primary antibodies. For intracellular cytokine staining, cells were stimulated with 100 ng/ml phorbol 12-myristate 13-acetate (PMA) (Sigma-Aldrich) and 1 μg/ml ionomycin (Sigma-Aldrich) in the presence of 5 μg/ml brefeldin A (Sigma-Aldrich) for 4 h. Cells were washed twice in PBS, fixed, and permeabilized using the BD Cytofix/Cytoperm™ fixation/permeabilization kit. Stained samples were analyzed using the BD FACSAria II system (BD Biosciences). Flow cytometric data were analyzed using the FlowJo software (Tree Star).
The primary antibodies used in the study included anti-FOXP3 (MF-14), anti-CD25 (3C7), anti-CD3 (145-2C11), anti-TIGIT (1G9), anti-CD8 (53-6.7), anti-IFN-γ (XMG1.2), and anti-CD4 (RM4-5).
Mice
C57BL/6J mice were purchased from Vital River Laboratories (Beijing, China) and bred under specific pathogen-free (SPF) conditions at Luohu Hospital. All mouse experiments were approved by the Institutional Animal Care and Use Committee of Luohu Hospital.
Scratch Wound Healing Assay
To evaluate their migration ability after treatment, T24 cells and EJ cells were seeded into six-well cell culture plates and grown in RPMI 1640 medium containing 10% FBS for 24 h to form an adherent monolayer with a degree of fusion approaching 70%–80%. A cross was scratched in the culture plate using a 200-μl sterile pipette tip, and detached cells were removed by gently washing the well twice with PBS. Fresh medium was added to the culture wells, and cells were cultured with IFN-γ (10 ng/ml) or IL-32 (10 ng/ml) for an additional 24 h. Transplanted cells were photographed (40×) using an inverted optical microscope (Zeiss) at 0 and 24 h to monitor the migration of cells to the wound area and calculate wound closure.
Invasion Assays
To assess the invasion ability of T24 and EJ cells, matrix gel (Corning) was thawed overnight at 4°C and diluted in serum-free medium RPMI 1640 at a scale of 1:7. Next, a Transwell was coated in a 24-well plate with 50 μl diluted matrix gel and incubated at 37°C for 30 min. Then, 1 × 105 cells in serum-free medium were seeded into the Transwell upper chamber. Concomitantly, 500 μl RPMI 1640 medium supplemented with 10% FBS was added to the lower Transwell chamber and incubated with IFN-γ (10 ng/ml) or IL-32 (10 ng/ml) at 37°C and 5% CO2 for 24 h. The Transwell chamber was removed, washed thrice with PBS, and dried using a cotton swab. Cells were fixed with 4% paraformaldehyde (Sigma-Aldrich) and stained with crystal violet for 5 min. The Transwell chamber was photographed, and cells were counted under an optical microscope (40×) (Zeiss).
Immunohistochemistry
Tumor and animal tissues were fixed with paraformaldehyde, dehydrated, and cleared using a gradient of alcohol solutions and xylene, respectively. Subsequently, tissues were embedded in paraffin. Paraffin-embedded tissues were sliced continuously (3.5°C) using a HistoCore AUTOCUT system (Leica), mounted, dewaxed, and rehydrated. For antigen retrieval, sections (3–4 μm) were pretreated in a microwave oven with citric acid buffer (pH 6.0) for 12 min and then cooled to 25°C in deionized water. Sections were then incubated in methanol containing 3% hydrogen peroxide to inhibit endogenous peroxidase activity. After washing with PBS for 5 min, sections were incubated with normal goat serum at 37°C for 1 h, and incubated overnight with anti-IL-32 and anti-TIGIT (Proteintech) at 4°C. Sections were then washed again with PBS containing 0.1% BSA and incubated with rabbit anti-goat IgG and horseradish peroxidase (HRP)-linked antibodies (Proteintech). Specific binding was assessed using diaminobenzidine; hematoxylin and eosin staining (Solarbio) was performed as counterstaining. Paraffin sections were photographed using the imaging system of an ortho DM6 B microscope (Leica).
Real-Time Quantitative PCR
Total RNA was extracted and purified using a standard procedure. Total purified RNA was reverse-transcribed into cDNA using a reverse transcription kit (k1622, Thermo Scientific, United States). Primers were designed using the Primer-BLAST tool (https://www.ncbi.nlm.nih.gov/tools/primer-blast/): forward primer, 5′-CGG​AAT​TCA​TGT​GCT​TCC​CGA​AGG​TCC-3′; reverse primer, 5′-CCG​CTC​GAG​TCA​TTT​TGA​GGA​TTG​GGG​TTC-3′. Quantitative real-time PCR (qRT-PCR) was performed on an ABI 7500 real-time fluorescent quantitative PCR instrument using SYBR Green (420A, Takara). Cycle threshold values of genes of interest were normalized to that of GAPDH: forward primer, 5′-CCC​AGC​TTA​GGT​TCA​TCA​GGT-3′; reverse primer, 5′-TAC​GGC​CAA​ATC​CGT​TCA​CA-3′.
Immunofluorescence Staining
Immunofluorescence staining was performed as previously described (Wu et al., 2019b). Briefly, tumor and animal tissues were fixed with paraformaldehyde, dehydrated, and cleared with a gradient of alcohol solutions and xylene, respectively. Consecutively, tissues were embedded in paraffin. Paraffin-embedded tissues were sliced continuously (3.5°C) using a HistoCore AUTOCUT system (Leica), mounted, dewaxed, and rehydrated. For antigen retrieval, sections (3–4 μm) were pretreated in a microwave oven with citric acid buffer (pH 6.0) for 12 min and then cooled to 25°C in deionized water. After washing with PBS for 5 min, sections were incubated with 5% normal goat and donkey serum at 37°C for 1 h at 25°C and then incubated with the primary antibody (1:800, ab37647, Abcam) at 4°C overnight. After washing at least thrice with PBS, sections were incubated with the following secondary antibodies: Alexa 633-conjugated donkey anti-rat antibody (1:500, Invitrogen), Alexa 596-conjugated goat anti-rabbit (1:500, Invitrogen), and Alexa 488-conjugated goat anti-mouse antibody (1:250, Invitrogen) for 1 h at 25°C. Afterward, cells were extensively washed with PBS, and their nuclei were labeled using 4′,6-diamidino-2-phenylindole (DAPI). Free-floating sections with positive immunofluorescence staining were captured and analyzed using a laser scanning confocal microscope (Zeiss).
Cell Counting Kit-8 Assay
Cell proliferation was measured using the Cell Counting Kit-8 (CCK-8) reagent (Solarbio), as previously described (Wang et al., 2021). Briefly, cells were cultured in 96-well plates with corresponding treatments. At 0, 24, 48, and 72 h, 10 µl CCK-8 reagent was added to each well. After 2 h of incubation at 37°C, the optical density at 450 nm was measured using a microplate reader.
Statistical Analysis
Data were analyzed using the GraphPad Prism 8.0.2 software, SPM 12, and REST software. All quantitative data are shown as the mean ± SD of at least three independent experiments. Two-group comparisons were assessed using the Student’s t-test. Multigroup comparisons were analyzed using one-way ANOVA, followed by the Bonferroni post-hoc test on dependent experimental designs. Statistical significance was set at p < 0.05.
RESULTS
Existence of TIGIT+ Treg Cells in Bladder Cancer Tissues
To determine the cell composition of bladder cancer tissues, we compared the cells in clinical samples of bladder cancer tissues to those of paracancerous tissues using single-cell sequencing. Following the employment of PCA for the reduction of the dimensionality of single-cell gene expression profiles, in both bladder cancer and paracancerous tissues, we identified 18 clusters based on principal components. We used t-distributed stochastic neighbor embedding (t-SNE) to visualize the gene expression profiles (Figures 1A, B). In particular, we detected the presence of a subset of regulatory T (Treg) cells in bladder cancer tissues but not in paracancerous tissues (Figure 1B). Interestingly, we found that this subset of Treg cells not only highly expressed IL-2Rα (also called CD25) and forkhead box protein 3 (FOXP3) but also TIGIT and IL-32 (Figure 1C). To verify the protein expression of TIGIT in bladder cancer tissues, we performed immunohistochemistry (IHC) analysis of TIGIT in both bladder cancer and paracancerous tissues in patients and mice. We observed that in both human and mice, the expression of IL-32 was much higher in bladder cancer than in paracancerous tissues (Figures 1D, E). Furthermore, we examined the expression of TIGIT in Treg cells from murine bladder cancer tissues. As expected, TIGIT was highly expressed on the surface of Treg cells from bladder cancer tissues (Figure 1F). In addition, we detected higher frequencies of TIGIT+ Treg cells only in bladder cancer tissues but not in spleen tissues or peripheral blood cells (Figures 1G,H). Thus, TIGIT+ Treg cells were unambiguously enriched in bladder cancer tissues.
[image: Figure 1]FIGURE 1 | TIGIT+ Treg cells in bladder cancer tissues. (A) Schematic showing the single-nucleus RNA sequencing process. Samples of bladder tissues were surgically removed. Single cells were obtained from cancerous (n = 2) or paracancerous (n = 2) bladder tissues of patients and processed by plate-based scRNA-seq.(B) Two-dimensional t-distributed stochastic neighbor embedding (t-SNE) visualization from single-nucleus RNA sequencing showing the distribution of all nuclei. Eighteen major nuclear classes were identified. Each dot represents a single nucleus colored according to cluster assignment. Background is colored by major cell types (epithelial cells, T cells, B cells, endothelial cells, fibroblasts, stromal cells, umbrella cells, and smooth muscle cells). (C) Gene expression for each TIGIT + IL-32 + IL2RA + FOXP3+ CD3+ TRAC + single cell plotted as log2 counts per million. (D,E) Higher expressions of TIGIT in human (D) and murine (E) bladder cancer tissues. Immunohistochemistry images showing the expression of TIGIT in bladder tissues collected from different anatomical sites and groups of animals. Representative data from four independent experiments (n = 5). Scale bar = 1 mm. (F) Higher level of expression of TIGIT on the surface of Treg cells. Overlaid histogram plots showing the levels of expression of TIGIT in different CD4+ T-cell subsets. Data are representative of three independent experiments (n = 6). (G) TIGIT + Treg cells in the blood and spleen of mice with bladder cancer. The numbers in the dot plots represent the frequencies of TIGIT + Treg cells. Data are representative of three independent experiments (n = 8). (H) Higher frequencies of TIGIT + Treg cells in murine bladder cancer tissues. The numbers in the dot plots represent the frequencies of TIGIT + Treg cells. Data are representative of four independent experiments (n = 8).
Expression of IL-32 in Treg Cells in Bladder Cancer Tissues
Based on single-cell sequencing results, Tregs infiltrating bladder cancer tissues also expressed IL-32. To confirm the high expression of IL-32 in bladder cancer, we analyzed data from The Cancer Genome Atlas Program (TCGA) and The Genotype-Tissue Expression Project (GTEx) as previously reported (Tang et al., 2017). As expected, we noticed that the expression of IL-32 in the bladder cancer cohort was higher than that in the healthy cohort (Figure 2A). To validate the upregulation of IL-32 in bladder cancer tissues, we measured the expression of IL-32 using quantitative real-time PCR (qRT-PCR). We found that the expression of IL-32 was indeed upregulated in bladder cancer tissues to a certain extent (Figure 2B). However, whether IL-32 was expressed in Treg cells from bladder cancer tissues remains unknown. To verify the expression of IL-32 in Treg cells in bladder cancer tissues, we analyzed the abundances of IL-32, TIGIT, FOXP3, and CD25 in the TCGA and GTEx as previously reported (Tang et al., 2017). We accordingly detected that the expression of IL-32 was correlated with the abundance of TIGIT, FOXP3, and CD25 (Supplementary Figure S1). To validate the expression of IL-32 in Treg cells, we analyzed the colocalization of IL-32 and Treg cells using immunofluorescence. We found that IL-32 was colocalized with FOXP3 and TIGIT in clinical bladder cancer samples (Figure 2C). To establish an animal model to test the function of targeting TIGIT or IL-32 against bladder cancer, we inoculated C57B6/J mice with MBT-2 cells and analyzed the colocalization of IL-32 and Treg cells. As expected, we noticed that IL-32 was also colocalized with FOXP3 and TIGIT in murine bladder cancer tissues (Figure 2D). Collectively, our data suggested that IL-32 is highly expressed in Treg cells in bladder cancer tissues.
[image: Figure 2]FIGURE 2 | Expression of IL-32 in Treg cells in bladder cancer tissues. (A) Higher expression of IL-32 in the bladder cancer cohort in the TCGA and GTEx databases. Data are shown as the mean ± standard deviation (SD). *p < 0.05; t-test. (B) Higher relative expression of IL-32 in bladder cancer tissues. qRT-PCR analysis showing the relative expression of IL-32 in healthy and cancerous bladder tissues. Data are shown as the mean ± SD. *p < 0.05; t-test. (C) IL-32 colocalizes with Treg cells in human bladder cancer tissues. Representative immunofluorescence images showing cells stained with anti-FOXP3 (violet), IL-32 (red), CD4 (light blue), TIGIT (green), and DAPI (blue). Scale bar = 100 μm.(D) IL-32 colocalizes with Treg cells in murine bladder cancer tissues. Representative immunofluorescence images showing cells stained with anti-FOXP3 (violet), IL-32 (red), CD4 (light blue), TIGIT (green), and DAPI (blue). Scale bar = 100 μm.
IL-32 Promoted the Metastasis of Bladder Cancer
As previously reported, IL-32 has multiple potential functions (Hong et al., 2017). To explore the specific function of IL-32 in bladder cancer, we incubated bladder cancer cells with a minimal concentration of IL-32 to mimic the effect of the secretion of IL-32 from Treg cells on bladder cancer cells. Similar to the effect of IL-32 on colorectal cancer, we found that IL-32 enhanced the migration of T24 and EJ cells (Figure 3A) (Yang et al., 2015). Moreover, IL-32 increased the invasion of bladder cancer cells (Figure 3B). However, we observed that IL-32 did not mediate the proliferation of bladder cancer cells (Figure 3C). To explore the mechanism of the IL-32-mediated invasion and migration of bladder cancer cells, we analyzed the relationship between the abundance of IL-32 and the expression of molecules that mediate the invasion and migration of bladder cancer cells in the TCGA and GTEx databases (Tang et al., 2017). We found that the expression of IL-32 was associated with the abundance of the C–C motif chemokine ligand 4 (CCL4) (Figure 3D). Hence, IL-32 promoted the metastasis of bladder cancer.
[image: Figure 3]FIGURE 3 | IL-32 promotes the metastasis of bladder cancer. (A) IL-32 enhances the migration ability of bladder cancer cells. Representative data of 3 independent experiments from wound healing migration assays performed with the indicated bladder cancer cells. Scale bar = 100 μm (left panel). The relative values of width are shown as the mean ± SD. *p < 0.05; one-way ANOVA (right panel). (B) IL-32 increases the invasion ability of bladder cancer cells. Representative data of three independent experiments from crystal violet staining showing the invasive capacities of bladder cancer cells. Scale bar = 100 μm (left panel). The number of migrated cells is shown as the mean ± SD. ***p < 0.001; one-way ANOVA (right panel). (C) IL-32 does not disrupt the proliferation of bladder cancer cells. Cell viability was measured using the CCK8 assay. Data are shown as the mean ± SD. (D) The association between IL-32 and CCL4. The relationship between IL-32 and CCL4 in the TCGA and GTEx databases is shown. Spearman’s rank correlation coefficient is shown.
Targeting TIGIT Suppressed Bladder Cancer
Given the good performance of the monoclonal antibody of TIGIT (α-TIGIT) against some carcinomas, we explored the antitumor capacity of TIGIT antibodies against bladder cancer. To ensure the specificity of α-TIGIT and minimize any side effects, we analyzed the distribution of TIGIT in the whole body of patients. Using the Protein Atlas database, we detected that the expression of TIGIT was higher in the urinary tract than in other tissues, except for lymphatic tissues (Supplementary Figure S2). Thus, we aimed to establish a bladder cancer orthotropic model and then compare the antitumor capacity of α-PD-1 and α-TIGIT. To visually compare the long-term efficacy of these antibodies, we established a murine model transfected with luciferase-expressing MBT-2 cells. Then, 18 days after inoculation, we intravenously administered mice with α-PD-1 or α-TIGIT (Figure 4A). We found that the tumor size in mice administered α-TIGIT was suppressed to a greater extent compared with that in mice administered α-PD-1 (Figure 4A). In addition, we observed that compared with mice injected with α-PD-1, the weights of bladders in mice administered α-TIGIT were greatly reduced (Figure 4B). Moreover, the survival rates of mice administered α-TIGIT were also higher than those of mice administered α-PD-1 (Figure 4C). Surprisingly, we did not observe any significant difference between mice administered a-TIGIT or a-PD-1 in the subcutaneous tumor model (Figure 4D). Our results clearly demonstrated that targeting TIGIT suppressed bladder cancer.
[image: Figure 4]FIGURE 4 | Targeting TIGIT suppressed bladder cancer. (A, B) α-TIGIT suppresses bladder cancer. In vivo bioluminescent imaging of C57B6/J mice transplanted with MBT2-luciferase cells (left panel). Bioluminescence intensities are shown as the mean ± SD. *p < 0.05; t-test. Data are representative of three independent experiments (n = 8) (right panel). (C) α-TIGIT suppresses the growth of bladder tissues. Bladder weight of mice are shown as the mean ± SD. *p < 0.05; t-test. Data are representative of three independent experiments (n = 8). (D) Tumor-bearing mice administered α-TIGIT show a better prognosis. The relative survival rates of mice in different groups were recorded. Data are representative of four independent experiments (n = 6). *p < 0.05; log-rank (Mantel-Cox) test.
Targeting TIGIT Promoted the Capability of Antitumor of T Cells
Given the efficiency of α-TIGIT against bladder cancer, we investigated the mechanisms underlying the antitumor effects of α-TIGIT. As TIGIT is known to be functionally related to the immune system, we compared the immune activities of mice administered with α-PD-1 or α-TIGIT. We noticed that the ratios of CD4+ and CD8+ T cells were not disrupted by the administration of α-PD-1 or α-TIGIT (Figure 5A). However, we found that IFN-γ was upregulated in CD4+ and CD8+ T cells of mice administered α-TIGIT compared with that in mice administered α-PD-1 (Figure 5B). As with the enhancement of the tumor-killing capacities of immune cells, the changes in immunosuppressive cells caused by the tumor microenvironment, especially the changes in Treg cells, remain unknown. To explore the regulation of α-TIGIT in Treg cells, we analyzed the expression of CD25, TIGIT, and FOXP3 in murine bladder cancer tissues. Flow cytometric analysis showed that the ratio of TIGIT+ CD25+ CD4+ T cells was downregulated in those tissues following the administration of α-TIGIT (Figure 5C). Similarly, we noticed that the ratio of Treg cells (CD25+ FOXP3+) in bladder cancer tissues was also downregulated after the administration of α-TIGIT (Figure 5D). Collectively, these data indicated that targeting TIGIT with α-TIGIT upregulated the antitumor capability of T cells, whereas it downregulated the induction of immunosuppression.
[image: Figure 5]FIGURE 5 | Targeting TIGIT promoted the antitumor capability of T cells. (A) Administration of α-TIGIT does not affect the ratios of CD4+ and CD8+ T-cells in bladder cancer tissues. Dot plots represent the frequencies of CD4+ and CD8+ T cells in murine bladder cancer tissues from three independent experiments (n = 6) (left panel). The ratios of CD4+ and CD8+ T cells are shown as the mean (right panel). (B) Administration of α-TIGIT upregulates the secretion of IFN-γ in T cells. Numbers in histograms show the representative ratios of IFN-γ+ T cells from three independent experiments (n = 6) (left panel). The ratios of IFN-γ+ cells are shown as the mean ± SD. **p < 0.01; one-way ANOVA (right panel). (C) Administration of α-TIGIT suppresses the expression of TIGIT in Treg cells. Dot plots represent the ratios of TIGIT + CD25 + subsets in CD4+ T cells from three independent experiments (n = 6) (left panel). The ratios of TIGIT + CD25 + cells are shown as the mean ± SD. *p < 0.05; t-test (right panel). (D) Administration of α-TIGIT suppresses the generation of Treg cells in mice with bladder cancer. Dot plots represent the ratios of CD25 + FOXP3+ subsets in CD4+ T cells from three independent experiments (n = 6) (left panel). The ratios of CD25 + FOXP3+ cells are shown as the mean ± SD. *p < 0.05; t-test (right panel).
Targeting TIGIT Inhibited the Metastasis of Bladder Cancer Through Suppressing IL-32
Given the high abundance of IL-32 in Treg cells in bladder cancer tissues, we investigated whether targeting TIGIT with α-TIGIT suppresses the secretion of IL-32. As expected, we found that administration of α-TIGIT antibody suppressed the expression of IL-32 in bladder cancer tissues 3 days post-injection (Figures 6A,B). Because IL-32 mediates the metastasis and invasion of bladder cancer cells, targeting TIGIT might inhibit the metastasis of bladder cancer by suppressing the expression of IL-32. To verify this hypothesis, we intravenously injected MBT-2 cells into mice to establish a bladder cancer metastasis mouse model. After 3 days, mice were intravenously injected with α-TIGIT or α-PD-1. We accordingly detected that administration of α-TIGIT significantly reduced the number of metastatic nodules (Figures 6C–E). Thus, our data indicated that targeting TIGIT inhibited the metastasis of bladder cancer cells by suppressing the expression of IL-32.
[image: Figure 6]FIGURE 6 | Targeting TIGIT inhibits the metastasis of bladder cancer through suppressing IL-32. (A,B) Targeting TIGIT suppresses the expression of IL-32. Immunohistochemistry images showing the expression of IL-32 in bladder tissues collected from different groups of animals. Scale bar = 1 mm (A). The levels of expression of IL-32 are shown as the mean ± SD. ****p < 0.0001; t-test (B). Data are representative of four independent experiments (n = 7). (C−E) Targeting TIGIT inhibits the metastasis of bladder cancer. Metastatic nodules in lungs of mice inoculated with bladder cancer cell lines (C). The number of metastatic nodules is shown as the mean ± SD. *p < 0.05; t-test (D). Images showing HE-stained bladder tissues collected from different groups of animals. Scale bar = 100 μm (E). Data are representative of four independent experiments (n = 7).
DISCUSSION
In this study, we identified a specific subset of Treg cells in human bladder cancer tissues that highly expressed TIGIT and IL-32. Furthermore, IL-32 from Treg cells promoted the metastasis of bladder cancer cells, while Treg cells mediated immunosuppression. Conversely, targeting TIGIT with anti-TIGIT antibodies enhanced the antitumor immune capacity of the host against bladder cancer. Importantly, targeting TIGIT with anti-TIGIT antibodies not only enhanced the antitumor activities of T cells but also suppressed the abundance of IL-32, in turn inhibiting the metastasis of bladder cancer cells. Thus, we have demonstrated a novel function of Treg cells in bladder cancer tissues. Hence, as an immune checkpoint, TIGIT not only enhances the antitumor immune response but also inhibits the metastasis of bladder cancer cells by suppressing the expression of IL-32.
The main function of regulatory T cells (Tregs) is to regulate immune responses, especially immunosuppression; however, functions other than immunological functions have rarely been reported (Togashi et al., 2019). In our study, we identified the accessory nonimmune function of Treg cells, that is, secreting IL-32 to promote the metastasis of bladder cancer cells. Our study showed that as immunosuppressive cells, Treg cells mediate tumor metastasis in a different way from tumor-related macrophages (Lin et al., 2019). Instead of carrying tumor cell metastasis, they secrete cytokines that mediate tumor metastasis. Meanwhile, their immunosuppressive function, that is, their canonical function, was preserved in bladder cancer tissues.
Antitumor immunotherapy is one of the most effective tumor treatments after chemotherapy and radiotherapy, but its effective rate is almost impossible to exceed 50% (Kruger et al., 2019). This is because current therapeutic targets are not suitable for all patients. In the era of precision medicine, new immunotherapy targets can be identified through sequencing technology (Zhang et al., 2021). In this study, using single-cell sequencing technology, we found that Treg cells in bladder cancer tissues highly expressed TIGIT, demonstrating it as a more suitable therapeutic target. Fortunately, targeting TIGIT had a dual effect, not only upregulating the immune response against bladder cancer but also inhibiting its metastasis. Thus, our study confirmed that this is a new way to develop and verify new immunotherapeutic targets. In particular, the CTLA-4 antibody is usually adapted to depleted Treg cells. However, administration of CTLA-4 antibodies did not downregulate the ratio of Treg cells in bladder cancer (Rouanne et al., 2018). Therefore, application of TIGIT antibodies might provide an effective option for the depletion of Treg cells in bladder cancer tissues to enhance antitumor activities. Surprisingly, in the subcutaneous tumor model, administration of a-TIGIT did not achieve better effects than injection of a-PD-1; we speculated that this was because only the bladder tumor microenvironment exhibited a higher expression of TIGIT. More importantly, we used TIGIT monoclonal antibodies as a single agent against bladder cancer and did not explore whether their combination with other drugs could achieve a better curative effect. As such, the efficacy of TIGIT in clinical practice remains inconclusive, and further research is needed.
The origin of IL-32 has been reported in different cells from distinct tumors. In contrast to breast cancer and small cell lung cancer, we have identified that IL-32 is derived from Treg cells in bladder cancer tissues (Sorrentino and Di Carlo, 2009). However, although the expression of IL-32 was positively correlated with Treg cell markers, the relationship between the expression of IL-32 and the prognosis of patients with bladder cancer in clinical practice remains unknown. Furthermore, the function of IL-32 in tumors is complex and controversial. In this study, we verified the positive effect of IL-32 for the invasion and migration of bladder cancer cells in vitro and identified the correlation between IL-32 and CCL4 (as a chemoattractant induced by inflammation, also known as macrophage inflammatory protein-1β) according to the TCGA and GTEx databases, but its function in vivo remains unknown. IL-32 is known to be an inflammation factor (Hong et al., 2017). However, the specific pathway by which IL-32 mediates the migration and invasion of tumor cells remains unknown. Meanwhile, it also remains unknown whether IL-32 first induces inflammation and then causes tumor metastasis in bladder cancer, especially by inducing the generation of cancer-associated fibroblasts through inflammation. In addition, although the TIGIT antibodies used in this study achieved a good effect of inhibiting the abundance of IL-32, the direct development of IL-32 monoclonal antibodies for the inhibition of IL-32 is a very attractive therapeutic option. Of note, regardless of breast cancer, colorectal cancer, and bladder cancer, the expression of IL-32 has been identified in several tumor tissues (Diakowska and Krzystek-Korpacka, 2020). However, IL-32 exhibits flowing characteristics and remains unclear whether it can be detected in blood or urine to be used as a diagnostic marker.
Overall, our study revealed the existence of TIGIT+ IL-32+ Treg cells in bladder cancer tissues. These cells not only suppressed antitumor immunoresponses but also promoted tumor metastasis. Surprisingly, targeting TIGIT not only relieved immunosuppression and enhanced immunity but also inhibited tumor metastasis, providing a double therapeutic benefit. Thus, our study provided an alternative option for bladder cancer therapy.
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They are indicated for the treatment of advanced solid tumors
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Specifically activate STING mediated immune responses and
effectively block repiication of multiple alphavirus types
Increased poly (dAT) and cGAMP-induced IFN-p
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Associated disease

Liver injury
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Cardiac dysfunction
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ALl

Diabetic nephropathy
Kidney fibrosis

IR injury
Golorectal cancer

CAC
Breast cancer
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Muscle dysfunction
Neuronal dysfunction

Gastric Cancer

Types of CPT

CPT1B and
CPT2
CPT1A
CPT1A
CPT1A
CPT1A
CPT1 and
CPT2

CPT

CPT1
CPT1
CPT

CPT1
CPT1
CPT1
CPT1
CPT1 and
CPT2
CPT1A

CPT1
CPT2
CPT1
CPT2
CPT1A
CPT1
CPT1B

CPT1A
CPT
CPT1A
CPT1A
CPT1
CPT1A
CPT1A
CPT1A
CPT1
CPT1A
CPT1A
CPT1A
CPTIC
CPT1A
CPT1 and
CPT2
CPT
CPT1C
CPT1A

CPT1A

CPT2
CPTIC

CPT1IC

Major outcome(s)

Decreased in intrahepatic cholestasis mode!

Promoted oxidative stress
Decreased in HepG2 cells; infibited inflammation
Suppressed inflammation
JAK2/STAT3-CPT1A-dependent FAO attenuated injury
L-camitine elevated its transcription and activity

Camiine ingestion during pregnancy increased fiver CPT activity and fetal
camitine concentrations

Improved the symptoms of the disease

Impaired GPT1 induced hepatic dysfunction and inflammation
Upregulated GPT elevated apoptosis of CD4* T cells and promoted HCG
formation in NAFLD

Downreguiated CPT1 induced myocardial dysfunction

Decreased in heart induced by LPS

Upregulated in diabetic rats

Downregulated CPT1 induced the injury

Downregulated CPT induced cardiac injury during endotoxermia

Loss of CPT1A elevated oxidative stress and promoted endothelial
barrier disruption

Downregulated CPT1 increased atherosclerosis

Genetic disruption potentiated EndoMT

Raised in asthmatic mice

Increased in asthmatic bronchial SMC

CS increased CPT1A and FAO

CS increased CPT1 expression and promote FAQ

Decreased CPT1B increased mortality; increased expression and
decreased activity in aged ALI mice

CPT1A inhibition or depletion aggravated EC apoptosis and lung injury
Aggravated mitochondrial ROS acoumulation in kidney cortical tubules
Decreased during the disease

Overexpression of CPT1A showed protective effects

Upregulated CPT1 improved renal function

Exposure to adipocytes or FA upregulated CPT1A

GPT1A activation induced anoikis-resist

Low expression in primary tumor tissues while high expression in CAFs
Suppressed GPT1 inhibited NLRP3 assembly in macrophages
CPT1A™~ abolished invasion and lymphangiogenesis

Upregulated in patients; a new biomarker for the diagnosis

Increased in doxorubicin-treated tumours in vivo

Conferred rapamycin resistance on breast cancer cells
Overexpression predicted poor dlinical outcome:

Highly expressed in chronic lymphoblastic leukemia cells

Downregulated CPT led to death of the leukemic cells
Downregulated CPT1C inducted tumor senescence
Strengthened the antitumor immunity of CpG-treated macrophages

Inhibited CPT1A led to apoptosis in MAPKitreated cells
Increased the tumor-mediated immune tolerance

A conceptual overview on CPT2 deficiency

Played alterative role in neuronal oxidative metabolism

Associated with poor prognosis; promoted proliferation of cancer cells
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