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Background: FUN14 domain containing 1 (FUNDC1) plays a pivotal role in mitochondrial autophagy (mitophagy), which is closely associated with human immunity. However, the role of FUNDC1 in cancers remains unclear. This study aimed to visualize the prognostic landscape of FUNDC1 in pan-cancer and investigate the relationship between FUNDC1 expression and immune infiltration.

Methods: In this study, we explored the expression pattern and prognostic value of FUNDC1 in pan-cancer across multiple databases, including ONCOMINE, PrognoScan, GEPIA, and Kaplan-Meier Plotter. Then, using the GEPIA and TIMER databases, we investigated the correlations between FUNDC1 expression and immune infiltration in cancers, especially liver hepatocellular carcinoma (LIHC), and lung squamous cell carcinoma (LUSC).

Results: In general, compared with that in normal tissue, tumor tissue had a higher expression level of FUNDC1. Although FUNDC1 showed a protective effect on pan-cancer, a high expression level of FUNDC1 was detrimental to the survival of LIHC patients. Although different from what was found for LUSC, for LIHC, there were significant positive correlations between FUNDC1 expression and immune infiltrates, including B cells, CD8+ T cells, CD4+ T cells, neutrophils, macrophages, and dendritic cells. Furthermore, markers of infiltrating immune cells, such as tumor-associated-macrophages (TAMs), exhibited different FUNDC1-related immune infiltration patterns.

Conclusion: The mitophagy regulator FUNDC1 can serve as a prognostic biomarker in pan-cancer and is correlated with immune infiltrates.

Keywords: mitophagy, pan-cancer, database, survival analysis, immune infiltration, tumor microenvironment


INTRODUCTION

As the power plants in the human cells mitochondria generate adenosine triphosphate by oxidative phosphorylation to fuel cellular activities while also producing reactive oxygen species, which damage them. To maintain a proper balance, mitochondria undergo fission-fusion cycles and eliminate damaged and redundant sections by mitochondrial autophagy (mitophagy), a process that requires various molecular interactions during mitochondrial quality control (1–3).

FUN14 domain containing 1 (FUNDC1), which anchors to the outer mitochondrial membrane, is pivotal in mitophagy (4, 5). FUNDC1 interacts with molecules like LC3B, which is found on the mitochondria-associated membrane of the endoplasmic reticulum, to maintain good mitochondrial quality by forming mitophagosomes (4). FUNDC1-related mitochondrial dysfunction contributes to various pathophysiological processes, such as heart diseases, metabolic disorders, and cancers (6–9). In cardiovascular and metabolic diseases, FUNDC1 is generally considered to be protective because FUNDC1-mediated mitophagy can alleviate damage caused by intracellular stress such as hypoxia and thus benefit overall outcomes (9, 10). However, unlike in non-cancerous diseases, the role of FUNDC1 in pan-cancer has been largely underexplored. Meanwhile, the role of FUNDC1 might be context dependent and could vary among different cancers. For example, FUNDC1 can promote tumor progression and predict poor prognosis in some cancer types; however, it can also suppress carcinogenesis through mitophagy (6, 7, 11). Thus, it remains unclear whether FUNDC1 can be characterized as a friend or foe in pan-cancer.

The tumor microenvironment (TME) contains various cells. Among them, infiltrating immune cells account for a large proportion (12). On the one hand, unlike the conventional view of immune cells as a component of an antitumor strategy, immune infiltration into the TME reflects a tactic tumor cells use to avoid being killed (13–15). For example, tumor-associated-macrophages (TAMs) can help tumor cells in several ways, including immune escape, tumor angiogenesis, and metastasis (16–19). In addition, aside from macrophages, almost all types of immune cells, including B cells, CD8+ T cells, CD4+ T cells, neutrophils, natural killer (NK) cells, and dendritic cells (DC), are found in the TME, and some participate in the development of cancers (12). In contrast, immunotherapy targeting interactions between immune cells and tumor cells, as an alternative approach to classic anticancer treatments, have been developed in recent years to reactivate adaptive and innate immune systems and create a robust antitumoral immune response. For example, cytotoxic T lymphocyte associated antigen 4 (CTLA4), programmed death-1 (PD-1), and programmed death ligand-1 (PD-L1) inhibitors were found to have promising antitumor effects on malignant melanoma and non-small-cell lung carcinoma (14, 20). However, only a limited proportion of patients with certain cancer types respond well to current immunotherapies (14). Thus, it is necessary to explore additional potential targets.

In this study, we visualized the prognostic landscape of FUNDC1 in pan-cancer using databases, including ONCOMINE, PrognoScan, GEPIA, and Kaplan-Meier Plotter. We then explored the potential relationships between FUNDC1 expression and immune infiltration levels using the TIMER and GEPIA databases. The findings from this study indicate that FUNDC1 influences the prognosis of patients with cancers, probably via its interaction with infiltrating immune cells.



MATERIALS AND METHODS


FUNDC1 Expression in Human Cancers in ONCOMINE

The mRNA expression of FUNDC1 in different cancer types was analyzed in the ONCOMINE database (www.oncomine.org). The thresholds were set as a P-value of 0.001 and fold change of 1.5.



Survival Analysis in PrognoScan, GEPIA, and Kaplan-Meier Plotter

The correlation between FUNDC1 expression and survival in pan-cancer was analyzed in PrognoScan (http://dna00.bio.kyutech.ac.jp/PrognoScan/index.html), Kaplan-Meier Plotter (https://kmplot.com/analysis/), and GEPIA (http://gepia.cancer-pku.cn/) (21–23). Specifically, the FUNDC1 expression level was searched in all available microarray datasets of PrognoScan to determine its relationship with prognosis, including overall survival (OS) and disease-free survival (DFS). The threshold was set as a Cox P-value < 0.05, and R software (version 3.25.0, www.r-project.org) with the “forestplot” package was utilized to summarize and visualize the survival analysis from PrognoScan. GEPIA is an interactive online platform with tumor sample information from TCGA and normal sample information from the TCGA and GTEx projects. We explored the effect of FUNDC1 expression on OS and DFS in each available cancer type (total number = 34). Kaplan-Meier Plotter is a powerful online tool that can be used to assess the effect of 54,000 genes on survival in 21 cancer types. We analyzed the relationship of FUNDC1 expression with overall survival (OS) and relapse-free survival (RFS) in liver hepatocellular carcinoma (LIHC), lung squamous cell carcinoma (LUSC), bladder carcinoma (BC), head and neck squamous cell carcinoma (HNSC), ovarian carcinoma (OV), breast invasive carcinoma (BRCA), lung adenocarcinoma (LUAD), and rectum adenocarcinoma (READ). Hazard ratios (HRs) with 95% confidence intervals (CI) and log-rank P-values were calculated.



Correlations Between FUNDC1 Expression and Immune Cells in TIMER and GEPIA

The relationship between FUNDC1 expression and immune infiltration was determined using the TIMER (http://cistrome.org/TIMER/) and GEPIA databases (23, 24). TIMER is an ideal resource for the systematic analysis of immune infiltration across diverse cancer types. TIMER applies a previously published statistical deconvolution method to infer the abundance of tumor-infiltrating immune cells from gene expression profiles (24). The TIMER database contains 10,897 samples across 32 cancer types from TCGA to allow the evaluation of the abundance of immune infiltration. We analyzed FUNDC1 expression with the abundance of all six types of immune infiltrating cells, including B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells. The relationship between the expression level of FUNDC1 and tumor purity was also determined.

In addition to the general analysis of immune cell type, we also analyzed the correlation between FUNDC1 expression and several immune cell markers to identify the potential subtypes of infiltrating immune cells. Immune gene markers were selected from the website of R&D Systems (https://www.rndsystems.com/cn/resources/cell-markers/immune-cells). These gene markers include markers of B cells, CD8+ T cells, follicular helper T cells (Tfh), T-helper 1 (Th1) cells, T-helper 2 (Th2) cells, T-helper 9 (Th9) cells, T-helper 17 (Th17) cells, T-helper 22 (Th22) cells, Tregs, exhausted T cells, M1 macrophages, M2 macrophages, tumor-associated macrophages, monocytes, natural killer (NK) cells, neutrophils, and dendritic cells. The gene expression level was adjusted with log2 RSEM. FUNDC1 was plotted on the x-axis, while marker genes were plotted on the y-axis. Scatterplots were used to analyze correlations between FUNDC1 and each immune gene marker. Similarly, in GEPIA, gene expression correlation analysis was performed for given sets of TCGA expression data. The Spearman method was used to determine the correlation coefficient. FUNDC1 was plotted on the x-axis, while other genes of interest were plotted on the y-axis.



Statistical Analysis

The results generated in Oncomine are presented with P-values determined in t-tests, fold changes, and gene ranks. The Kaplan-Meier method was used to estimate the survival curve. To compare survival curves, we used the log rank test to calculate the HR and logrank P-value in Kaplan-Meier Plotter and GEPIA. A univariate Cox regression model was used to calculate the HR and Cox P value in PrognoScan. The correlation of gene expression was evaluated using Spearman's correlation. A P < 0.05 was considered statistically significant, if not specially noted.




RESULTS


mRNA Expression Level of FUNDC1 in Pan-Cancer

FUNDC1 mRNA expression levels were analyzed in Oncomine to examine FUNDC1 expression over a cancer-wide range. The results revealed that compared with that in the respective normal groups, FUNDC1 expression was higher in cancer groups, including breast, cervical, colorectal, lung, ovarian, pancreatic, and prostate cancers as well as leukemia and lymphoma. Meanwhile, a lower expression of FUNDC1 was only found in one breast cancer dataset (Figure 1A). The details of FUNDC1 expression in multiple cancers are summarized in Supplementary Table 1.


[image: Figure 1]
FIGURE 1. FUNDC1 expression levels in cancers. (A) Increased or decreased expression of FUNDC1 in different cancer tissues, compared with normal tissues in ONCOMINE. Number in each cell is the amount of datasets. (B) Human FUNDC1 expression levels in different cancer types from TCGA data in TIMER. *P < 0.05, **P < 0.01, ***P < 0.001.


To further evaluate FUNDC1 expression in pan-cancer, we examined RNA sequencing data in TCGA using TIMER. The differential FUNDC1 expression patterns in tumor and adjacent normal tissues are shown in Figure 1B. FUNDC1 expression was significantly lower in KIRC (kidney renal clear cell carcinoma) than in normal tissue. Meanwhile, FUNDC1 expression was significantly higher in BLCA (bladder urothelial carcinoma), BRCA (breast invasive carcinoma), CHOL (cholangiocarcinoma), COAD (colon adenocarcinoma), HNSC-HPV positive (head and neck squamous carcinoma-HPV positive), KICH (kidney chromophobe), LIHC (liver hepatocellular carcinoma), LUAD (lung adenocarcinoma), LUSC (lung squamous cell carcinoma), PRAD (prostate adenocarcinoma), and UCEC (uterine corpus endometrial carcinoma) than in their respective adjacent normal tissues.



Multifaceted Prognostic Value of FUNDC1 in Cancers

Next, we investigated the prognostic value of FUNDC1 for pan-cancer in different databases. In PrognoScan, we explored the relationships between FUNDC1 expression and the prognosis of each cancer. The results are summarized in Supplementary Figure 1. Notably, FUNDC1 expression was significantly correlated with a total of eight cancer types, including bladder, brain, breast, colorectal, head and neck, lung, ovarian, and skin cancers (Figure 2). Among them, FUNDC1 played a detrimental role in five cancer types, including brain (OS: total number = 74, HR = 4.05, Cox P = 0.007261), breast [DMFS (distant metastasis-free survival): total number = 77, HR = 5.33, Cox P = 0.039723], colorectal [DFS (disease-free survival): total number = 55, HR = 2.48, Cox P = 0.015719; DSS (disease-specific survival): total number = 49, HR = 2.14, Cox P = 0.043165], head and neck [RFS (relapse-free survival): total number = 28, HR = 2.32, Cox P = 0.022573], and skin cancers (OS: total number = 38, HR = 4.29, Cox P = 0.031662). Meanwhile, FUNDC1 had a protective role in the other 3 cancer types, including bladder (DSS: total number = 165, HR = 0.54, Cox P = 0.002943), lung (OS: total number = 204, HR = 0.48, Cox P = 0.036986), and ovarian cancers (DFS: total number = 185, HR = 0.38, Cox P = 0.044859).


[image: Figure 2]
FIGURE 2. Kaplan-Meier survival curves comparing high and low expression of FUNDC1 in different cancer types in PrognoScan. (A) DSS (n = 165) in bladder cancer cohort GSE13507. (B) OS (n = 74) in brain cancer cohort GSE4412-GPL97. (C) DMFS (n = 77) in breast cancer cohort GSE9195. (D,E) DFS (n = 55) and DSS (n = 49) in colorectal cancer cohort GSE17537. (F) RFS (n = 28) in head and neck cancer cohort GSE2837. (G) OS (n = 204) in lung cancer cohort GSE31210. (H) DFS (n = 185) in ovarian cancer cohort GSE26712. (I) OS (n = 38) in skin cancer cohort GSE19234. DSS, disease-specific survival; OS, overall survival; DMFS, distant metastasis-free survival; DFS, disease-free survival; RFS, relapse-free survival.


Using Kaplan-Meier Plotter, which is mainly based on Affymetrix microarray information from TCGA, we further assessed FUNDC1-related survival (OS and RFS) because the data in PrognoScan are mainly extracted from the gene expression omnibus (GEO) database. Interestingly, we newly identified FUNCD1 as a detrimental prognostic factor in LIHC (OS: HR = 1.73, 95% CI from 1.21 to 2.46, logrank P = 0.0022; RFS, HR = 1.56, 95%CI from 1.12 to 2.17, logrank P = 0.0082) (Figures 3A,B). This finding may challenge the previously reported protective role of FUNDC1 in hepatocellular carcinogenesis (11). The findings for lung cancer were partly different from those using PrognoScan, as a high expression of FUNDC1 only benefited LUSC (OS: HR = 0.64, 95 % CI from 0.48 to 0.85 logrank P = 0.0017; RFS: HR = 0.55, 95% CI from 0.33 to 0.91, logrank P = 0.019) (Figures 2C,D) and not LUAD (OS: HR = 0.8, 95% CI from 0.6 to 1.08, logrank P = 0.15; RFS: HR = 1.41, 95% CI from 0.91 to 2.19, logrank P = 0.13) (Figures 3M,N). For bladder cancer, FUNDC1 was found to have a protective effect on overall survival (OS: HR = 0.59, 95% CI from 0.44 to 0.8, logrank P = 0.00045). However, FUNDC1 worsened relapse-free survival in bladder cancer (RFS: HR = 2.15, 95% CI from 1.01 to 4.58, logrank P = 0.043) (Figures 3E,F). For both head and neck squamous cell carcinoma (HNSC) and ovarian cancer (OV), FUNDC1 significantly influenced their overall survival (HNSC: OS, HR = 1.34, 95% CI from 1.02 to 1.75, logrank P = 0.034; OV: OS, HR = 0.66, 95% CI from 0.49 to 0.88, logrank P = 0.0047) but not relapse-free survival (HNSC: RFS, HR = 1.49, 95% CI from 0.7 to 3.17, logrank P = 0.29; OVC: RFS, HR = 0.74, 95% CI from 0.52 to 1.06, logrank P = 0.095) (Figures 3G–J). For BRCA, FUNDC1 had a protective effect on relapse-free survival (RFS: HR = 0.39, 95% CI from 0.21 to 0.74, logrank P = 0.0029) but did not have a significant effect on overall survival (OS: HR = 1.29, 95% CI from 0.93 to 1.77, logrank P = 0.12) (Figures 3K,L). In addition, for colorectal cancer, FUNDC1 only had a protective effect on RFS for rectum adenocarcinoma (READ) (OS: HR = 2.01, 95% CI from 0.6 to 6.7, logrank P = 0.25; RFS: HR = 0.18, 95% CI from 0.03 to 1.04, logrank P = 0.033) (Figures 3O,P).


[image: Figure 3]
FIGURE 3. Kaplan-Meier survival curves comparing the high and low expression of FUNDC1 in different types of cancer in Kaplan-Meier Plotter. OS and RFS of (A,B) liver hepatocellular carcinoma (LIHC) (C,D) lung squamous cell carcinoma (LUSC) (E,F) bladder cancer (BC) (G,H) head and neck squamous cell carcinoma (HNSC) (I,J) ovarian cancer (OVC) (K,L) breast carcinoma (BRCA) (M,N) lung adenocarcinoma (LUAD), and (O,P) rectum adenocarcinoma (READ). Red curve represents patients with high expression of FUNDC1. OS, overall survival; RFS, relapse-free survival.


In addition to the microarray analysis of FUNDC1 in PrognoScan and Kaplan-Meier Plotter, we also utilized GEPIA to analyze RNA sequencing data in TCGA. In GEPIA, we analyzed the role of FUNDC1 in each cancer type (number of cancer types = 33), as well as the overall effect of FUNDC1 on cancers. In general, FUNDC1 was a favorable prognostic marker in cancers (OS: total number = 9,496, HR = 0.72, logrank P = 0; DFS: total number = 9,496, HR = 0.8, logrank P = 6.6E−09) (Supplementary Figure 2A). Specifically, compared with a low expression level, a high expression level of FUNDC1 was correlated with a better OS in KIRC and LUSC and DFS in thyroid carcinoma (THCA). On the contrary, compared with a low expression level, a high expression level of FUNDC1 was correlated with a poorer OS in brain lower grade glioma (LGG) and LIHC. In addition, unlike the findings from PrognoScan and Kaplan-Meier Plotter, FUNDC1 expression impacted neither OS nor DFS in BRCA, CHOL, COAD, HNSC, KICH, LUAD, OV, READ, and UCEC (Supplementary Figure 2).



FUNDC1 Expression in a Stratified LIHC Population

Next, we explored the potential relevance and underlying mechanisms of FUNDC1 expression in cancers. By integrating clinical and pathological data in Kaplan-Meier Plotter, we investigated the relationship between FUNDC1 expression and several clinical features of patients with LIHC. For OS, FUNDC1 played a detrimental role in patients with LIHC with the following characteristics: male (n = 246, HR = 1.79, 95% CI from 1.14 to 2.83, P = 0.011), Asian (n = 155, HR = 2.33, 95% CI from 1.15 to 4.72, P = 0.016), no-alcohol consumption (n = 202, HR = 1.69, 95% CI from 1.03 to 2.75, P = 0.035), no hepatitis virus infection (n = 167, HR = 1.93, 95% CI from 1.09 to 3.4, P = 0.021), AJCC T3 stage (n = 78, HR = 2.06, 95% CI from 1.03 to 4.11, P = 0.037), and micro-vascular invasion (n = 90, HR = 2.97, 95% CI from 1.12 to 7.9, P = 0.022). On the contrary, FUNDC1 expression benefited LIHC patients at AJCC T2 stage (n = 90, HR = 0.44, 95% CI from 0.2 to 0.97, P = 0.036). For progression-free survival (PFS), FUNDC1 expression was significantly hazardous to LIHC patients without hepatitis virus infection (n = 167, HR = 2.1, 95% CI from 1.3 to 3.38, P = 0.0019) but became protective to LIHC patients at stage 2 (n = 84, HR = 0.52, 95% CI from 0.28 to 0.98, P = 0.039) and grade 3 (n = 119, HR = 0.6, 95% CI from 0.36 to 0.98, P = 0.041) (Figure 4).


[image: Figure 4]
FIGURE 4. Correlation of FUNDC1 mRNA expression with OS (n = 364) and PFS (n = 370) in liver hepatocellular carcinoma with different clinicopathological features. Red squares represent hazard ratio. Short bars appear due to limited sample size for parameters and hazard ratio cannot be calculated. OS, overall survival; PFS, progression-free survival. *P < 0.05.




Contradictory Results for LIHC and LUSC in Correlations of FUNDC1 Expression and Immune Infiltration

Immune cells in the TME can affect patient survival, and the above findings support a prognostic role of FUNDC1 in pan-cancer. Hence, it would be meaningful to explore the association between immune infiltration and FUNDC1 expression. We determined whether FUNDC1 expression was correlated with the immune infiltration level in different cancers by calculating the coefficient of FUNDC1 expression and immune infiltration level in 39 cancer types in TIMER. The results indicated that FUNDC1 expression had significant correlations with tumor purity in 11 cancer types. Furthermore, FUNDC1 expression was also significantly correlated with the infiltration levels of B cells, CD8+ T cells, CD4+ T cells, macrophages, neutrophils, and dendritic cells in 10, 20, 16, 16, 19, and 19 cancer types, respectively (Figure 5 and Supplementary Figure 3).


[image: Figure 5]
FIGURE 5. Correlation of FUNDC1 expression with immune infiltration level in LIHC and LUSC. (A) FUNDC1 expression has no relation with tumor purity and significant positive correlation with infiltrating levels of B cell, CD8+ T cell, CD4+ T cell, macrophage, neutrophil, and dendritic cell. (B) FUNDC1 expression has significant positive correlation with tumor purity, significant negative correlation with infiltrating levels of CD4+ T cell, macrophage, neutrophil and dendritic cell and no relation with infiltrating levels of B cell and CD8+ T cell. LIHC, liver hepatocellular carcinoma; LUSC, lung squamous cell carcinoma. P < 0.05 is considered as significant.


TIMER and GEPIA contain most of the homologous data from TCGA. Based on the above findings in GEPIA, we chose LIHC to represent cancers with poor survival and LUSC to represent cancers with good survival when FUNDC1 had a high expression level. For LIHC, the FUNDC1 expression level had significant positive correlations with the infiltration levels of B cells (R = 0.319, P = 1.42E–09), CD8+ T cells (R = 0.261, P = 9.99E–07), CD4+ T cells (R = 0.166, P = 2.06E−03), macrophages (R = 0.308, P = 6.08E–09), neutrophils (R = 0.218, P = 4.34E–05), and dendritic cells (R = 0.266, P = 6.63E−07) (Figure 5A). However, for LUSC, the FUNDC1 expression level had significant negative correlations with the infiltration levels of CD4+ T cells (R = −0.279, P = 6.34E−10), macrophages (R = −0.196, P = 1.57E−05), neutrophils (R = −0.207, P = 5.38E−06), and dendritic cells (R = −0.234, P = 2.49E−07) (Figure 5B). In addition, the FUNDC1 expression level in LIHC had no relation with tumor purity (R = −0.086, P = 0.112), while the FUNDC1 expression level in LUSC was positively correlated with tumor purity (R = 0.12, P = 8.55E-03) (Figure 5). These findings strongly suggest that FUNDC1 affects patient survival via interacting with immune infiltration in cancers like LIHC and LUSC.



Relationships Between FUNDC1 Expression and Immune Markers

To further explore the potential relationships between FUNDC1 and infiltrating immune cells, we examined the correlations between FUNDC1 and several immune cell markers in TIMER and GEPIA. These markers were used to characterize immune cells, including B cells, CD8+ T cells, M1/M2 macrophages, tumor-associated macrophages, monocytes, NK, neutrophils, and DCs in LIHC and LUSC. We also analyzed the different functional T cells such as Tfh, Th1, Th2, Th9, Th17, Th22, Treg, and exhausted T cells (Table 1 and Figure 6). In TIMER, after adjustments for tumor purity, the FUNDC1 expression level was significantly correlated with 30 out of 45 immune cell markers in LIHC and 19 out of 45 immune cell markers in LUSC (Table 1).


Table 1. Correlations between FUNDC1 and Gene Markers of Immune Cells in TIMER.
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FIGURE 6. FUNDC1 expression correlates with B cell infiltration and macrophage polarization in LIHC and LUSC. Markers include CD19, MS4A1, and CD38 of B cell, NOS2 and ROS1 of M1 macrophage, ARG1 and MRC1 of M2 macrophage, HLA-G, CD80, and CD86 of TAM, and CD14 and FCGR3A of monocyte. LIHC, liver hepatocellular carcinoma; LUSC, lung squamous cell carcinoma; TAM, tumor-associated-macrophages. P < 0.05 is considered as significant.


As shown in Figure 5, in LIHC, B cells and macrophages were two immune cell types most strongly correlated with FUNDC1 expression. However, in LUSC, these two types were less significant. According to the results in Table 1, LIHC and LUSC also have different relationships between FUNDC1 expression and B cell/macrophage markers. Therefore, we further analyzed the correlations of FUNDC1 expression and B cell/macrophage markers in tumor tissues of LIHC and LUSC in GEPIA. Notably, the results suggested that FUNDC1 correlates with tumor-associated macrophage infiltration in LIHC and LUSC (Table 2).


Table 2. Correlations between FUNDC1 and genes markers of B cells, macrophages, and monocytes in GEPIA.
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Moreover, FUNDC1 expression in LIHC and LUSC also relates differently with CD8+ T cell, Tfh, Th2, Th17, and Treg infiltration. The relationships of FUNDC1 with Th9 cells, Th22 cells, neutrophils, and NK cells were partially different between LIHC and LUSC. Additionally, FUNDC1 in LIHC also had significant correlations with exhausted T cell markers such as PD-1 and CTLA4, while FUNDC1 in LUSC did not have such a link (Table 1). Hence, these results confirm our speculation that FUNDC1 expression in LIHC and LUSC correlates with immune cell infiltration in different manners, which can help explain the differences in patient survival.




DISCUSSION

Mitochondria are essential for human immunity, and aberrant mitochondrial activity affects immune responses. For example, some studies have demonstrated that viruses (e.g., HBV in LIHC) can manipulate mitophagy, which enables viruses to promote persistent infection and attenuate the innate immune responses (25). FUNDC1 is an integral mitochondrial outer-membrane protein and a receptor for hypoxia-induced mitophagy. Unlike ubiquitin-dependent mitophagy, which is mainly mediated by PINK1 (PTEN induced kinase-1)-PRKN/PARK2 (parkin RBR E3 ubiquitin protein ligase), FUNDC1 is an LC3 interacting region-containing receptors that can directly induce mitophagy (26). FUNDC1-mediated mitophagy is negatively regulated by the phosphorylation of FUNDC1, as the phosphorylation of Tyr 18 in the FUNDC1 LC3-interacting region motif can weaken the binding affinity of FUNDC1 to LC3 (5). Meanwhile, it is now clear that hypoxia, a common feature of cancers, can induce extensive mitochondrial degradation in a FUNDC1-dependent manner (27). Hypoxia can induce FUNDC1 dephosphorylation and therefore enhance its selective interaction with LC3 (4, 5). In contrast, hypoxia can also promote the ubiquitylation of FUNDC1 at lysine 119 and subsequent degradation of redundant FUNDC1 through MARCH5, a mitochondrial ubiquitin ligase that fine-tunes hypoxia-induced mitophagy. However, severe hypoxic stress still leads to the dephosphorylation of FUNDC1 and increased mitophagic flux (28).

Although FUNDC1 has not been well-studied in immuno-oncology, several studies have been conducted. It is now acknowledged that mitophagy is closely related to human immunity. Moreover, to the best of our knowledge, the relationship between FUNDC1 expression and tumor cell proliferation has been proved in cervical and breast cancers (6, 29). Thus, it is reasonable to surmise that FUNDC1 expression may influence patient survival through tumor cell proliferation. However, the role of FUNDC1 in other important aspects like tumor metastasis has not been thoroughly studied. As indicated by previous reports and our findings, it should also be noted that the role of FUNDC1 may vary in different contexts. Although this study offers a broad view related to patient survival, additional downstream mechanism studies are still warranted. One previous study has demonstrated that FUNDC1-mediated mitophagy can suppress hepatocarcinogenesis (11). This study found that the specific knockout of FUNDC1 in hepatocytes promotes the initiation and progression of chemical carcinogen diethylnitrosamine-induced HCC. The study also found that FUNDC1 transgenic hepatocytes protect against the development of HCC. However, according to our study, FUNDC1 is an unfavorable prognostic factor for LIHC patients (Figure 3), though the situation may vary according to different characteristics such as gender, race, alcohol consumption, hepatitis infection, tumor grade, tumor stage, or vascular invasion (Figure 4). The differences between our study using a cancer patient cohort and previous study using an animal model necessitate more comprehensive and precise studies in the future to explain tumor development. Understanding the tumor microenvironment, including immune cell infiltration, can probably help decipher the mechanisms behind tumor development. As shown in Figures 5, 6, we did find significant correlations between tumor FUNDC1 expression and immune cell infiltration, even though a cause-effect relationship could not be established in the current study. Besides, FUNDC1 expression is not related with the tumor purity in LIHC, while it does have significant positive correlation with the tumor purity in LUSC (Figure 5). Such difference may be attributable to the different enrichment patterns of FUNDC1 in the tumor microenvironment. Tumor microenvironment is a complex milieu of non-cancerous cells mainly consisting of immune cells around tumor cells. Genes highly expressed in cells in the microenvironment are believed to have negative associations with tumor purity. In contrast, genes highly expressed in the tumor cells are expected to have positive association with tumor purity. In this study, as an essential regulator of mitophagy, FUNDC1 expression have different relationships with tumor purity in different contexts, which suggests FUNDC1-related differences in various aspects such as carcinogenesis, metastasis, treatment strategies, etc. Future studies using more precise techniques such as single cell RNA sequencing and exploring direct interactions at the cellular and molecular levels are needed.

In this study, we demonstrated the prognostic value of FUNDC1 in pan-cancer. Compared with a low expression level, a high expression level of FUNDC1 correlated with a better prognosis in lung, ovarian, kidney, and thyroid cancers and a poorer prognosis in brain, skin, and liver cancers. Interestingly, increased FUNDC1 expression can specifically impact the prognosis of LIHC patients with the following characteristics: male, Asian, no alcohol consumption, no hepatitis virus infection, stage 2, grade 3, AJCC T2 and T3, and micro-vascular invasion. Our analysis also revealed that LIHC and LUSC have different patterns with respect to correlations between immune infiltration and FUNDC1 expression. Hence, this study provides insights into the use of the mitophagy regulator FUNDC1 as a prognostic marker in pan-cancer from an immuno-oncological perspective, which could benefit future mechanistic studies and aid in the development of immunotherapies.

This study explored the expression levels of FUNDC1 and visualized the prognostic landscape in pan-cancer using independent datasets in ONCOMINE and PROGNOSCAN and TCGA data in GEPIA and TIMER. In ONCOMINE, we found that FUNDC1, compared with expression levels in normal tissues, was highly expressed in breast, cervical, colorectal, lung, ovarian, pancreatic, and prostate cancers, as well as in leukemia and lymphoma, while only one dataset showed that FUNDC1 had a lower expression level in breast cancer (Figure 1A). However, analysis of TCGA data in TIMER revealed that FUNDC1 expression was higher in BLCA, BRCA, CHOL, COAD, LIHC, LUAD, LUSC, PRAD, and UCEC and lower in KIRC compared with that in normal adjacent tissues (Figure 1B). These discrepant FUNDC1 expression levels in cancers across different databases are the result of heterogeneous data collection approaches, as well as underlying mechanisms with distinct biological properties. However, across databases, we identified the consistent prognostic value of FUNDC1 expression in LIHC and LUSC. For patient prognosis, analysis of FUNDC1 in Kaplan-Meier Plotter and GEPIA revealed that increased FUNDC1 expression correlated with a favorable prognosis in LUSC as well as an overall beneficial effect on cancers. In contrast, a high expression level of FUNDC1 in LIHC was correlated with a poor prognosis. In 8 datasets in PrognoScan, high FUNDC1 expression levels could be used as an independent risk factor for a poor prognosis in brain, breast, colorectal, and skin cancers (Figure 2). In addition, a high level of FUNDC1 expression was shown to be related to a poor prognosis in LIHC with micro-vascular invasion but a favorable prognosis in LIHC with AJCC T2 (Figure 4). Taken together, these findings strongly suggest that FUNDC1 can serve as a prognostic biomarker in pan-cancer.

Another major finding from this study is that FUNDC1 expression correlates with diverse immune infiltration levels in cancers, especially in LIHC and LUSC. Our findings demonstrate that FUNDC1 expression has significant relationships with the infiltration level of CD4+ T cells, macrophages, neutrophils, and DCs in LIHC and LUSC (Figure 5). LIHC has positive coefficients between immune infiltration and the FUNDC1 expression level, but LUSC generally has negative ones. As we expected, the relationships between FUNDC1 expression and certain immune cell markers, such as NOS2, ROS1, ARG1, MRC1, and CD14, are not always the same as the overall trend, suggesting that specific interactions between FUNDC1 and certain immune cell subtypes (Figure 5 and Table 1). Interestingly, the FUNDC1 expression level in LIHC is not related to tumor purity, suggesting that it is equally expressed in tumor cells and the tumor microenvironment. However, in LUSC, the FUNDC1 expression level had a significant positive correlation with tumor purity, indicating its comparative enrichment in tumor cells. As important antigen presenting cells, B cells and macrophages were the cell types that most significantly correlated with FUNDC1 expression in LIHC; however, in LUSC, B cells had no relation to FUNDC1, and macrophages had the lowest coefficient with FUNDC1 among all significantly correlated cells (Figure 5). These differences suggest heterogeneities among tumors in recruiting antigen presenting cells to the TME. Moreover, after adjustment for tumor purity, FUNDC1 in LIHC had no relation to M1 macrophages but negatively correlated with ARG1+ M2 macrophages, while FUNDC1 in LUSC negatively correlated with ROS+ M1 macrophages and MRC1+ M2 macrophages. For infiltrating TAMs, after adjustment for tumor purity, in LIHC, FUNDC1 was positively correlated with CD80 and CD86, and in LUSC, FUNDC1 negatively correlated with CD80, indicating the constitutive effect of TAMs on differences in tumor cell survival (Table 1). Taken together, these findings suggest that FUNDC1 plays an important role in the recruitment and regulation of immune infiltrating cells in cancers, which may eventually influence patient survival.

Recent studies provide possible mechanisms explaining why FUNDC1 expression correlates with immune infiltration and different prognoses in pan-cancer. Initial theories assumed that immune cells helped resisting tumors. Indeed, it is still acknowledged that in the early phase of carcinogenesis, the immune system attacks tumor cells by activating T cells and macrophages to prevent the development of cancer. However, once a tumor progress past this early stage, the immune TME switches to supporting cancer cells and promoting tumor progression while suppressing immune cell-mediated cytotoxicity (12). FUNDC1 is a key regulator of mitophagy, which has been proved to participate in immunity (26). Several studies have linked mitophagy to mitochondrial antigen presentation (26, 30). Our study also provided evidence that the immune infiltration levels of antigen presenting cells (B cells and macrophages) are significantly correlated with the FUNDC1 expression level in cancers. The role of mitophagy in antigen presentation remains unclear. While one study reported that mitophagy can reduce CD8+ T cell activation, another study showed its facilitating role in the mitochondrial antigen presentation of glycoproteins. Aside from antigen presentation, mitophagy is also involved in the development and differentiation of immune cells, including T cells, natural killer (NK) cells, and macrophages (26).

Apart from interactions among immune cells, tumor cells can influence immune cells by producing lactic acid (31). This signal can induce the M2-like polarization of tumor-associated macrophages. In turn, the lactate-induced expression of arginase 1 by macrophages also plays an important role in tumor growth. Macrophages can also promote carcinogenesis by producing pro-inflammatory mediators such as IL-6, tumor necrosis factor, interferon-γ, proteases, ROS, and nitrogen species (32, 33). Specifically, TAMs can directly help tumor cell migration via a paracrine loop between macrophages and tumor cells that involves the secretion of EGF family ligands from macrophages and CSF1 from tumor cells. TAMs can also produce cathepsins and matrix-remodeling enzymes to stimulate such process and increase tumor invasiveness (34–36). These interactions between tumor cells and infiltrating immune cells help explain the findings from this study indicating that TAMs have a positive correlation with FUNDC1 expression in LIHC and that the high expression of FUNDC1 is associated with a worse LIHC patient prognosis. For other immune cell types, T helper 2 (TH2) cells in the microenvironment can educate macrophages to become pro-tumoral and alter the immune response from a cytotoxic to a supportive role (15). Tumor-associated neutrophil and plasma cell signatures can also serve as significant but opposite predictors of survival for diverse solid tumors (37). Therefore, it is reasonable to surmise that immune infiltration can interact with FUNDC1-mediated activities in both immune cells and tumor cells.

However, even though we integrated information across multiple databases, this study still had limitations. First, a large proportion of the microarray and sequencing data were collected by analyzing tumor tissue information. Thus, the cell-level analysis of immune cell markers could have introduced systematic bias. To overcome this issue, future studies with a higher resolution, such as with the use of single cell RNA sequencing, should be performed (38, 39). Second, there is no information in these databases reflecting the post-translational modification of FUNDC1. As discussed above, both phosphorylation and ubiquitination can interfere with the molecular function of FUNDC1. Third, we still cannot define FUNDC1 as a friend or foe because of some conflicting findings from different databases. Fourth, this study only conducted a bioinformatics analysis of FUNDC1 expression and patient survival across different databases, and in vivo/in vitro experiments were not performed. Future mechanistic studies on FUNDC1 at the cellular and molecular levels could help clarify the role of FUNDC1. Fifth, despite the finding that FUNDC1 expression correlates with both immune cell infiltration and patient survival in cancers, we could not prove that FUNDC1 affects patient survival through immune infiltration. Future prospective studies focusing on FUNDC1 expression and immune infiltration in a cancer population could help provide a definitive answer.

In summary, FUNDC1 can affect pan-cancer prognosis and correlate with immune infiltration. Specially, for LIHC and LUSC, FUNDC1 is related to different TAM patterns in the TME. FUNDC1 can serve as a prognostic biomarker in pan-cancer. These findings may provide an immuno-based anti-tumor strategy involving manipulating the energy system of either tumor cells or tumor microenvironment infiltrates.
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Neem Leaf Glycoprotein (NLGP) is a natural immunomodulator, have shown sustained tumor growth restriction as well as angiogenic normalization chiefly by activating CD8+ T cells. Here, we have investigated the direct role of NLGP as a regulator of tumor microenvironmental hypoxia and associated vascular endothelial growth factor (VEGF) production. We observed a significant reduction in VEGF level in both in vivo murine tumor and in vitro cancer cells (B16Mel, LLC) and macrophages after NLGP treatment. Interestingly, NLGP mediated VEGF downregulation in tumor cells or macrophages within hypoxic chamber was found at an early 4 h and again at late 24 h in mRNA level. Our data suggested that NLGP prevented hypoxia-induced strong binding of HIF1α with its co-factors, CBP/p300 and Sp3, but not with Sp1, which eventually limit the binding of HIF1α-transcriptional complex to hypoxia responsive element of VEGF promoter and results in restricted early VEGF transcription. On the otherhand, suppressed phosphorylation of Stat3 by NLGP results reduction of HIF1α at 24 h of hypoxia that further support sustained VEGF down-regulation. However, NLGP fails to regulate VHL activity as observed by both in vivo and in vitro studies. Therefore, this study for the first time reveals a mechanistic insight of NLGP mediated inhibition of angiogenesis by suppressing VEGF, which might help in vascular normalization to influence better drug delivery.

Keywords: hypoxia, VEGF, HIF1α, STAT3, tumor-microenvironment, NLGP


SUMMARY

NLGP downregulates VEGF at 4 h transcriptionally and both VEGF and HIF1α at 18 h translationally. Co-factors of HIF1α-transcriptional-complex downregulated at 4 h in hypoxia by NLGP. Downregulation of pStat3 by NLGP downregulates HIF1α resulting in a sustained VEGF reduction in hypoxia.



INTRODUCTION

Malignant solid tumor progression needs aberrant angiogenic stimuli for rapid neovascularization to maintain nutrient and oxygen supply to proceed beyond 2 mm3 (1, 2). Among various pro-angiogenic factors, vascular endothelial growth factor (VEGF) is the most influential factor responsible for promoting tumor angiogenesis despite the nature and origin of tumor. Thus, VEGF targeting has efficacy in several cancer management (3, 4). Rapid tumor cell proliferation creates hypoxia or oxygen deficit (5) and stabilizes HIF1α, the main VEGF regulator along with growth factors and oncogenes (6, 7). Within the tumor microenvironment (TME), tumor cells themselves along with non-tumor stromal cells serves as the source of VEGF (8).

HIFs are basic helix-loop-helix transcription factors belonging to the PAS (PER/aryl hydrocarbon receptor nuclear translocator) family. It has two subunits, an oxygen-sensitive α-subunit and a constitutively expressed β-subunit (9). In normoxia, α-subunit undergoes post-transcriptional modifications with prolyl-hydroxylase (PHD) and von-Hippel-Lindau (VHL) leading to proteosomal degradation via E3 ubiquitin ligase (10). However, in hypoxia, HIF1α becomes stable and translocate to the nucleus where it forms a heterodimer with HIF1β and many other co-factors to activate more than 124 significant genes (11). In addition to hypoxia, several other factors are potent stimulator of either HIF1α or VEGF or both. Growth factors, cytokines etc. by increase HIF1α protein synthesis via activation of PI3K/AKT (12) or ERK/MAPK pathways (13) or STAT3 signaling pathway (14, 15). Interestingly, recent work suggested a co-operative role of STAT3 and HIF1α in VEGF upregulation (16). VEGF expression can also be induced by HIF1α independent manner by STAT3, AP1, Sp1, and cAMP etc. (16, 17).

Targeting VEGF by many agents, including anti-VEGF monoclonal antibodies, have been developed showing promising effect in vitro, but their effects in vivo settings or in cancer patients are limited due several adverse effects, such as hypertension, gastrointestinal-perforation, bleeding, impairment of wound healing etc. (18). On the other hand, several plant based natural molecules or anti-oxidants show promises in reducing VEGF but their mechanisms are largely unknown. Neem leaf glycoprotein (NLGP), a non-toxic immune-modulator, show sustained tumor growth restriction in multiple murine cancer settings primarily by activating CD8+ cytotoxic T cells (19, 20). We also reported normalization of aberrant angiogenesis in murine carcinoma and melanoma hosts in an immune dependent manner (21). Therefore, this is of immense interest to study whether and how NLGP restricts VEGF synthesis and secretion from tumor resident cells.

Herein, we show that NLGP primarily targets VEGF synthesis by disrupting the binding of HIF1α with its co-factors, which ultimately prevents binding of HIF1α- transcriptional complex to the HRE region of VEGF. Additionally, NLGP prevents Stat3 activation and STAT3-dependent HIF1α transcription. Both of these events simultaneously mitigate VEGF secretion from tumor and non-tumor stromal cells.



MATERIALS AND METHODS


Antibodies and Reagents

DMEM-high glucose medium and Fetal bovine serum (FBS) were obtained from Invitrogen (NY, USA). Purified anti-mouse antibodies (VEGF, HIF1α, Sp1, Sp3, p300, CBP, pAKT, pERK, STAT3, pSTAT3) and Stat3 siRNA were procured from Santa Cruz Biotechnology (Dallas, TX, USA). Anti-mouse/rabbit fluorescence conjugated secondary antibodies (FITC and PE conjugate) were purchased from Sigma Aldrich (St. Louis, US). RT-PCR primers were designed and procured from Eurofins, Bangalore, India. Trizol reagent for RNA isolation and Revert Aid™ cDNA synthesis kit were procured from Invitrogen (Carlsbad, CA, USA) and Fermentas (Waltham, MA, USA), respectively.



Maintenance of Cell Lines

B16F10 murine melanoma cells (B16Mel) were purchased from the National Center for Cell Sciences (NCCS), Pune, India. Lewis Lung Carcinoma (LL/2 (LLC1) were purchased directly from American Type Cell Culture (ATCC® CRL1642™, Manassas, VA, USA). Macrophages were collected from peritoneal cavity of C57BL/6J mice and tumor conditioned using B16Mel tumor lysate. Cells were maintained at 70% confluency in complete DMEM high glucose media supplemented with 10% (v/v) heat inactivated FBS, 2mM L-glutamine, 100 U/ml penicillin and 100 μg/ml streptomycin at 37°C with the supply of 5% CO2. Authentication is done using STR method in the cell banks. All cells were maintained for 10 to 12 passages and all handling procedure was done according to guidelines provided by ATCC. B16Mel cells were tested for mycoplasma contamination using mycoplasma detection kit (EZdetect™ PCR Kit for Mycoplasma Detection; based on 16s-23s rRNA spacer region, Himedia, India). All experiments were done within 6 months of purchase.



Mice and Tumor Inoculation

Inbred female C57BL/6J mice (age, 4–6 weeks, average body weight 21 g) were obtained and maintained as described (21). All experiments were performed in accordance with the guidelines provided by the Institutional Animal Care and Ethics Committee (Approval No. IAEC-1774/RB-7/2016/3).



Neem Leaf Glycoprotein

Neem leaf glycoprotein (NLGP) was prepared from neem leaves (Azadirachta indica), by the method as described previously (21). A standard protocol was followed as described (22).



Generation of Hypoxic Environment in vitro

B16Mel cells were kept in a hypoxia chamber (Stem Cell Technologies, Canada) to mimic artificial tumor hypoxic environment. The later was generated by passing a hypoxia gas mixture of 5% O2, 85% N2, and 10% CO2, at 20psi pressure for 4 min. According to manufacturer's protocol, this time is required to completely replace the atmospheric gas inside the chamber with the desired gas mixture.



Histology and Immunohistochemistry

Tumors were fixed to stain with VEGF according to method described (19). In some cases, VEGF positive regions were selected and dissected using laser capture microscopy.



Cytokine Detection Assay

Cytokines secreted from B16Mel cells within culture supernatant both in hypoxia and normoxia w/wo NLGP, were measured by ELISA as described (19).



Co-localization Studies

B16Mel cells were grown in chamber slides in hypoxia, w/wo NLGP, fixed with paraformaldehyde and permeabilized in 0.1% Triton X-100. After methodical washing with PBS-Tween 20 and PBB (0.5% BSA + PBS) blocking was done using 2% BSA. Primary antibodies for Sp1, Sp3, CBP, p300 and HIF1α were added in dilution range 1:200 to 1:500 and incubated in a moist chamber, overnight. Secondary antibody was added and incubated for 1 h. Slides were finally mounted with DAPI and images were acquired using Leica DM 1000, Fluorescent Microscope (Leica, BM 4000B, Germany).



Nuclear and Cytosolic Extraction

B16Mel cells were scraped using chilled PBS, centrifuged and cell pellet was re-suspended in ice-cold EMSA buffer to incubate for 1 h at 4°C. Nuclear and cytosolic fractions were carried out according to the protocol described (19).



RT-PCR

Cellular RNA was isolated using Trizol (Invitrogen, Camarillo, CA) and random hexamers were used to generate corresponding cDNA (First Strand cDNA Synthesis Kit; Fermentas, Hanover, MD). Amplification was done according to protocol described (22).



Co-immunoprecipitation and Western Blot

B16Mel cells were subjected to hypoxia w/wo NLGP for 4 h, and Co-IP of Sp1/3, CBP, p300 with HIF1α was performed as described (23).



Chromatin Immunoprecipitation (ChIP) Assay

ChIP assays were conducted following the manufacturer's protocol (Millipore, Darmstadt, Germany). B16Mel cells (1 × 106) were subjected to normoxia and hypoxia w/wo NLGP as described (23) was followed. DNA was extracted using phenol/chloroform to conduct PCR using promoter specific primers: HRE region in the promoter of VEGF (HIF1α binding site): sense 5′-CCACAGTGCATACGTGGGCTC-3′, antisense 5′-GGTGTCACGTATGCACCCGAG-3′.



si-RNA Mediated STAT3 Silencing

STAT3 specific si-RNA (Santacruz Biotechnology, Dallas, TX) was added in 70% confluent B16Mel culture as described (23). Finally, expression of stat3 and hif1α was checked both in untreated, NLGP treated and siRNA transfected B16Mel cells by RT-PCR.



Flow-Cytometric Staining

Flow-cytometry of pAKT, pERK and pSTAT3 was done as described (24).



Statistical Analysis

All reported results represent the mean ± SD of data obtained in either six (for in vivo analysis) or three to six (in vitro assays) independent experiments. Statistical significance was established by unpaired t-test using INSTAT 3 Software (Graphpad Inc., USA), with differences between groups attaining a p-value < 0.01 considered as significant.




RESULTS


NLGP Mediated Tumor Growth Restriction Is Associated With Downregulation of VEGF in Immune and Tumor Cells

In continuation to our previous research in understanding the mechanism of NLGP mediated tumor growth restriction, we have reported that therapeutic NLGP treatment significantly reduces the availability of VEGF in tumor hosts, in an immune dependent (CD8+ T cells and IFNγ) manner (21). To analyze the detailed molecular mechanism behind NLGP mediated modulation of VEGF, here, first we studied the cellular source of VEGF, those are targeted by NLGP. Laser-capture-microdissection of tumor tissues followed by RT-PCR analysis suggested that in vivo NLGP treatment showed no change in melanoma (gp100) and dendritic cell (DC) (CD11c) marker, but an increase in macrophage marker (CD11b) (Figure 1C). Thus, observed reduction in VEGF as shown in Figure 1A might be due to NLGP's inhibition on VEGF secretion from B16Mel and macrophage cells (Figures 1A–D). This observation is suggestive that VEGF reduction is not due to direct killing of the tumor cells but rather NLGP could modulate tumor cells to restrict VEGF production.


[image: Figure 1]
FIGURE 1. NLGP downregulates VEGF expression in tumor, cultured cancer cells and immune cells. (A) Immunohistochemical expression of VEGF in untreated and NLGP treated murine B16Mel tumor tissue. (B) Representative figures from tumor bearing (n = 6) hosts are presented in 20X and 40X magnification. Intensity of staining in six different fields from tumor sections of untreated and NLGP treated mice. Mean ± SD of staining intensity of VEGF are also shown. (C) Tumors from untreated and NLGP treated (1.5 μg/ml) C57BL6/J mice were cryosectioned and mRNA expression of cd11c, cd11b, gp100 genes after laser capture microdissection of VEGF positive zones were measured using RT-PCR, keeping β-actin as loading control. (D) A bar diagram represents the mean ± SD of relative expression of respective genes (n = 4). (E) Expression of vegf gene is shown in B16Mel, LLC and macrophages cultured in both normoxic and hypoxic conditions (6 h of NLGP and hypoxia exposure) (n = 6 for each cell type), keeping β-actin as loading control. (F) Bar diagrammatic representation show mean ± SD of relative expression of vegf from all untreated and NLGP treated cell lines. (G) A bar diagram showing mean ± SD (n = 6) of VEGF levels as measured by ELISA in B16Mel, LLC and macrophage cells obtained from both hypoxic and normoxic conditions, w/wo NLGP. Cells were pre-treated for 48 h in NLGP and kept in 12 h hypoxia. P-values showing significance of difference are indicated in respective bar diagrams.


Based on this in vivo result, next we studied VEGF expression of B16Mel and LLC cells and in macrophages under normoxia and hypoxia with NLGP treatment. RT-PCR and ELISA suggested a significant decrease in vegf gene as well as protein expression after 6 h and 48 h of NLGP treatment, respectively, in all cells studied. The extent of VEGF reduction was prominent under hypoxic condition with no change in normoxia (Figures 1E–G).



NLGP Modulates HIF1α in Tumor Cells to Restrain VEGF Production

Given the direct effect of NLGP in reduction of VEGF in hypoxic condition, next we checked the involvement of HIF1α, the main regulator of VEGF and also the exact time point at which VEGF is downregulated. B16Mel, LLC and macrophage cells were exposed to normoxic and hypoxic conditions for various time points (0 min, 30 min, 1 h, 4 h, 18 h, and 24 h) in presence or absence of NLGP (1.5μg/ml). RT-PCR analysis suggested downregulation of vegf started at 4 h and reached a maximum decrease at 24 h (Figures 2A,B), whereas downregulation of hif1α was observed only at 24 h. Western blot analysis suggested a downregulation of total VEGF started at 18 h of NLGP treatment under hypoxia (Figures 2C,D; Supplementary Material). As hypoxia stabilizes HIF1α protein and promotes its translocation to nucleus from cytoplasm, next we studied its expression in both cases. Although cytosolic HIF1α expression remains low in all the conditions but hypoxia increases HIF1α expression in nucleus of B16Mel cells, while, NLGP treatment reduced stable HIF1α expression at 24 h (Figures 2C,D). Therefore, collectively these data suggest that NLGP does not affect HIF1α expression in either protein or mRNA level at 4 h to control their VEGF production in tumor cells.


[image: Figure 2]
FIGURE 2. NLGP modulates HIF1α to restrain VEGF secretion in hypoxia. (A) B16Mel, LLC, and macrophages were treated w/wo NLGP and subjected to either hypoxia or kept in normoxia for different time periods. (A1) Representative data from n = 6 are shown, exhibiting mRNA for vegf and hif1α gene were studied by RT-PCR. β-actin was kept as a loading control. (B) A line graph showing different time points (0 min, 30 min, 1 h, 4 h, 18 h, and 24 h) represents the mean ± SD of relative expression of vegf and hif1α genes. p-value significance of hypoxia exposed sample are shown in all graphs, no significant change was observed in normoxic samples. (C) Western blotting was performed to check the protein level expression of VEGF and HIF1α in hypoxia for both untreated and NLGP treated cells at various time points. In the upper panel, cytosolic expression of VEGF is shown for various time points, β-actin was kept as loading control. Lower panel represents the nuclear expression of HIF1α keeping histone H3 as loading control. Basal level of cytosolic expression of HIF1α and nuclear VEGF expression in controlled condition is shown alongside the panel. (D) A line graph (n = 6) represents the mean ± SD of cytosolic VEGF and nuclear HIF1α expression w/wo NLGP treatment in hypoxia. p-values showing significance of difference are indicated in the figure.




NLGP Neither Affects Hypoxia-Induced HIF1α Stabilization nor O2/VHL-Dependent HIF1α Degradation

NLGP mediated downregulation of VEGF gene transcription was achieved after 4 h. However, NLGP is unable to reduce stable HIF1α expression in B16Mel cells at this time point, which was observed only at 24 h in both transcriptional and translational levels. This result clearly pointed out that NLGP treatment does not affect the HIF1α stabilization in hypoxic condition.

Next, we look at VHL expression, an important tumor suppressor gene. In presence of O2, VHL ubiquinates HIF1α for its subsequent proteosomal degradation. However, neither in vivo (Figure 3A) nor in vitro (Figure 3B) NLGP treatment shows any effect in VHL expression in tumor tissues or in B16Mel cells, respectively, and suggested that NLGP mediated VEGF downregulation is not associated with VHL-dependent HIF1α degradation (Figures 3A,B).
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FIGURE 3. Effect of NLGP on VHL and HIF1α activational co-factors. (A) mRNA expression of tumor suppressor gene, vhl from both in vivo hosts (A) and in vitro B16Mel cells exposed to normoxia and hypoxia at different time points (B), w/wo NLGP, was assessed by RT-PCR. β-actin was used as a loading control in all cases. (C) Co-localization of HIF1α and its co-activators in presence or absence of NLGP in hypoxia were determined by immunofluorescence microscopy and analyzed by Image J software as 2D histogram pictorial. Nuclei were stained with DAPI. HIF1α and co-activators, Sp1, Sp3, CBP, and p300 were detected with anti-mouse PE and anti-rabbit FITC, respectively. Representative data from n = 6 are presented. Mander's tM1 value greater than 0.6 indicates higher co-localization, tM1 value within 0.5–0.6 range indicates moderate co-localization and values below 0.5 indicates weak co-localization. tM1 values for each co-factors are mentioned in respective pictures. (D) Co-immunoprecipitation and western blot analysis of hypoxia (4 h) treated B16Mel cells from w/wo NLGP treatment as indicated. (E) A representative bar diagram showing mean ± SD from n = 6 are presented. (F) Representative data from n = 6 are shown, exhibiting mRNA expression using RT-PCR of sp1, sp3, cbp, and p300 genes in hypoxia w/wo NLGP treatment at 3 different time points (30 min, 1 h, and 4 h). β-actin was used as a loading control. (G) A line diagram showing mean + SD (n = 6) representing change in expression with NLGP treatment form untreated samples are shown for three different time points (30 min, 1 h, and 4 h) of hypoxic condition.




NLGP Targets the Binding of HIF1α to Its Co-activator and Prevents Formation of Active HIF1α Transcriptional Complex

HIF1α binds with HIF1β and other co-activators (like, Sp1, CBP/p300, etc.) to form active transcriptional complex after translocating to the nucleus and bind with hypoxia responsive elements (HRE) of VEGF promoter (25). As NLGP treatment does not show any effect on HIF1α stabilization, we assessed the binding of HIF1α with its co-activator(s). Accordingly, B16Mel cells were exposed to hypoxia w/wo NLGP (1.5 μg/ml) for 4 h and co-localization and co-immunoprecipitation assays were performed. Co-localization assay of B16Mel cells grown-on chamber slide in hypoxic environment demonstrated that NLGP significantly prevents co-localization of HIF1α with Sp1, CBP, and p300. Analysis of co-localization by Image J software of HIF1α with Sp1, CBP, and p300 shows higher Mander's tM1 value for all hypoxia treated cohorts (>0.6) compared to NLGP-treated cohorts (<0.5) (Figure 3C). Co-immunoprecipitation assay also supported that NLGP treatment is able to reduce protein-protein interaction of HIF1α with its co-activators (Figures 3D,E; Supplementary Material), whereas the binding between HIF1α and Sp3 (a competitive inhibitor of Sp1) showed no change in NLGP treated B16Mel cells (Figures 3C,D). Interestingly, NLGP treatment also downregulates transcriptional expression of both Sp1, CBP and p300 in B16Mel cells under hypoxic condition after 4 h (Figures 3F,G). Therefore, the overall data suggest that NLGP is able to prevent the formation of active HIF1α transcriptional complex required for VEGF transcription.



NLGP Prevents Binding of HIF1α Transcriptional Complexes to VEGF Promoter in Hypoxia

As NLGP prevents the nuclear translocation of HIF1α and the formation of active HIF1α complex, next we assessed its binding with cognate HRE sequence at VEGF promoter using chromatin immune-precipitation (ChIP) assay. Results obtained from ChIP assay suggested that hypoxia remarkably promoted the binding of HIF1α with VEGF promoter in B16Mel cells whereas, NLGP treatment caused a significant reduction in binding of HIF1α with VEGF promoter in hypoxic condition (Figures 4A,B).


[image: Figure 4]
FIGURE 4. NLGP prevents nuclear binding of HIF complex to HRE. (A) Potential Hypoxia Responsive Element (HRE) within mouse vegf gene promoter. Indicated arrows are for PCR primer positions used in ChIP assay. (B) Representative data of mRNA expression using RT-PCR of HIF1α/co-activator complex recruitment to the HRE region of vegf promoter in NLGP treated or non-treated B16Mel cells in hypoxia. Input lanes are prepared from 10% of samples used in IPs, with control IgG and HIF1α activational complex.




NLGP Targets Stat3-Dependent Transcription of HIF1α to Reduce VEGF

Although NLGP treatment downregulates VEGF primarily by targeting HIF1α binding with VEGF promoter, it also causes a significant downregulation of HIF1α in transcription level at 24 h. Several transcription factors or oncogenic stimuli are reported to have HIF1α promoting activity like Stat3, NF-κB, AKT, ERK etc. To study the target molecule(s) in our settings, we have checked the activation status of different HIF1α-linked up-stream transcription factors in NLGP-treated B16Mel cells w/wo hypoxia by flow-cytometry and western blot analysis. Both the assays suggested that after 30 min of NLGP treatment there was a significant downregulation of pStat3 expression, which further showed a decrease at 1 h and maintained a reduced pStat3 expression till 4 h in hypoxia-exposed tumor cells (Figures 5A–D). However, other factors like AKT, ERK show no significant changes after NLGP treatment (Figures 5A–C), even after blocking them (Figures 5E,F). But, inhibition of Stat3 by Stat3-specific siRNA treatment significantly abrogated this NLGP mediated downregulation of HIF1α after 24 h (Figures 5G,H).


[image: Figure 5]
FIGURE 5. NLGP targets HIF1α upstream signaling cascade. (A) Responsible factors for regulating HIF1α at protein level was determined by a time kinetics experiment. B16Mel cells were exposed to hypoxia w/wo NLGP treatment for various time points (0 min, 15 min, 30 min, 1 h, 4 h, and 6 h) and expression pAKT(Thr) (A), pAKT(Ser) (B), pERK (C), and pSTAT3 (D) was checked by flow cytometry. Illustrative histograms show percent positive cells for respective upstream signaling molecules (n = 6). Mean Fluorescence Intensity (MFI) measuring the mean level of phosphorylation is indicated in each histogram with a bar diagram showing mean + SD of n = 4 samples. (E) mRNA expression of hif1α gene after blocking with inhibitor PD was checked w/wo NLGP treatment, keeping β-actin as loading control. (F) Representative data and bar diagram showing mean ± SD (n = 6) of HIF1α expression by RT-PCR are presented. (G) B16Mel cells were either treated with NLGP or Stat3 siRNA or both in presence of hypoxia. mRNA expression by RT-PCR was checked for hif1α gene expression. Level of Stat3 was also checked to see efficacy of the silencing experiment. (H) Representative bar diagram showing mean ± SD of relative expression (n = 6) for respective genes are presented.





DISCUSSIONS

Angiogenesis plays a critical role in tumor growth by inducing VEGF secretion, which ultimately creates hypoxia and fosters tumor-promoting events and metastasis (26). Therefore, angiogenesis inhibitors specifically VEGF antagonist gained special interest in cancer management. However, these synthetic drugs generate toxicity as well as resistance. While non-toxic plant-based molecules seem more promising, detailed molecular mechanisms of action of plant based anti-angiogenic molecules are largely unknown. We reported a non-toxic immunomodulator, NLGP, having sustained effect on tumor growth restriction (27–30) and vascular normalization (21). These are primarily mediated by (i) activation of cytotoxic CD8+ T cells (20, 27, 29) and their interaction with CD4+ helper T cells (31), (ii) downregulation of immunosuppressive cytokines (IL-6, IL-10, TGFβ, etc.) (20, 24, 28, 32), (iii) decrease in suppressor cell (Treg, TAM, DC2, MDSC) accumulation and their functions (32–34), (iv) generation of central and effector memory T cells (19). However, this molecule failed to induce any direct cytocidal effect to the tumor cells (35). Here, for the first time we have shown that NLGP can directly modulate tumor cell property, which might switch the hostile TME.

A substantial reduction in uncontrolled angiogenesis is demonstrated recently after NLGP treatment in tumor bearing mice by downregulating intratumoral VEGF (21). Accordingly, the present work is initiated to understand how NLGP reduces VEGF within TME where tumor and tumor associated stromal cells including immune cells are major VEGF sources (36) and therefore could be potential targets of NLGP. To better understand the cellular target of NLGP, we looked inside a tumor tissue architecture and laser capture microdissection aided that NLGP can reduce VEGF secretion by modulating both macrophages and tumor cells. As reported earlier, NLGP significantly reduces of M2-type macrophages (24) and suppressor MDSCs (34). NLGP cannot directly kill macrophages or tumor cells thus it could modify the VEGF promoting factors like hypoxia (21). To understand the cellular and molecular mechanisms more precisely, we opt for in vitro culture of B16Mel, LLC, and macrophage cells, where we observed significant reduction of VEGF in tumor cells and macrophages after NLGP treatment as early as 4 h at mRNA level with more prominent result in hypoxia than normoxia, suggesting hypoxia as a major factor that NLGP targets. HIF1α a major angiogenesis inducer in tumor cells (carcinoma and melanoma) both in vitro and in vivo. Hence, those conditions known to activate HIF1α can upregulate VEGF production by recruiting other cofactors forming HIF activational complex (37). Therefore, possible mechanisms by which NLGP inhibits VEGF gene expression could include (i) Promotion of degradation of HIF1α protein, (ii) Reduction of HIF1α protein synthesis, (iii) Prevention of nuclear translocation of HIF1α, (iv) Hindrance in active HIF1α complex formation by preventing binding between HIF1α and partner(s), (v) Direct block in binding of HIF1α complex to HRE region of VEGF promoter. As we carried out our experiments in hypoxia, which stabilizes HIF1α, we did not find any changes in expression of HIF1α mRNA and protein up to 24 h with NLGP treatment, so the first possibility is obsolete. Furthermore, degradation of HIF1α protein requires obligatory presence of VHL (38), NLGP has no effect in vivo or in vitro over VHL expression. The second possibility at least for early (at 4 h) is ruled out since NLGP can only reduce HIF1α protein expression after 18 h. NLGP treatment failed to reduce the accumulation of nuclear HIF1α and can downregulate the same only after 24 h, excluding the third possibility for early VEGF downregulation. Next, we look further into the binding capacity of HIF1α with other cofactors, like Sp1, CBP, p300, and we found that NLGP prevents co-localization of HIF1α with CBP, p300 and Sp1 but not with Sp3, which can competitively target HIF1α and Sp1 binding. Sp1 and Sp3 compete for binding to the HRE region as they share more than 90% sequence homology (39–41). Consequently, we observed significant less binding of active HIF1α complex with HRE region. Moreover, this effect is more global as NLGP treatment shows downregulated expression of other HIF1α target genes (PDK1 and EPO) (data not shown).

Many plant-based molecules show inhibitory effects toward VEGF mainly by modulating HIF1α protein synthesis or degradation (42–49). On the other hand, NLGP initially target and destabilizes HIF1α-HIF1β-Sp1-CBP-p300 active transcriptional complex formation at 4 h, while at late hours it downregulates HIF1α protein synthesis. Several signaling pathways are responsible for downregulation of HIF1α, like AKT, ERK, MAPK, STAT3, etc. The status of AKT and ERK phosphorylation in B16Mel cells did not show any NLGP induced changes in either normoxia or hypoxia. However, NLGP causes significant reduction in Stat3 phosphorylation under hypoxia. Consistent with our previous reports, we observed downregulation of pStat3 by NLGP and siRNA mediated knock-down of stat3, both of which mimics NLGP's effect. Recent studies suggest that HIF1α is regulated by STAT3 as the later increases the half-life of the transcription factor in both human and mouse melanoma cells (50). STAT3 can directly bind to HIF1α promoter and upregulates its expression post-translationally (51). A pictorial shown in Figure 6 demonstrates how NLGP regulates VEGF in hypoxic TME at 4 and 24 h.


[image: Figure 6]
FIGURE 6. A representative pictorial of the total time events with NLGP. Schematic diagram of all overall pathway discussed. During hypoxia HIF activational complex is formed in the nucleus due to availability of stable HIF1α and binds to the HRE region of VEGF promoter to enhance VEGF transcription. When B16Mel cells were treated with NLGP under hypoxia, it modulates the system to downregulate Sp1, CBP, and p300 at 4 h but not HIF1α. This event causes less binding of the HIF activational complex to the HRE region. At 24 h it was seen that NLGP could further downregulates pStat3 expression which maintains a sustained VEGF reduction. Downregulated molecules are shaded light.


A significant reduction of HIF1α-VEGF signaling axis within tumor by NLGP treatment has immense importance even from immunological perspective, where efficacy of NLGP is already proven. Moreover, effect of NLGP is dependent on CD8+ T cells and reduced hypoxia-and related factors may promote susceptibility of tumor cells toward T and NK cell mediated killing via induction of autophagy as well as more efficient functioning of several immune cells by downregulating CTLA4 on T cells and PDLs on tumor cells. However, here we are unable to explore how NLGP interact with macrophage or tumor cells to reduce stat3, which may eventually prevent the formation of active HIF1α-transcriptional complex. This study adds new insight into the potential mechanism of NLGP's activity besides immunomodulation which may intensify its prospective acceptance as a novel strategy for cancer management.
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Accumulating evidence now indicates that peripheral nerves and solid tumors mutually support the growth of each other. Tumor-derived molecular cues guide nerve infiltration to the tumor milieu, while the tumor-infiltrating nerves provide molecular support to promote tumor growth and dissemination. In this mini-review, we discuss the unique roles of sympathetic and parasympathetic nerves in promoting tumor growth and metastasis. The contribution of adrenergic and cholinergic signals, the specific receptors involved, and the downstream molecular links in both cancer cells and stromal cells are discussed for their intrinsic capacity to modulate tumor growth. We identified unappreciated niche areas in the field, an investigation of which are critical to filling the knowledge gap in understanding the biology of neuromodulation of cancers.
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INTRODUCTION

The tumor microenvironment significantly influences the progression of solid tumors (1). Therefore, there has been a long-standing interest in understanding the functions of stromal cells in the tumor milieu. An immense interest has been recently developed in understanding the functions of peripheral nerves in the tumor microenvironment. For many decades, nerves were only recognized as pain carriers of tumors. However, recent studies demonstrated that peripheral nerves modulate tumor growth and dissemination. The widely recognized belief now is that the tumors attract nerves by stimulating nerve growth, and in turn, the nerves feed both cancer and stromal cells in the tumor milieu (2, 3).

The nerve-derived molecules supporting tumor growth have been reviewed in much detail (2, 3). In this regard, the neurotransmitters released from autonomic nerves have gained much attention, and clinical trials are now underway by blocking the corresponding receptors to managing a variety of solid tumors. Here, we review the nerve-tumor interface with particular attention to the unique contribution of autonomic signaling to tumor growth and dissemination. We also discuss the missing links in the current state of knowledge in understanding the biology of neuromodulation of cancers.



THE NERVE-TUMOR CROSSTALK: THE MILESTONES

The nerve-dependence of tumors received initial attention due to the occurrence of perineural invasion (PNI), in which cancer cells migrate around and invade nerves (4–6). Although PNI was recognized much earlier as a complex physical interaction between cancer cells and nerves, a mutual growth stimulatory interaction between the cancer cells and neurons was experimentally demonstrated within the past two decades. In an elegant study, Ayala et al. showed that the outgrowth and directionality of sensory neurons and the proliferation and migration of prostate cancer cells were mutually benefitted when they were cultured together (7). This observation kickstarted serious investigations to understanding the nerve-tumor interface.

In the early 2000, clinicians also found an association between underlying stress and poor prognosis of cancer patients (8). Supporting this association, a study by Thaker et al. showed that stress-activated adrenergic signals promote tumor growth, signifying the critical involvement of sympathetic nerves in tumor progression (9). Another breakthrough occurred in 2013 when Magnon et al. demonstrated that adrenergic signals in stromal cells are indeed essential for tumorigenesis (10). The tumor promoting roles of cholinergic signals were also established around this time when it was discovered that cholinergic muscarinic receptors facilitate tumorigenesis and metastasis (10, 11). These discoveries then fuelled a broader interest in understanding the roles of autonomic signals in tumor microenvironment.



SYMPATHETIC DISTRIBUTION IN THE TUMOR MICROENVIRONMENT

Sympathetic nerve innervation in tumors has been demonstrated in prostate, ovarian, and breast tumors by specifically staining the adrenergic neurons with tyrosine hydroxylase (10, 12–14). In addition, animal tumor models of the prostate, melanoma and ovarian cancers showed increased levels of the sympathetic neurotransmitter norepinephrine (NE), indicating that sympathetic activity is enhanced in solid tumors (12, 13, 15). NE has also been implicated in stress-mediated melanoma and ovarian tumor progression (13, 16). The specific receptors for NE, the adrenergic β receptors (Adrβ), are widely distributed in both cancer and stromal cells. For example, the Adrβ are expressed in the prostate, melanoma, ovarian, pancreatic, colon and breast cancer cells, and pericytes, endothelial cells, lymphocytes, and myeloid cells (10, 12–14, 17–22). Among the Adrβ, varying expressions and levels of Adrβ1/ β2/ β3 are reported in several cancer types (23).



ADRENERGIC SIGNALS AS TUMOR PROMOTERS: MOLECULAR MECHANISMS

Several growth signaling cascades are activated downstream of Adrβ. For example, Adrβ2 activation was shown to trigger Src kinase to promote ovarian cancer cell proliferation, migration, and invasion (19). A positive association between NE and Src activation was also demonstrated in human ovarian tumors substantiating the tumor promoting roles of the NE-Src axis (19). Adrβ2 also enables cancer cells to escape chemotherapy-induced cytotoxicity. For instance, Adrβ2 signals have shown to activate the survival phosphatase, DUSP1, which in turn dephosphorylates JNK and c-jun to promote ovarian cancer cell survival pre-treated with cisplatin or paclitaxel (24). Thaker et al. showed that activation of Adrβ2 by NE induces VEGF in ovarian cancer cells (9). The VEGF, in turn, signals endothelial cells to facilitate angiogenesis, which is an example of how NE promotes tumor angiogenesis indirectly (9). Interestingly, NE dependent activation of Adrβ3 in ovarian cancer cells induces BDNF through cAMP/JNK activation (13). The BDNF then signals TrKB receptors in the nearby nerves to promote axonogenesis, which is an example of how NE promotes tumor axonogenesis indirectly. A positive association between NE and BDNF was also observed in human ovarian carcinoma, further indicating that the NE-BDNF axis promotes tumors (13).

The tumor-promoting roles of Adrβ3, and the mechanisms involved, have been extensively studied in melanoma. In line with this, Dal Monte et al. showed that blockade of Adrβ3 induces apoptosis of melanoma cells through downregulation iNOS (inducible nitric oxide synthase) mediated NO synthesis (25, 26). Calvani et al. showed that various cellular stresses, such as hypoxia, ischemia, or glucose deprivation induce Adrβ3 in melanoma cells, suggesting that these natural triggers may drive higher production of Adrβ3 in the tumor milieu (21). Strikingly, Adrβ3 promotes the classical Warburg effect (preferred glycolysis) in melanoma stem cells by upregulating UCP2 (uncoupling protein 2) (27). Adrβ3 was also shown to regulate the stemness of neuroblastoma cells wherein Adrβ3 inhibition promoted their differentiation by disrupting the sphingosine kinase 2(sk2)-sphingosine-1-phosphatase receptor 2 (S1P2) axis, which is a lipid metabolic axis otherwise crucial for these cells' stemness and proliferation (28).

The Adrβ have stromal cell-specific actions too. Selective depletion of Adrβ2 and/or Adrβ3 in the stromal compartment prevented the occurrence and early growth of prostate cancer, indicating that stromal cell-specific Adrβ is essential for maturation of oncogenic signals (10). Adrβ2 also facilitates aerobic glycolysis in endothelial cells and promote tumor angiogenesis (12). Both CD4+ and CD8+ T lymphocytes express Adrβ2, while sympathetic deprivation of these cells downregulates the immune checkpoint protein PD-1 and favor better immune surveillance of breast cancer (14). The Adrβ3 is also expressed in stromal cells, especially fibroblasts, endothelial cells, and immune cells and support tumors and angiogenesis (21, 29). Specific blockade of Adrβ3 was shown to impair endothelial cell survival in melanoma (25). Besides, blockade of Adrβ3 was shown to accentuate the levels of cytotoxic T lymphocytes and natural killer (NK) cells and attenuate the levels of tumor favoring regulatory T cells (Tregs) and myeloid-derived suppressor cells (MDSCs) in melanoma, promoting a favorable immune surveillance (29). Interestingly, Adrβ3 inhibition in myeloid cells switches macrophage and neutrophil phenotypes to immunocompetent M1 and N1 types, respectively, indicating additional mechanisms of Adrβ3 blockers in checking tumors (29). Adrβ3 signals also enrich stromal population by recruiting and maintaining hemopoietic (HSC) and mesenchymal stem cells (MSC) favoring tumor aggression, while Adrβ3 blockade was shown to promote local differentiation of HSC to lymphoid/myeloid lineages and MSC to adipocyte lineages in melanoma favoring a less aggressive tumor milieu (30).

The adrenergic signals also promote migration and invasion of cancer cells. Activation of Adrβ in ovarian and pancreatic cancer cells upregulates MMP-2, MMP-9 and VEGF to facilitate cell migration and invasion (18, 31). A phase II trial showed that a combination of propranolol (a non-specific Adrβ blocker) and etodolac (a non-steroidal anti-inflammatory drug) reduces the levels of epithelial-mesenchymal transition (EMT) genes involved with breast cancer metastasis, suggesting a potential clinical benefit of using β-blockers in fighting metastasis (32). This trial also showed immune profile changes in the treatment cohort (32). However, due to the combined treatment protocol used in this trial, the exact contribution of β-blockers in generating this gene profile is not known. Nonetheless, retrospective analyses showed that β-blockers slow down the progression of multiple myeloma, prostate, melanoma, lung, and ovarian cancers, indicating an apparent additional benefit of targeting adrenergic signals for prolonging disease-free survival (33–37).

Overall, Adrβ receptors, especially the Adrβ2 and Adrβ3, show promise as cancer therapeutic targets. The molecular mechanisms by which adrenergic signals promote tumor growth are summarized in Figure 1. However, it remains to be established whether targeting Adrβ is beneficial in treating all cancer types. For example, inhibition of Adrβ2 showed no effect in gastric tumors (38). Moreover, although NE levels were shown to increase in animal tumors, such an increase in its levels was established only in human ovarian carcinoma (13). Quantification of NE in other tumor types also is warranted to identify its general activation profile in human cancers. Similarly, although Adrβ3 was shown to maintain stem cell traits in tumor milieu, more understanding is required to elucidate the responsible mechanisms.


[image: Figure 1]
FIGURE 1. Molecular mechanisms for the tumor promoting actions of adrenergic signals.




PARASYMPATHETIC DISTRIBUTION IN THE TUMOR MICROENVIRONMENT

In contrast to sympathetic signals, the parasympathetic signals offer both tumor suppressing and promoting functions. The parasympathetic innervation has been demonstrated in gastric, prostate and breast cancers using choline acetyltransferase (ChaT) or vesicular acetylcholine transporter (VAchT) as specific markers (10, 14, 38). The specific receptors of the parasympathetic neurotransmitter acetylcholine, the cholinergic muscarinic receptors (Chrms), are shown to express in gastric, pancreatic, lung, cervical, and colon cancer cells (38–42). Interestingly, lung, pancreatic, cervical and colon cancer cells, and gastric epithelial tuft cells express acetylcholine, independent of nerves (38, 40, 43).



CHOLINERGIC SIGNALS AS TUMOR SUPPRESSORS: MOLECULAR MECHANISMS

Early studies in the ‘80s showed that cholinergic deprivation resulting from vagotomy facilitates gastric tumorigenesis, suggesting that cholinergic signals are essential for tumor suppression (44, 45). Similarly, a recent study by Renz et al. showed that vagotomy promotes pancreatic tumor progression whereas selective activation of Chrm1 reduced tumor incidence (42). Using RNA sequencing studies, the authors showed that Chrm1 signals perturb EGFR/MAPK and PI3K/AKT cascade in cancer cells to inhibit tumor growth (42). Chrm1 activation was also shown to suppress cancer stem cells (CSCs), which is an additional mechanism by which cholinergic signals suppress tumors (42).

The cholinergic signals also modulate the neuro-immune axis. In line with this, Dubeykovskaya et al. showed that cholinergic activation induces trefoil factor 2 (TFF2) secretion by memory T cells, which in turn suppresses MDSC to prevent colorectal cancer progression (46). Similarly, Kamia et al. showed that parasympathetic stimulation of T lymphocytes, which express Chrm1, reduces the immune checkpoint protein PD-1, leading to suppression of breast cancer (14). The cholinergic-immune axis is also essential for suppressing pancreatic cancer. For instance, cholinergic deprivation was shown to increase macrophage influx and production of TNFα, resulting in pancreatic tumor progression (47).



CHOLINERGIC SIGNALS AS TUMOR PROMOTERS: MOLECULAR MECHANISMS

Through selective depletion studies, Zhao et al. demonstrated that a lack of cholinergic transmission prevents gastric tumorigenesis, while Magnon et al. showed that the lack of these signals in stromal cells prevents prostate cancer metastasis (10, 11). There are multiple mechanisms that account for the tumor promoting actions of cholinergic signals. For instance, in gastric cancer cells, activated Chrm3 induces Wnt-β-catenin signals downstream of the transcriptional co-activator YAP (38). The Wnt-β-catenin signals then expand cancer stem cells (CSCs) to promote gastric tumor growth (11). Chrm3 was also shown to induce NGF in gastric cancer cells, and the NGF then acts on TrkA receptors in the nearby nerves to facilitate tumor innervation, which is an example of how cholinergic signals promote tumor axonogenesis indirectly (38). Expression of NGF and YAP was also associated with advanced stages of gastric tumors, which further substantiates the critical roles of Chrm3-NGF and Chrm3-YAP axes in tumor pathology (38). A retrospective study showed that vagotomy, and associated cholinergic deprivation, reduces gastric cancer incidence, suggesting a potential utility of cholinergic blockers in preventing gastric cancers (11). Chrm3 was also shown to promote Small Cell Lung Carcinoma (SCLC) by activating MAPK and Akt signals (40). Chrm3 promotes the invasion of cancer cells too. For instance, Chrm3 was shown to activate ERBB receptors downstream of MMP-7 in colon cancer cells, which, in turn, triggered MAPK and Akt signaling to induce cell invasion (41). Besides, inhibition of Chrm3 was shown to attenuate small intestinal neoplasia, further confirming the therapeutic utility of Chrm3 blockers in intestinal cancers (48).

In contrast to the findings by Renz et al., which showed that Chrm1 suppresses pancreatic cancer, a study by Magnon et al. showed that stromal cells-specific Chrm1 is indeed essential for prostate cancer metastasis, indicating that Chrm1 is a potential therapeutic target for prostate cancer (10, 42). A study by Coarfa et al. also supported the idea that cholinergic blockers are effective in prostate cancer by demonstrating that Botox mediated depletion of cholinergic signals improves prostate cancer outcomes (49).

The molecular mechanisms by which cholinergic signals promote or suppress tumors are summarized in Figure 2. Overall, the Chrms, especially the Chrm1 and Chrm3, appear as promising targets for cancer therapy. However, it is still puzzling how the cholinergic signals elicit contrasting effects in tumors, for example, they promote and suppress gastric and pancreatic cancers, respectively (11, 38, 42). The wide expression of Chrms in cancer and stromal cells and the nerve-independent sources of acetylcholine pose hurdles in selectively studying the contribution of cholinergic nerves in tumors. Understanding of the distribution pattern of Chrms sub-types, and the various sources of acetylcholine in specific tumor types would further delineate the unique contribution of cholinergic signals in distinct tumors.
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FIGURE 2. Molecular mechanisms for the tumor promoting and suppressing actions of cholinergic signals.




DISCUSSION AND FUTURE PERSPECTIVES

Accumulating evidence beyond doubt indicates that nerves offer trophic support to adult tissues. For instance, nerves maintain the adult stem cell niche, participate in wound healing, and facilitate regeneration of adult tissues (50–54). While nerves execute these functions in a controlled manner—they know when to outset and dismiss trophic secretions—it seems it is not the case when they encounter tumors, although more studies are required to make definite conclusions. No studies, however, claim that nerve-derived signals on its own are tumorigenic, but instead amplify an underlying tumor pathology (10, 11, 38, 42).

Landmark studies that addressed nerve-dependence of tumors used experimental denervation to show that lack of nerves prevents tumorigenesis (10, 11). However, the pathophysiological consequences that follow nerve damage has not been taken into account in these studies. For instance, peripheral nerve injury leads to Wallerian degeneration of nerves, recruitment of myeloid cells, and initiation of Schwann cell (SC) proliferation (55). These functional consequences may hinder experimental tumorigenesis. For instance, vagotomy was shown to induce chemokine signaling and leukocytes recruitment, similar to that occur during Wallerian degeneration, in gastric tumors (11). Denervation also induces extensive genotypic changes in healthy tissues (49). Therefore, denervation studies may be interpreted with caution when defining the mechanisms of nerve dependence of cancers.

Adult tissue function and homeostasis are maintained by coordinated actions of autonomic, sensory, and motor neurons. Therefore, a more holistic approach of considering the roles of both sensory and autonomic nerves will give additional insights into the overall effects of peripheral nerves on tumor dynamics. Sensory neurons are likely the first responders to changes in the local environment, and therefore, it is critical to understand how these neurons respond to malignant proliferation. We found that sensory neurons promote proliferation of mature macrophages and glial cells (56). Sensory nerves are also rich source of growth factors, such as NGF, BDNF, and GDNF, and interestingly, several studies demonstrated tumor-specific expression of these growth factors and their receptors (13, 38, 57). Sensory neurons also express tumor suppressor proteins and DNA repair proteins, indicating that they are equipped with tumor suppressor machinery too (58–60). Although both tumor promoting and suppressing roles are attributed to sensory neurons, more studies are required in this direction to make definite conclusions (61–63). Finally, while most studies demonstrated nerve innervation in human tumor samples, a future examination of differential distribution of sympathetic, parasympathetic, and sensory neurons may provide additional insights into whether adrenergic, cholinergic, or sensory nerve on its own is tumor permissive or suppressive.



AUTHOR CONTRIBUTIONS

MB participated in developing the concept, collected the literature, and composed the preliminary draft. AK formulated the concept, revised the draft extensively, composed the figures, and finalized the manuscript.



ACKNOWLEDGMENTS

College of Medicine, and Office of the Vice-Provost, Faculty Relations, University of Saskatchewan for the Research start-up fund to AK.



REFERENCES

 1. Bussard KM, Mutkus L, Stumpf K, Gomez-Manzano C, Marini FC. Tumor-associated stromal cells as key contributors to the tumor microenvironment. Breast Cancer Res. (2016) 18:84. doi: 10.1186/s13058-016-0740-2

 2. Jobling P, Pundavela J, Oliveira SM, Roselli S, Walker MM, Hondermarck H. Nerve-cancer cell cross-talk: a novel promoter of tumor progression. Cancer Res. (2015) 75:1777–81. doi: 10.1158/0008-5472.Can-14-3180

 3. Boilly B, Faulkner S, Jobling P, Hondermarck H. Nerve dependence: from regeneration to cancer. Cancer Cell. (2017) 31:342–54. doi: 10.1016/j.ccell.2017.02.005

 4. Villers A, McNeal JE, Redwine EA, Freiha FS, Stamey TA. The role of perineural space invasion in the local spread of prostatic adenocarcinoma. J Urol. (1989) 142:763–8. doi: 10.1016/s0022-5347(17)38881-x

 5. Li R, Wheeler T, Dai H, Ayala G. Neural cell adhesion molecule is upregulated in nerves with prostate cancer invasion. Hum Pathol. (2003) 34:457–61. doi: 10.1016/s0046-8177(03)00084-4

 6. Shimada K, Nara S, Esaki M, Sakamoto Y, Kosuge T, Hiraoka N. Intrapancreatic nerve invasion as a predictor for recurrence after pancreaticoduodenectomy in patients with invasive ductal carcinoma of the pancreas. Pancreas. (2011) 40:464–8. doi: 10.1097/MPA.0b013e31820b5d37

 7. Ayala GE, Wheeler TM, Shine HD, Schmelz M, Frolov A, Chakraborty S, et al. In vitro dorsal root ganglia and human prostate cell line interaction: redefining perineural invasion in prostate cancer. Prostate. (2001) 49:213–23. doi: 10.1002/pros.1137

 8. Ben-Eliyahu S. The promotion of tumor metastasis by surgery and stress: immunological basis and implications for psychoneuroimmunology. Brain Behav Immun. (2003) 17 Suppl 1:S27–36. doi: 10.1016/s0889-1591(02)00063-6

 9. Thaker PH, Han LY, Kamat AA, Arevalo JM, Takahashi R, Lu C, et al. Chronic stress promotes tumor growth and angiogenesis in a mouse model of ovarian carcinoma. Nat Med. (2006) 12:939–44. doi: 10.1038/nm1447

 10. Magnon C, Hall SJ, Lin J, Xue X, Gerber L, Freedland SJ, et al. Autonomic nerve development contributes to prostate cancer progression. Science. (2013) 341:1236361. doi: 10.1126/science.1236361

 11. Zhao CM, Hayakawa Y, Kodama Y, Muthupalani S, Westphalen CB, Andersen GT, et al. Denervation suppresses gastric tumorigenesis. Sci Transl Med. (2014) 6:250ra115. doi: 10.1126/scitranslmed.3009569

 12. Zahalka AH, Arnal-Estape A, Maryanovich M, Nakahara F, Cruz CD, Finley LWS, et al. Adrenergic nerves activate an angio-metabolic switch in prostate cancer. Science. (2017) 358:321–6. doi: 10.1126/science.aah5072

 13. Allen JK, Armaiz-Pena GN, Nagaraja AS, Sadaoui NC, Ortiz T, Dood R, et al. Sustained Adrenergic signaling promotes intratumoral innervation through BDNF induction. Cancer Res. (2018) 78:3233–42. doi: 10.1158/0008-5472.Can-16-1701

 14. Kamiya A, Hayama Y, Kato S, Shimomura A, Shimomura T, Irie K, et al. Genetic manipulation of autonomic nerve fiber innervation and activity and its effect on breast cancer progression. Nat Neurosci. (2019) 22:1289–305. doi: 10.1038/s41593-019-0430-3

 15. Sereni F, Dal Monte M, Filippi L, Bagnoli P. Role of host beta1- and beta2-adrenergic receptors in a murine model of B16 melanoma: functional involvement of beta3-adrenergic receptors. Naunyn Schmiedebergs Arch Pharmacol. (2015) 388:1317–31. doi: 10.1007/s00210-015-1165-7

 16. Sanzo M, Colucci R, Arunachalam M, Berti S, Moretti S. Stress as a possible mechanism in melanoma progression. Dermatol Res Pract. (2010) 2010:483493. doi: 10.1155/2010/483493

 17. Perrone MG, Notarnicola M, Caruso MG, Tutino V, Scilimati A. Upregulation of beta3-adrenergic receptor mRNA in human colon cancer: a preliminary study. Oncology. (2008) 75:224–9. doi: 10.1159/000163851

 18. Guo K, Ma Q, Wang L, Hu H, Li J, Zhang D, et al. Norepinephrine-induced invasion by pancreatic cancer cells is inhibited by propranolol. Oncol Rep. (2009) 22:825–30. doi: 10.3892/or_00000505

 19. Armaiz-Pena GN, Allen JK, Cruz A, Stone RL, Nick AM, Lin YG, et al. Src activation by beta-adrenoreceptors is a key switch for tumour metastasis. Nat Commun. (2013) 4:1403. doi: 10.1038/ncomms2413

 20. Moretti S, Massi D, Farini V, Baroni G, Parri M, Innocenti S, et al. beta-adrenoceptors are upregulated in human melanoma and their activation releases pro-tumorigenic cytokines and metalloproteases in melanoma cell lines. Lab Invest. (2013) 93:279–90. doi: 10.1038/labinvest.2012.175

 21. Calvani M, Pelon F, Comito G, Taddei ML, Moretti S, Innocenti S, et al. Norepinephrine promotes tumor microenvironment reactivity through beta3-adrenoreceptors during melanoma progression. Oncotarget. (2015) 6:4615–32. doi: 10.18632/oncotarget.2652

 22. Choy C, Raytis JL, Smith DD, Duenas M, Neman J, Jandial R, et al. Inhibition of beta2-adrenergic receptor reduces triple-negative breast cancer brain metastases: the potential benefit of perioperative beta-blockade. Oncol Rep. (2016) 35:3135–42. doi: 10.3892/or.2016.4710

 23. Rains SL, Amaya CN, Bryan BA. Beta-adrenergic receptors are expressed across diverse cancers. Oncoscience. (2017) 4:95–105. doi: 10.18632/oncoscience.357

 24. Kang Y, Nagaraja AS, Armaiz-Pena GN, Dorniak PL, Hu W, Rupaimoole R, et al. Adrenergic stimulation of DUSP1 impairs chemotherapy response in ovarian cancer. Clin Cancer Res. (2016) 22:1713–24. doi: 10.1158/1078-0432.Ccr-15-1275

 25. Dal Monte M, Casini G, Filippi L, Nicchia GP, Svelto M, Bagnoli P. Functional involvement of beta3-adrenergic receptors in melanoma growth and vascularization. J Mol Med. (2013) 91:1407–19. doi: 10.1007/s00109-013-1073-6

 26. Dal Monte M, Fornaciari I, Nicchia GP, Svelto M, Casini G, Bagnoli P. beta3-adrenergic receptor activity modulates melanoma cell proliferation and survival through nitric oxide signaling. Naunyn Schmiedebergs Arch Pharmacol. (2014) 387:533–43. doi: 10.1007/s00210-014-0969-1

 27. Calvani M, Cavallini L, Tondo A, Spinelli V, Ricci L, Pasha A, et al. beta3-adrenoreceptors control mitochondrial dormancy in melanoma and embryonic stem cells. Oxid Med Cell Longev. (2018) 2018:6816508. doi: 10.1155/2018/6816508

 28. Bruno G, Cencetti F, Pini A, Tondo A, Cuzzubbo D, Fontani F, et al. beta3-adrenoreceptor blockade reduces tumor growth and increases neuronal differentiation in neuroblastoma via SK2/S1P2 modulation. Oncogene. (2020) 39:368–84. doi: 10.1038/s41388-019-0993-1

 29. Calvani M, Bruno G, Dal Monte M, Nassini R, Fontani F, Casini A, et al. beta3 -Adrenoceptor as a potential immuno-suppressor agent in melanoma. Br J Pharmacol. (2019) 176:2509–24. doi: 10.1111/bph.14660

 30. Calvani M, Bruno G, Dabraio A, Subbiani A, Bianchini F, Fontani F, et al. beta3-Adrenoreceptor blockade induces stem cells differentiation in melanoma microenvironment. Int J Mol Sci. (2020) 21:21041420. doi: 10.3390/ijms21041420

 31. Sood AK, Bhatty R, Kamat AA, Landen CN, Han L, Thaker PH, et al. Stress hormone-mediated invasion of ovarian cancer cells. Clin Cancer Res. (2006) 12:369–75. doi: 10.1158/1078-0432.Ccr-05-1698

 32. Shaashua L, Shabat-Simon M, Haldar R, Matzner P, Zmora O, Shabtai M, et al. Perioperative COX-2 and beta-adrenergic blockade improves metastatic biomarkers in breast cancer patients in a phase-II randomized trial. Clin Cancer Res. (2017) 23:4651–61. doi: 10.1158/1078-0432.Ccr-17-0152

 33. De Giorgi V, Grazzini M, Gandini S, Benemei S, Lotti T, Marchionni N, et al. Treatment with beta-blockers and reduced disease progression in patients with thick melanoma. Arch Intern Med. (2011) 171:779–81. doi: 10.1001/archinternmed.2011.131

 34. Diaz ES, Karlan BY, Li AJ. Impact of beta blockers on epithelial ovarian cancer survival. Gynecol Oncol. (2012) 127:375–8. doi: 10.1016/j.ygyno.2012.07.102

 35. Grytli HH, Fagerland MW, Fossa SD, Tasken KA, Haheim LL. Use of beta-blockers is associated with prostate cancer-specific survival in prostate cancer patients on androgen deprivation therapy. Prostate. (2013) 73:250–60. doi: 10.1002/pros.22564

 36. Wang HM, Liao ZX, Komaki R, Welsh JW, O'Reilly MS, Chang JY, et al. Improved survival outcomes with the incidental use of beta-blockers among patients with non-small-cell lung cancer treated with definitive radiation therapy. Ann Oncol. (2013) 24:1312–9. doi: 10.1093/annonc/mds616

 37. Hwa YL, Shi Q, Kumar SK, Lacy MQ, Gertz MA, Kapoor P, et al. Beta-blockers improve survival outcomes in patients with multiple myeloma: a retrospective evaluation. Am J Hematol. (2017) 92:50–5. doi: 10.1002/ajh.24582

 38. Hayakawa Y, Sakitani K, Konishi M, Asfaha S, Niikura R, Tomita H, et al. Nerve growth factor promotes gastric tumorigenesis through aberrant cholinergic signaling. Cancer Cell. (2017) 31:21–34. doi: 10.1016/j.ccell.2016.11.005

 39. Kodaira M, Kajimura M, Takeuchi K, Lin S, Hanai H, Kaneko E. Functional muscarinic m3 receptor expressed in gastric cancer cells stimulates tyrosine phosphorylation and MAP kinase. J Gastroenterol. (1999) 34:163–71. doi: 10.1007/s005350050238

 40. Song P, Sekhon HS, Lu A, Arredondo J, Sauer D, Gravett C, et al. M3 muscarinic receptor antagonists inhibit small cell lung carcinoma growth and mitogen-activated protein kinase phosphorylation induced by acetylcholine secretion. Cancer Res. (2007) 67:3936–44. doi: 10.1158/0008-5472.Can-06-2484

 41. Belo A, Cheng K, Chahdi A, Shant J, Xie G, Khurana S, et al. Muscarinic receptor agonists stimulate human colon cancer cell migration and invasion. Am J Physiol Gastrointest Liver Physiol. (2011) 300:G749–760. doi: 10.1152/ajpgi.00306.2010

 42. Renz BW, Tanaka T, Sunagawa M, Takahashi R, Jiang Z, Macchini M, et al. Cholinergic signaling via muscarinic receptors directly and indirectly suppresses pancreatic tumorigenesis and cancer stemness. Cancer Discov. (2018) 8:1458–73. doi: 10.1158/2159-8290.Cd-18-0046

 43. Cheng K, Samimi R, Xie G, Shant J, Drachenberg C, Wade M, et al. Acetylcholine release by human colon cancer cells mediates autocrine stimulation of cell proliferation. Am J Physiol Gastrointest Liver Physiol. (2008) 295:G591–597. doi: 10.1152/ajpgi.00055.2008

 44. Tatsuta M, Yamamura H, Iishi H, Ichii M, Noguchi S, Baba M, et al. Promotion by vagotomy of gastric carcinogenesis induced by N-methyl-N'-nitro-N-nitrosoguanidine in Wistar rats. Cancer Res. (1985) 45:194–7.

 45. Tatsuta M, Iishi H, Yamamura H, Baba M, Taniguchi H. Effects of bilateral and unilateral vagotomy on gastric carcinogenesis induced by N-methyl-N'-nitro-N-nitrosoguanidine in Wistar rats. Int J Cancer. (1988) 42:414–8. doi: 10.1002/ijc.2910420318

 46. Dubeykovskaya Z, Si Y, Chen X, Worthley DL, Renz BW, Urbanska AM, et al. Neural innervation stimulates splenic TFF2 to arrest myeloid cell expansion and cancer. Nat Commun. (2016) 7:10517. doi: 10.1038/ncomms10517

 47. Partecke LI, Kading A, Trung DN, Diedrich S, Sendler M, Weiss F, et al. Subdiaphragmatic vagotomy promotes tumor growth and reduces survival via TNFalpha in a murine pancreatic cancer model. Oncotarget. (2017) 8:22501–12. doi: 10.18632/oncotarget.15019

 48. Raufman JP, Shant J, Xie G, Cheng K, Gao XM, Shiu B, et al. Muscarinic receptor subtype-3 gene ablation and scopolamine butylbromide treatment attenuate small intestinal neoplasia in Apcmin/+ mice. Carcinogenesis. (2011) 32:1396–402. doi: 10.1093/carcin/bgr118

 49. Coarfa C, Florentin D, Putluri N, Ding Y, Au J, He D, et al. Influence of the neural microenvironment on prostate cancer. Prostate. (2018) 78:128–39. doi: 10.1002/pros.23454

 50. Cheng C, Singh V, Krishnan A, Kan M, Martinez JA, Zochodne DW. Loss of innervation and axon plasticity accompanies impaired diabetic wound healing. PLoS ONE. (2013) 8:e75877. doi: 10.1371/journal.pone.0075877

 51. Knox SM, Lombaert IM, Haddox CL, Abrams SR, Cotrim A, Wilson AJ, et al. Parasympathetic stimulation improves epithelial organ regeneration. Nat Commun. (2013) 4:1494. doi: 10.1038/ncomms2493

 52. Rinkevich Y, Montoro DT, Muhonen E, Walmsley GG, Lo D, Hasegawa M, et al. Clonal analysis reveals nerve-dependent and independent roles on mammalian hind limb tissue maintenance and regeneration. Proc Natl Acad Sci USA. (2014) 111:9846–51. doi: 10.1073/pnas.1410097111

 53. Tong CK, Chen J, Cebrian-Silla A, Mirzadeh Z, Obernier K, Guinto CD, et al. Axonal control of the adult neural stem cell niche. Cell Stem Cell. (2014) 14:500–11. doi: 10.1016/j.stem.2014.01.014

 54. Carr MJ, Toma JS, Johnston APW, Steadman PE, Yuzwa SA, Mahmud N, et al. Mesenchymal precursor cells in adult nerves contribute to mammalian tissue repair and regeneration. Cell Stem Cell. (2019) 24:240–56.e249. doi: 10.1016/j.stem.2018.10.024

 55. Krishnan A, Duraikannu A, Zochodne DW. Releasing 'brakes' to nerve regeneration: intrinsic molecular targets. Eur J Neurosci. (2016) 43:297–308. doi: 10.1111/ejn.13018

 56. Krishnan A, Bhavanam S, Zochodne D. An intimate role for adult dorsal root ganglia resident cycling cells in the generation of local macrophages and satellite glial cells. J Neuropathol Exp Neurol. (2018) 77:929–41. doi: 10.1093/jnen/nly072

 57. He S, Chen CH, Chernichenko N, He S, Bakst RL, Barajas F, et al. GFRalpha1 released by nerves enhances cancer cell perineural invasion through GDNF-RET signaling. Proc Natl Acad Sci USA. (2014) 111:E2008–17. doi: 10.1073/pnas.1402944111

 58. Christie KJ, Krishnan A, Martinez JA, Purdy K, Singh B, Eaton S, et al. Enhancing adult nerve regeneration through the knockdown of retinoblastoma protein. Nat Commun. (2014) 5:3670. doi: 10.1038/ncomms4670

 59. Singh B, Singh V, Krishnan A, Koshy K, Martinez JA, Cheng C, et al. Regeneration of diabetic axons is enhanced by selective knockdown of the PTEN gene. Brain. (2014) 137(Pt 4):1051–67. doi: 10.1093/brain/awu031

 60. Krishnan A, Purdy K, Chandrasekhar A, Martinez J, Cheng C, Zochodne DW. A BRCA1-Dependent DNA damage response in the regenerating adult peripheral nerve milieu. Mol Neurobiol. (2018) 55:4051–67. doi: 10.1007/s12035-017-0574-7

 61. Erin N, Duymus O, Ozturk S, Demir N. Activation of vagus nerve by semapimod alters substance P levels and decreases breast cancer metastasis. Regul Pept. (2012) 179:101–8. doi: 10.1016/j.regpep.2012.08.001

 62. Peterson SC, Eberl M, Vagnozzi AN, Belkadi A, Veniaminova NA, Verhaegen ME, et al. Basal cell carcinoma preferentially arises from stem cells within hair follicle and mechanosensory niches. Cell Stem Cell. (2015) 16:400–12. doi: 10.1016/j.stem.2015.02.006

 63. Sinha S, Fu YY, Grimont A, Ketcham M, Lafaro K, Saglimbeni JA, et al. PanIN neuroendocrine cells promote tumorigenesis via neuronal cross-talk. Cancer Res. (2017) 77:1868–79. doi: 10.1158/0008-5472.Can-16-0899-t

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 © 2020 Bautista and Krishnan. 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.





REVIEW

published: 04 December 2020

doi: 10.3389/fonc.2020.537311

[image: image2]


GPI-AP: Unraveling a New Class of Malignancy Mediators and Potential Immunotherapy Targets


Nada H. Hussein †, Nada S. Amin † and Hend M. El Tayebi *,†


Molecular Pharmacology Research Group, Department of Pharmacology and Toxicology, Faculty of Pharmacy and Biotechnology, German University in Cairo, Cairo, Egypt




Edited by:
 Niels Weinhold, Heidelberg University, Germany

Reviewed by: 
Qiong Zhang, Affiliated Hospital of Nantong University, China
 Luis E. Arias-Romero, National Autonomous University of Mexico, Mexico

*Correspondence:
 Hend M. El Tayebi
 hend.saber@guc.edu.eg

†ORCID:
 Nada H. Hussein
 orcid.org/0000-0003-4346-1520
 Nada S. Amin
 orcid.org/0000-0002-9541-549X
 Hend M. El Tayebi
 orcid.org/0000-0002-6896-6018

Specialty section: 
 This article was submitted to Cancer Molecular Targets and Therapeutics, a section of the journal Frontiers in Oncology


Received: 11 March 2020

Accepted: 19 October 2020

Published: 04 December 2020

Citation:
Hussein NH, Amin NS and El Tayebi HM (2020) GPI-AP: Unraveling a New Class of Malignancy Mediators and Potential Immunotherapy Targets. Front. Oncol. 10:537311. doi: 10.3389/fonc.2020.537311



With millions of cases diagnosed annually and high economic burden to cover expensive costs, cancer is one of the most difficult diseases to treat due to late diagnosis and severe adverse effects from conventional therapy. This creates an urgent need to find new targets for early diagnosis and therapy. Progress in research revealed the key steps of carcinogenesis. They are called cancer hallmarks. Zooming in, cancer hallmarks are characterized by ligands binding to their cognate receptor and so triggering signaling cascade within cell to make response for stimulus. Accordingly, understanding membrane topology is vital. In this review, we shall discuss one type of transmembrane proteins: Glycosylphosphatidylinositol-Anchored Proteins (GPI-APs), with specific emphasis on those involved in tumor cells by evading immune surveillance and future applications for diagnosis and immune targeted therapy.
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Introduction

Cancer is one of the most aggressive diseases responsible for thousands of deaths annually and millions newly diagnosed (1). The major problems are family history, unhealthy lifestyle, late diagnosis, and the detrimental side effects of chemotherapy and radiotherapy (2). Consequently, thanks to rigorous research, scientists were able to develop characteristic hallmarks for transformation of normal cell into cancerous cell, with classic hallmarks published in 2000 (3). Classical hallmarks include apoptosis resistance to sustained growth, metastasis and angiogenesis (3). Lastly, increased telomerase activity empowers the tumor cell against senescence (3). Decade later, research suggested the involvement of additional hallmarks in cancer pathogenesis (4). Next-Generation Cancer hallmarks include metabolic reprogramming, escaping immune surveillance, tumor promoting inflammation and genome instability (4).

Zooming in, the detailed molecular pathway for each hallmark showed that all pathways are initiated by ligands binding to membrane-anchored proteins, thus activating a signaling pathway (4). This alters the expression of certain genes, leading to cellular response (Figure 1). Specifically, membrane-anchored proteins are either peripheral or integral. Peripheral proteins are superficially attached to the cell membrane. However, integral proteins have their heads exposed to extracellular matrix, and the tail is embedded in the phospholipid bilayer. Integral membrane proteins are further classified into Type-I transmembrane, Type-II transmembrane, Type-III transmembrane, Type-IV transmembrane, Type-V GPI-anchored proteins, and Type-VI transmembrane (Supplementary Figure 1) (5, 6). Consequently, predicting the type of a membrane-anchored protein is a challenging task due to the complexity of biosynthesis process. Specifically, biosynthesis process begins with joining early polypeptide chain and transmembrane area components in the ER, followed by recognizable proof and appropriate plan of TM areas, and lastly by reconciliation of TM spaces into the lipid bilayer (7, 8).




Figure 1 | Cancer cell circuit. When treating cancerl as a minimalist/reductionalist view, tumor tissue consists of parenchyma and stroma that contain distinct cell types and subtypes that collectively enable tumor growth and progression. These cells communicate via signaling molecules, which are received by membrane anchored receptors, followed by pathway cascade to support tumor progression.



Based on the above information, studying membrane-anchored proteins is crucial in order to understand carcinogenesis and, therefore, deduce appropriate diagnosis and personalized therapy. In this review, we shall focus on Type-V GPI-anchored proteins (GPI-APs). We specifically chose this class of membrane-anchored proteins due to the expansion of investigations depicting their immune-modulatory role in cancer and current developments in immune targeted therapy. Briefly, GPI biochemical pathway consists of three phases: GPI anchor synthesis, joining protein moiety to GPI anchor, and final remodeling (9). Most of the literature emphasized on the role of GPI-APs in neurological and congenital disorders (10). However, only a few of the numerous examples of GPI-APs were studied for their role in cancer pathogenesis. For instance, CD-55 and CD-59 are crucial complement regulatory proteins elevated in various cancers, while Carcino-embryonic antigen (CEA) is a highly specific cancer biomarker, whose targeted immunotherapies are still in the early clinical trials (11). CEA mediates metastasis through binding to selectins in colon carcinomas (11). In addition, Mesothelin (MSLN) and Glypican-3 (GPC-3) are oncogenic GPI-APs over-expressed in multiple tumors, whose targeted immunotherapies are showing promising results in clinical trials (12). Specifically, MSLN promotes cancer proliferation and apoptosis resistance through NF-kB activation, while GPC-3 promotes cancer proliferation through sulfatase/Wnt- signaling pathway (12).

Therefore, this review highlights links between GPI-APs and GPI biochemical pathway. This represents a huge opportunity for molecular targeting whether by blocking GPI-AP as a whole or by blocking members of GPI pathway, unlike other oncogenic proteins that have only few molecular targets. This is because GPI pathway involves 26 genes and at least 150 proteins are confirmed as GPI-APs (9). Moreover, our review sheds light on the use of GPI-APs and GPI pathway members as cancer biomarkers. The outline of our review starts with GPI pathway definition, followed by an insightful discussion of examples of established GPI-APs; highlighting pros and cons of immune targeted therapies and possible future applications.



GPI-Anchored Proteins


Discovery

GPI proteins were first discovered in 1963 through studying selective cleavage of Alkaline Phosphatase by bacterial phospholipase-C (PL-C). Two decades later, hypothetical GPI-AP structure was confirmed by isolating actual GPI-APs, such as acetylcholinesterases, from different organisms (13, 14). Finally, variant surface glycoprotein (VSG) ectopic expression in African trypanosome system was used as a model to dissect the GPI biochemical pathway and GPI-linked proteins/glycoproteins characteristics (15).



Structure

Based on the substance to be anchored, GPIs are currently classified into protein-linked GPIs and non-protein-linked GPIs. Protein-linked GPIs consist of protein or glycoprotein attached to GPI anchor, while non-protein-linked GPIs consist of GPI anchor and non-protein extracellular glycol conjugates (13–15). All GPIs share a common structure, starting with a lipid tail attached to cell membrane, followed by glycan core, and finally anchored substance. Zooming in, the lipid tail consists of a lipid moiety attached to the inositol ring by a phosphodiester bridge. Depending on the organism, there are various types of lipid moieties such as ceramide (slime mold proteins), diacylglycerol (protozoa), and 1-alkyl-2-acylglycerol (most mammalian proteins) (11–13). The conserved glycan core consists of Manα(1→2)Manα(1→6)Manα(1→4)GlcNH2α(1→6)-myo-Inositol-1-PO4-lipid. Finally, the C-terminus of polypeptide chain is conjugated to the 6-O-position of the non-reducing-end mannose of GPIs through a phosphoethanol amine group (P-OEtNH2) (14, 15) (Supplementary Figure 2).



Characteristics/Identification

GPI-APs feature a NH2-terminal signal peptide and a COOH-terminal GPI signal peptide, where these peptides can be utilized for computational examination to forecast whether a certain gene produces a GPI-anchored protein or not, such as the Web-based “enormous P indicator” calculation (11, 12). Another key component is affectability of GPI-APs to phospholipases, which can be applied in different tests for recognizing GPI-APs, like the migration of proteins from the pellet to the supernatant after treating cells with PI-PLC. Moreover, PI-PLC cleavage produces cross-responding determinant inositol-1,2-cyclic monophosphate; consequently, applying immune-based assays to detect the cross-reacting determinant serves as a test to identify GPI-AP. It should be noted, however, that some GPI-APs are impervious to PI-PLC cleavage due to C-2 inositol acylation. On the other hand, all GPI-anchored proteins are labile to serum GPI-phospholipase-D (GPI-PLD). Cleavage by GPI-PLD, however, does not produce “cross-responding determinant.” Instead, it produces the inositol acyl gathering (one unsaturated fat connected to the protein) which may avoid total Triton X-114 Phase separation after GPI-PLD digestion, therefore yielding false-negative results for GPI proteins identification by Triton X Phase separation test (13–16).

GPI-APs can additionally be traced by radioactively labeled constituents, such as [3H]myo-inositol, [3H]mannose-, [3H]glucosamine-, and [3H]inositol. Lastly, a unique chemical test for GPI-APs is deamination of glucosamine moiety by nitrous acid, which results in a very specific cleavage at the glucosamine-inositol glycosidic bond. The products of this reaction are a phosphatidyl inositol part, and a free reducing end on the GPI glycan (2,5-anhydromannose), where the former can be identified by solvent partition coupled to mass spectrometry. Meanwhile, the sugar end is additionally reduced to [1-3H]2,5-anhydromannitol (AHM) by sodium borotritide. AHM is then attached to a radiolabel or fluorophore to be assayed by different identification techniques, such as sequencing, after treatment with exoglycosidases and tandem mass spectrometry (13).

The last characteristic is endocytic targeting, by which, like all extracellular proteins, they are downregulated and degraded by endocytosis. In fact, the proof demonstrates that, in spite of lacking a cytoplasmic tail, GPI-APs can be degraded by clathrin-dependent endocytosis. This paradox has been unraveled by studying clathrin-dependent endocytosis of PrP and the GPI-anchored urokinase plasminogen activator receptor (uPAR), where internalization was achieved by association with the transmembrane LDL receptor-related protein. Other mechanisms of endocytosis for GPI-anchored proteins exist, where GPI-APs undergo endocytosis through caveolae, a gathering of lipid pontoons coated with caveolin. Yet, this claim has been nullified for different reasons. Firstly, GPI-APs are poor in caveolae. Additionally, regular endocytosis requires cutting of the endocytic vesicle from the cell membrane by a GTPase, dynamin which is repudiated by different investigations. Likewise, it is proposed that GPI-anchored proteins are broken down by a pathway called GPI-anchored protein-advanced early endosomal compartments (GEEC) pathway. Finally, a novel pathway involving the raft protein—Flotillin-1—is suggested for GPI-APs endocytosis (13–15).



GPI Anchoring Pathway

The conserved glycan core of GPI anchors suggests a generally conserved biosynthetic pathway among different species (13). This is a crucial pathway because a minimum of 150 different human proteins are anchored to the extracellular layer of cell membrane via glycosylphosphatidylinositol (GPI). GPI-AP synthesis is divided into three parts: biosynthesis, protein attachment to GPI, and GPI-AP remodeling. This complex process is performed in 15 steps, involving 26 genes that code for 15 enzymes, with twenty-two phosphatidyl inositol glycan (PIG) genes responsible for biosynthesis and polypeptide chain attachment to GPI, while four post-GPI attachment to proteins (PGAP) genes are responsible for GPI modifications (16–20) (Supplementary Table 1 and Figure 2). The roles of these genes were tested by gain-and-loss-of-function experiments in different organisms, impacting the capability of protein attachment to plasma membrane regardless of expression level inside the cell.




Figure 2 | Synthesis of GPI anchored protein GPI anchoring pathway is divided into three steps, GPI anchor biosynthesis followed by transamination (protein attachment to GPI anchor). These two steps take place inside the ER, and with the aid of p24 protein family, the primary GPI-AP is transferred to the Golgi apparatus for post attachment modifications. Finally, mature GPI-AP is exported to cell membrane.





Signaling Functions

GPI-anchored proteins are involved in multiple cellular functions as shown in Supplementary Table 2. First of all, analogous to bacterial phospholipase-C, phospholipases exist endogenously in order to release a protein from the membrane in response to a stimulus. The detached protein may have the same or slightly different functions compared to the membrane-anchored precursor. Interestingly, several GPI-anchored proteins are found to be secreted as well as having cross-reacting determinant, which further supports PI-PLC cleavage. Other enzymes are suggested, such as GPI-specific phospholipase-D, which is present in the blood and has proved promising activity in vitro. Notch is a Wnt signaling inhibitor, has also been proven to cleave the GPI anchor of many proteins such as glypican family, which regulate Wnt signaling. Finally, angiotensin-converting enzyme (ACE) is a promising option that is still under study. In conclusion, these enzymatic reactions result in controlled release of GPI-AP (13–15, 17).

GPI pathway is additionally responsible for anchoring the molecule of interest to membrane microdomains called lipid rafts, which are rich in sphingomyelin, glycosphingolipids, and cholesterol. Lipid rafts serve as compartments for myriads of functions such as endocytosis and cell signaling. GPI proteins are enriched in lipid rafts due to favorable hydrophobic interactions between saturated GPI anchor fatty acid chains and lipid raft-resident membrane lipids forming a more tightly packed gel-like phase than the surrounding semifluid phospholipid bilayer. As a result, lipid rafts are partially resistant to nonionic detergents, which serve as a base for Triton X Phase separation test described in the Identification section (13–15).

Furthermore, GPI signal sequence is used to determine whether the protein is placed in the basolateral or apical side of the membrane, as demonstrated by multiple studies. A signal peptide for either the folate receptor or PrP was conjugated to the C-terminus of green fluorescent protein (GFP), and then the cells were imaged. Interestingly, the GFP-folate receptor fusion was localized in the apical surface, while GFP-PrP fusion was localized in the basolateral surface. Of note, it is speculated that the surrounding lipid environment plays a role in this sorting (14, 15, 18).

Finally, binding of GPI-AP to its antibody causes a rise in intracellular Ca2+, tyrosine phosphorylation, proliferation, cytokine induction and oxidative burst, triggering signal transduction pathways. This was illustrated by replacing GPI anchor with a transmembrane domain, which abolished the signaling cascade. This is supported by further evidence, where enrichment of signaling molecules coupled to GPI-anchored proteins is critical for lipid rafts signaling function. However, the mechanism of how GPI anchor transduces signals is not fully understood yet. One possible explanation is direct attachment of GPI-AP to signaling transmembrane proteins within lipid rafts. This was proved by replacing the GPI anchor motif of differentiation-promoting neural cell adhesion molecule (NCAM) with the signal sequence from carcinoembryonic antigen (CEA), producing a hybrid protein with NCAM ectodomain, but CEA-like antidifferentiation activity (10). Another explanation is that these antibody-induced signaling events depend on the induction and coalescence of lipid raft nanoclusters. Accordingly, GPI-APs function as hydrolytic enzymes, receptors, adhesion molecules, complement regulatory proteins, and other immunologically important proteins, many of which are implicated in many diseases (14, 15, 17).



GPI Mutations in Diseases

Mutations of GPI pathway genes are well documented in neurological and congenital disorders (9, 10). To start with, clinical data of 152 individual patients was reviewed and compared against the phenotypic information obtained from Human Phenotype Ontology (HPO). Statistically significant difference was observed between the GPI pathway genes and frequencies of phenotypes in the musculoskeletal system, cleft palate, nose phenotypes, and cognitive disability (21). These phenotypes are congruent with inherited GPI deficiencies (IGDs) (21). Getting deeper, non-synonymous variant (c.968A > G) in the seventh exon of GPAA1 causes inherited vascular anomalies (VAs). VAs comprise a wide spectrum of abnormalities, from blood vessels, to angiogenesis in different tumors subtypes due to variation in multiple tyrosine kinase (TK) receptor signaling pathways, such as TIE2, PIK3CA and GNAQ/11 (22). Another example, PIG-O biallelic variation, was observed in Mabry disease (23). Mabry disease symptoms include intellectual disability, distinctive facial features, intractable seizures, and hyperphosphatasia (23). In addition, compound heterozygous variants in PIG-S:c.148C > T and c.1141_1164 resulted in infantile spasms (ISs), severe global developmental delay, hearing loss, visual impairment (cortical blindness), hypotonia, and intellectual disability (24). Furthermore, two subsets of mutations were associated with early infantile epileptic-dyskinetic encephalopathy; first is the homozygous c.384del variant of PIG-P gene (25), which led to the frame shift of 6 codons before the expected stop signal (25), and second are PIG-Q mutations, particularly PIG-Q novel variants, which included two missense mutations (p.G17R; p.G449R), a canonical splice site substitution (c.942+1G>A), an in‐frame deletion (p.A377_S389del) and three frameshifts (p.Q527Afs*75, p.R538Afs*24 and p.G557Dfs*) (26). Finally, mutational analysis of PIGA identified 124 PIG-A mutations in 92% of paroxymal nocturnal hemoglobinuria (PNH) patients, of which 101 were distinct mutations and 23 were recurrent (27).

Some studies tested the impact of GPI pathway manipulation on dependent GPI-anchored complement regulatory protein, CD-59, which was found to be under expressed in congenital and neurological disorders, as well as PNH (21–27). CD-59 was, however, overexpressed in most solid tumors (28). Weighted gene co-expression network analysis (WGCNA) was used to identify the hub gene in Kirsten-rat sarcoma viral oncogene homolog (KRAS) mutant colorectal cancer (CRC) patients (29). Surprisingly, PIG-U was under expressed in KRAS mutant CRC compared to normal controls (29). Specifically, KRAS mutant patients had a poor prognosis and PIG-U low expressing samples show elevated MAPK signaling activity (29). Contrastingly, our recent work showed that PIG-C is overexpressed in breast cancer (30). Also, PIG-C SNP was observed in HCC (31). Moreover, gain of chromosome copy number in breast cancer results in elevated expression of transamidase subunits such as GPI anchor attachment protein 1 (GPAA1) and GPI class T (PIG-T) (32). Therefore, more studies are required to depict the role of GPI pathway in cancer. In the next section, functions of GPI anchored proteins and immune therapies will be discussed in detail.




GPI-Anchored Proteins in Cancer Immunomodulation And Targeted Therapy


Complement Regulatory Proteins: CD55 and CD59


Structure and History

Complement regulatory proteins are CD-46, CD-55, and CD-59. Our scope includes the GPI-APs: CD-55 and CD-59. CD-55 is called Decay Accelerating Factor (DAF), while CD-59 is called Membrane Attack Complex Inhibitor (MAC-i). CD-55 has an extracellular domain that is composed of 4 short consensus repeat (SCR) domains (33). CD-59 is a LY-6 like protein, with molecular weight 18-20 KDa (34).



Pathway and Function 

Complement system is a powerful soldier in innate immune system attack, which serves as first defense line against infections. DAF is a complement regulatory protein (CRP). CRPs are crucial in order to keep nearby normal cells safe from bystander killing and complement-mediated damage. CD55 accelerates the dissociation and decay of C3 convertases (C4bC2a and C3bBb) and in turn the C5 convertases into their building units, after which they are no longer able to rejoin. Of note, DAF does not work in a proteolytic manner (35–37). Specifically, CD55 is a ligand for CD97, where CD55 binds to CD97 at EGF domain region (37–39). The EGF domain requires calcium to maintain conformational stability, making cells highly resistant to complement activation pathway (39). Consequently, this enables cancer cells to escape immune system attack.

Similar to CD55, MAC-i is a complement regulatory protein. After CD46 and CD55, CD59 acts as last line of defense against complement activation, where it sequesters C8 and C9 components, therefore preventing C9 polymerization into the pore-forming membrane attack complex (40). Specifically, CD59 binds to the α-chain of C8 and to the β domain of C9. In an attempt to decipher CD-59 molecular pathway, Murray and Robins tested the proteins that underwent phosphorylation upon stimulation of CD59 in THP-1 and U937 hematopoietic cell lines (41). Indeed, protein tyrosine kinase family (Src) phosphorylation was observed upon CD59 activation (41). Sequentially, Src resulted in tyrosine phosphorylation of the adaptor proteins p120cbl and Shc, the cytoplasmic non receptor tyrosine kinase Syk, and its close relative Zap-70 (41). Interestingly, interaction of Phospho-Syk with Grb2 induced the MAP kinase (ERK1/ERK2) pathway (42). Moreover, the study observed inositol-5- phosphatase SHIP (43), in immunoprecipitations of Shc upon CD59 activation. SHIP phosphorylation appears to be triggered by various growth factors and cytokines (43) and may be involved in apoptosis and growth regulation (44).



Expression Level 

Elevated CD55 is correlated with poor prognosis of colorectal, breast, pancreatic, gallbladder (IHCC), and gastric cancers. Paradoxically, CD55 expression is decreased in ovarian cancer and lung cancer, with certain SNPs associated with higher risk such as rs2564978 variant and rs2564978 (36, 37, 39, 45). As for CD59, it was found to be overexpressed in head and neck, colorectal, ovarian, (28, 46, 47), and in cervical cancer as well (48). In these cases, overexpression appears to be correlated to poorer prognosis (28, 46, 47).



In Vivo Model 

In terms of immune-based therapy, antibodies raised against CD55 did not show overall consistent results; while 791T showed marvelous results in preclinical trials when conjugated to ricin-A chain, it failed phase I clinical trials. It was believed that therapeutic antibodies against CD55 should target SCR-3, while the use antibodies targeting other SCRs should only be restricted to immune-based assays. Until 2017, a patent illustrated that 791T antibody binds to epitopes located in SCR1 and SCR2, therefore opening the door for using more epitopes to raise antibodies against DAF. Interestingly, 791T was used to raise 105 AD7, a human anti-idiotype monoclonal antibody that mimics CD55. In 2000, the use of 105 AD7 as a peptide vaccine was first reported. Indeed, it stimulated anti-tumor immune reactions in patients with HLA/ A1,3,24 and HLA/DR1,3,7 haplotypes. In 2005, Ziller et al. reported mini antibodies MB-55 (against CD55) and MB-59 (against CD59) that increased lysis of Karpas 422 and Hu-SCID1 lymphoma cell lines when combined with Rituximab. In 2007, Macor et al. reported the same findings in vivo using LCL2 lymphoma cells in female SCID mice (49–52).

Strategy of CD59 blockade is showing promising results, where ex vivo treatment of colorectal cancer patients’ T-cells with CD59-specific antibodies, MEM-43, and HC-1 has shown significantly enhanced antitumor immune response (53). Another study compared the effect of CD59 silencing on HT-29 cells viability when treated with 5-flurouracil or oxaliplatin. Indeed, silencing of CD59 enhanced the sensitivity of HT-29 cells to 5-fluorouracil and oxaliplatin (54). In addition, CD-20+-Lymphoma mice treated with MB-55 and MB-59 had improved response for rituximab immunotherapy, where 70% of mice survived when treated with rituximab and MB-59 or MB-55 combination, while 30% of mice survived when treated with rituximab alone (55). One possible clue is a study showing that CD55 and CD59 expression guards HER2‐breast cancer cells from trastuzumab-induced complement-dependent cytotoxicity (56). However, account should be taken as targeted CD-59 depletion in mouse embryonic cells resulted in mice with increased RBCs count and higher susceptibility to complement lysis (57).



Insights

CD-59 is a promising marker as demonstrated by non-invasive graphene oxide based immune sensor with detection range 1fg/ml to 10 ng/ml (58). However, therapeutic potential for CD-59 blockade in tumors still requires more testing in vivo. Current evidence supports adjuvant use of CD-59 blockade in order to enhance efficacy of anti-cancer immune therapies (54, 55). However, caution should be taken, as adverse CD-59 blockade may cause paroxysmal nocturnal hemoglobinuria (PNH), which is characterized by elevated complement activity, RBCs lysis and CD-59 decreased expression (59). One possible refutation is the study using CD59 knockout and CD-59/CD-55 double-knockout mouse models (60). Surprisingly, Crry (complement receptor 1 (CR1)–related gene), neither CD59 nor DAF, was indispensable for murine erythrocyte protection in vivo from spontaneous complement attack, despite murine RBCs sensitivity to antibody-induced complement lysis in vitro. This proves that C3 inhibition is more critical in vivo rather than C8 and C9.

On the brighter side, C5 inhibitor eculizumab showed success and improvements in some PNH case reports, owing to the restoration of CD-59 activity (61). Nevertheless, eculizumab still faces challenges, including persistent anemia with some patients requiring transfusions, and incomplete C5 inhibition with breakthrough hemolysis (61). This prompted the investigation of several second-generation C5 inhibitors (new mAb, siRNAs and small molecules) (62). Altogether, this ultimately justifies the rationale behind the use of CD-55 and CD-59 silencing as anti-cancer therapy, especially with establishment of CD-59 knocked out cancer cell lines which can be used for further in vivo investigations (63)




(CD66) Carcinoembryonic Antigen (CEA)


Structure and History 

CEA was discovered in 1965 by Gold and Freedman as a surface protein found in gastrointestinal cancer cells. The human CEA family consists of 29 genes, out of which 18 are expressed. The expressed proteins are further classified into CEA subgroup (7 proteins) and pregnancy-specific glycoprotein subgroup (11 proteins) (11, 64). Our scope, once again, is GPI anchored CEAs: CEA-CAM 6 and CEA-CAM 5, which is also known as CD66e (11).



Pathway and Function

Due to unique sialofucosylated glycoforms within its GPI anchor, CEA was found to bind to L-selectin and E-selectin, therefore mediating cell adhesion. CEA-CAM 1 is tumor suppressing through decreasing cell proliferation and metastasis, while CEA-CAM-5 is tumor promoting through inhibiting colon cell differentiation, anoikis and apoptosis (65, 66). This is attributed to CEA-CAM-5 co-localization and subsequent activation of a5ß1 integrin signal transduction, triggering PI3K/AKT activity (67). CEA-CAM 6 oncogenic activity is due to mediating metastasis and resisting apoptosis. Increasing metastasis is through CEA-CAM 6 signaling induced SRC activity. SRC is a non-receptor Tyrosine kinase, which in turn phosphorylates focal adhesion kinase (FAK) and stimulates IGF-1 secretion. As a result, PI3K/AKT pathway is activated, consequently inducing epithelial mesenchymal transition (11, 68). Surprisingly, TGF-B/type II receptor (TBRII) interaction functions as a positive feedback, where TBRII forms a heterodimer with TBRI, which increases PI3K/AKT pathway activity and SMAD-3 phosphorylation. Phospho-SMAD-3 then forms a complex with Co-SMAD-4. This complex translocates to the nucleus and binds to CEA-CAM 6 gene promoter, elevating its expression (11).



Expression Level 

Stochiometric expression of CEA family members (CEA-CAMS 1,5,6) on epithelial cell guards normal tissue architecture through micro-environment interactions described above. Interestingly, CEA-CAM 1 is under expressed in CRC, breast cancer, prostate cancer and hepatoma (69). On the other hand, 70% of epithelial tumors over express CEA-CAM 6 rather than CEA-CAM 5 (11, 70, 71). Specifically, CD66 is elevated in colorectal, pancreas, liver, breast, ovary, and lung cancer (11, 70, 71). Interestingly, CEA-CAM 5 is temporarily produced during fetal development until birth. This encourages the use of CEA in diagnosis and targeted therapy.



In Vivo Models 

In 2015, Li et al. reported a bispecific antibody that targets CD3 and CEA. It was produced by genetically linking an anti-carcino embryonic domain (variable heavy H) to the C-terminal end of an anti-CD3 variable heavy, constant heavy 1, followed by co-transduction with anti-CD3 variable light-constant light in bacteria. The produced protein (antibody) is called S-FAB. To demonstrate in vitro efficacy of S-FAB, CEA-expressing human colorectal cancer cell lines HT29 and LS174T were exposed to human peripheral blood mononuclear cells (PBMCs) or isolated T-cells in the presence and absence of S-FAB. In absence of S-FAB, no cytotoxicity occurred, while treatment with S-FAB resulted in cytotoxicity, where cell viability was assayed using Cell Counting Kit (CCK) reagent. Accordingly, this study advanced to in vivo level, where NOD/SCID mice were subcutaneously injected with a mixture consisting of 1x106 LS174T cells and 5 x106 fresh human PBMCs. An hour later, mice were IP injected with 20 μg S-FAB. Indeed, S-FAB successfully inhibited tumor growth, even better than anti-CD3 FAB (72). A similar bispecific antibody called CEA TCB has shown promising results in vitro and in vivo and is now tested in phase-I clinical trials (73). Other CEA-CAM targeting antibodies are MN-3, MN-14 and MN-15. Xenograft colorectal cancer mice showed higher survival, decreased adhesion to the extracellular matrix (ECM), and lower metastatic activity when treated with MN-3 and MN-15 (11, 71) However, these mAbs did not have a significant impact on tumor growth (11, 71). This called for testing other immune therapeutic strategies. For instance, By114-saporin is an immunotoxin tested on pancreatic xenograft model, where antibody mediated crosslinking increased apoptosis, enhancing the efficacy of saporin immunotherapy (74). Another study involved the use of Ab-IRDye where CEA antibody targets photosensitizer to cancer cells, thus, when cells are exposed to near-IR rays, oxidative burst occurred selectively in cancer cells causing their death, leaving normal cells intact. The efficacy of Ab-IRDye was tested in vivo using nude mice carrying gastric carcinoma xenograft (75). In addition, Silencing CEA-CAM 6 by RNAs decreased tumor proliferation by 68% in pancreatic cancer xenograft mice compared to control siRNAs (f. 88-90). Other observations were impaired angiogenesis, increased apoptosis, suppressed metastasis (0% treated versus 60% untreated, p=<0.05), and improved survival without toxicity.



Clinical Trials 

For details on clinical trials targeting CEA, clinicaltrials.gov was searched, and data were collected in Table 1. PANVAC-F (falimarev) vaccine and PANVAC-V (inalimarev) are therapeutic vaccines expressing CEA, where PANVAC-V is derived from vaccinia virus, while PANVAC-F is derived from fowlpox virus. In addition, a recent study reported first-generation CAR-T therapy against CEA. It was evaluated in phase-I clinical trials for CEACAM5+ lung cancer patients. Unfortunately, no significant clinical improvement was observed and the CAR-T cells lived for 14 days only. However, rising levels of systemic IFNγ and IL-6 indicate the presence of immune response when patients were pretreated with cyclophosphamide and fludarabine, as well as systemic IL-2 during CAR-T therapy. This means that CAR-T therapy targeting CEA is promising, but future studies should try to develop other CAR designs and T-cell production methods (76). A phase-I clinical trial was done to study the safety of anti-CEA second-generation CAR-T scfv-CD28/CD3z (Tandem), in which CAR-T therapy was delivered by infusion into hepatic artery. The results were promising; coadministration of IL-2 with CAR-T therapy has decreased CEA levels and increased serum IFNγ levels. Also, no patient suffered from severe adverse effects (77).


Table 1 | CEA clinical trials.





Insights

Finally, CEA has a unique expression pattern, making it a treasure for diagnosis using in vivo fluorescent imaging and immunosensing using nanomaterial-based electrochemical immunoassay, photoelectrochemical immunoassay, and optical immunoassay (78, 79). In addition, numerous studies combine CEA with other biomarkers for better diagnosis (80–83). As for prognosis, drop in CEA level can be used as a posttreatment watch (81, 82, 84). Clinical trials data prove the efficacy and safety of CEA-targeted immune therapy. However, they cannot be used as a single agent for treatment of different tumor types, where conventional chemotherapy is still needed to relieve tumor compact structure and add a synergistic tumor-killing effect. Finally, the use of anti-CEA as an adjuvant therapy decreased adverse effects compared to the use of standard therapies alone. More importantly, no serious adverse effects were observed in CEA-immune-based therapy.




Glypican-3


Structure and History

Glypican-3 (GPC3) is a member of the glypican family, which are a group of GPI-APs. So far, 6 types (GPC1–GPC6) have been identified in mammals. Glypicans were shed in serum upon cleavage by Notum (a lipase for GPI anchors). Moreover, GPC3 has two heparan sulphate (HS) glycan chains attached to the C-terminus. GPC3 gene codes for a 70 kDa precursor core protein with 580 amino acids, which can be cleaved by furin producing a 40 kDa amino (N)-terminal protein and a 30 kDa membrane-bound carboxyl- (C-) terminal protein. Furin cleavage between Arg358 and Ser359 was found to be crucial for GPC3 activity in zebrafish, but not in HCC. It was also predicted that cleavage for GPI anchor occurs at serine 560 (85, 86).



Pathway and Function

GPC3 knockout mice showed a distinctive phenotype: Simpson-Golabi-Behmel Syndrome (SGBS), an X-linked disorder characterized by pre- and postnatal overgrowth. This gave a hint that GPC3 is somehow involved in cancer cell proliferation. One possibility is that HS proteoglycans (HSPGs) may act as supporting receptors or storage for growth factors such as Hedgehogs, bone morphogenetic proteins, and fibroblast growth factors (FGFs). A various amount of evidence supports this point of view, where sulfatase 2 (SULF2) was elevated in breast cancer and HCC. For elaboration, sulfatase 2 enzyme cleaves HSPGs at 6-O-sulphate site. Also, SULF2 knockout decreased tumorigenesis of pancreatic cancer cell lines. A study investigated the SULF2-GPC3-Wnt signaling triad. It concluded that sulfatase 2 cleaves GPC3/Wnt complex at the HS region, therefore releasing Wnt protein to initiate signaling cascade (Figure 3). Interestingly, GPC3 can interact with Wnt molecules independent of HS chains and accelerate cancer cell division by activation of canonical Wnt signaling pathway. These results indicate that GPC3/Wnts complex acts as a growth factor by binding to other proteins (coreceptors for either GPC3 or Wnts) (18, 86, 87). On the other hand, GPC-3 is possibly a tumor suppressor where ectopic expression increased apoptosis in A549 and NCI-H460 cell lines (88).




Figure 3 | Proposed Model for Glypicans Due to Heparan Sulfate bridge (HS), GPC3 is not fully cleaved by Furin (unlike MSLN). Full cleavage is achieved when HS bonds are broken by Sulfatase 1 or Sulfatase 2. Interestingly, Sulfatase 1 has anti-oncogenic properties while Sulfatse 2 favors tumor progression by releasing growth factors, therefore binding to its cognate receptor and initiating signaling cascade. (GF=Growth Factor).





Expression Level

GPC3 gene is expressed in a time-specific manner, where it reaches peak expression during development, followed by gradual decline after birth, thus its expression is down regulated in normal tissues (86). GPC3 is uniquely over-expressed in HCC with poor prognosis correlation in late stage (89, 90). It is also over expressed in oral, colorectal and ovarian cancers (91–93). Controversially, GPC3 gene hyper methylation is observed in adult cancers, which supports argument GPC3 is under expressed in mesothelioma and neuroblastoma (94, 95).



In Vivo Models 

The first antibodies against GPC3 were of murine origin, and they did not advance for therapeutic use due to immunogenicity risk. Instead, they are currently evaluated for their use in assaying GPC3 in serum and tissue (i.e., diagnostic use) (12, 86). The first therapeutic mAb against GPC3, called GC33 (IgG2a, κ) was reported in 2008. Its epitope is located near the C-terminus (residues: 524–563). It was raised in mice and effectively induced antibody-dependent cellular cytotoxicity (ADCC) against subcutaneously transplanted HepG2 and HuH-7 xenografts (12, 86). Accordingly, GC33 was modified by recombinant technology yielding humanized GC33 (hGC-33/codrituzumab) (12, 86). Interestingly, Hep-G2 expressed higher levels of GPC3 compared to Huh-7 based on fluorescence-activated cell sorting (FACS) analysis, where Hep-G2 expressed 1.5x106 GPC3 molecules per cell, while HuH-7 expressed 4.0 x 104 GPC3 molecules per cell. These findings are extrapolated in vivo, where Huh-7 mice xenograft models demonstrated significant tumor reduction from 3000 mm3 to 1500 mm3 when treated with 1mg/kg GC33, and to 1000 mm3 when treated with 5 mg/kg GC33, compared to untreated control. Similarly, Hep-G2 xenograft models demonstrated significant tumor reduction from 1200 mm3 to 600 mm3 when treated with 1mg/kg GC33 and to 100 mm3 when treated with 5 mg/kg GC33, compared to untreated control. Testing the efficacy of sorafenib/GC33 combination on Hep-G2 xenograft model revealed that, indeed, tumor volume was significantly decreased from 1000 mm3 to 200 mm3 when treated with 1 mg/kg GC33 plus 80 mg/kg sorafenib, compared to untreated control. Meanwhile, sorafenib and GC33 had equal tumor reduction ability with tumor volume reduced to 450 mm3. The study also evaluated the efficacy of doxorubicin/GC33 combination on Huh-7 xenograft model. This showed that tumor volume was significantly decreased from 3000 mm3 to 1000 mm3 when treated with 5 mg/kg GC33 plus 3 mg/kg doxorubicin compared to untreated control, whereas doxorubicin and GC33 also had equal tumor reduction ability with tumor volume reduced to 1750 mm3 (96).



Clinical Trials 

Currently GC33 is under clinical trials. Encouragingly, a phase-I clinical trial showed no maximum tolerated dose (MTD) because no dose-limiting toxicities (DLTs) happened. However, reported side effects included fatigue, constipation, headache, and decreased sodium level. Another ongoing clinical trial studies the combination of hGC33 with sorafenib. Meanwhile, a phase-I clinical trial consisting of advanced HCC patients showed that murine GC33 can be safely administered intravenously up to 20 mg/kg weekly (97, 98).

In addition, a GPC3 peptide vaccine was reported to induce CD8+ activity in HLA-A2.1 transgenic mice without causing autoimmune side reactions, where treatment of NOD/SCID mice with the cytotoxic T-lymphocytes (CTLs) significantly inhibited the growth of human HCC xenografts. Therefore, phase-I clinical trials were initiated, with the vaccine consisting of two GPC3-derived peptides and an incomplete Freund’s adjuvant in advanced HCC patients. Spectacular results were achieved as the vaccine was well tolerated and 30 out of 33 patients demonstrated a significant quantified immune response. Furthermore, a correlation between the intensity of immune response and overall survival was observed. Consequently, the vaccine has advanced to phase-II clinical trials and has also been evaluated in combination with chemotherapy (99). For details about clinical trials, see Table 2.


Table 2 | Glypican-3 clinical trials.





Insights 

As per methylation analysis performed by Boily et al. (95), where methylation abnormalities were present only in female neuroblastoma samples (loss of methylation) and mainly in male WT samples (gain of methylation) (95). Therefore, these results suggest that DNA methylation of the promoter region is not essential for the transcriptional repression of the GPC3 gene and that the methylation observed in females is probably linked to the inactive X chromosome. Other possible regulators are micro-RNAs, where MiR-219-5p targeted GPC3 and inhibited HCC cell line proliferation (100). GPC3 is an attractive target for immune-based therapy due to its high expression in HCC and especially that GPC3 was found in cancerous liver cells but not normal ones (89).




Mesothelin (MSLN)


Structure and History 

Mesothelin is a glycosylphosphatidylinositol (GPI) fixed cell surface protein. The human MSLN is a ~71 kDa antecedent protein of 622 amino acids, which is separated by furin into 31 kDa N-terminal megakaryocyte potentiating factor (MPF) and 40 kDa mature mesothelin attached to the cell surface (101) (Supplementary Figure 3). MSLN was discovered in the mid-1990s, in an investigation initiated by Ira Pastan and Mark Willingham (National Cancer Institute, NIH) aiming to find new therapeutic target to treat ovarian cancer, where they started by screening for novel antibodies that target proteins significantly overexpressed in cancer cells compared to normal cells (102). Then, different mAbs were produced by Hybridoma technology (102). Candidate mAbs were evaluated by immunohistochemistry, bringing about the revelation of mAb-K1 in 1992 (102). Since mAb-K1 binding protein is expressed in typical mesothelial cells, it was called mesothelin, where it was the first characterized 125I fractionation and phospholipase-C treatment. MSLN was also identified by western blot, with molecular weight 40 kDa, present in both OVCAR3 and Hela cells. Consequently, the K1 mAb was employed to screen a lambda cDNA library containing Hela cells genome. MSLN cDNA encoded a 69 kDa protein, which, when transfected in 3T3 cells, caused a noteworthy 40 kDa band and a minor 69 kDa band to be distinguished showing that the 40 kDa band was derived from a larger parent protein (102).



Pathway and Function 

The biological role of mesothelin is still anonymous because mesothelin knockout mice do not show a significant phenotypic change (12, 103). Therefore, investigations were principally done on ovarian cancer and pancreatic cancer cell lines (12). MSLN plays a pivotal role in cancer cell survival/proliferation by NF-kB activation which induces IL-6 expression. IL-6 acts as a growth factor via a new auto/paracrine IL-6/sIL-6R signaling pathway (104). In addition, MSLN enables cancer cell survival, despite inflammation, due to resisting TNF-α-induced apoptosis, through elevating Akt/PI3K/NF-kB and IL-6/MCL-1 axes (12, 101, 103). Studies on ovarian cancer cell lines showed that mesothelin is involved in tumor adhesion and metastasis based on its binding to MUC16 (also known as CA125), due to its rich glycosylation, where O-linked and N-linked MUC-16 oligosaccharides triggered heterotypic cell adhesion (103). It was recently found that immune-reactivity against mature MSLN involved IFN-γ, IL-2, and IL-7 and was positively correlated with the survival of secondary brain-cancer patients (105). An interesting finding states that MSLN is specifically increased in CCA while Glypican-3 is specifically increased in HCC, therefore shedding light on their use as diagnostic markers differentiating HCC from CCA (12) (see Figure 4).




Figure 4 | Role of MSLN in cancer progression. MSLN elevation activates MAPK/ERK, PI3K/Akt pathways therefore making cancer cells resistant to apoptosis. Also, MSLN overexpression induces NF-kB which leads to higher IL-6 production. High IL-6 induces the transcription protein 3 (Stat3), resulting in increased expression levels of the cyclin E/cyclin-dependent kinase (CDK2) complex, therefore speeding the G1-S transition resulting in enhanced cell proliferation.





Expression Level 

In addition to its protumorigenic role described above, mesothelin is a valuable target for various immunotherapeutic strategies due to its high presence in ovarian, uterine, and pancreatic cancers. Recent papers show that it is also elevated in triple-negative breast cancer (TNBC)—in addition to the possession of a highly immunogenic region (Region I) (12, 103, 106, 107).



In Vivo Models 

To compare the uptake of mAb-K1 in cancer and normal cells, mice were subcutaneously injected with human mesothelin-expressing tumors and then treated with Indium-labeled mAb-K1. The results were promising and, accordingly, antitumor activity was tested by conjugating mAb-K1 to Pseudomonas exotoxin A (PE). This was the first immunotoxin, named K1-LysPE38QQR, and indeed it showed an excellent in vitro and in vivo activity. However, K1 antibody has a low affinity for mesothelin; therefore, mice were immunized with a mesothelin-expressing cDNA construct, and produced antibodies were isolated by phage display. The new antibody SS was produced. The low affinity of SS was overcome by mutagenizing CDR3 residues of the heavy chain of the Fv using hotspot mutagenesis method, increasing Kd to about 1 nmol/L. This was called SS1. SS1 Fv was fused to a PE fragment producing the recombinant immunotoxin SS1P. SS1P kills cells by binding to mesothelin, followed by endocytosis, and inactivating elongation factor 2, then halting protein synthesis, and initiating programmed cell death (12, 102, 103).

Another example is MORAb-009 (amatuximab), a recombinant humanized antibody consisting of murine SS1 Fv and human constant region (IgG1κ). In vitro studies illustrated that MORAb-009 kills cancer cells by ADCC and blocking mesothelin/MUC-16 interaction. In vivo investigations combining amatuximab with chemotherapy showed significant growth deceleration of mesothelin-positive tumors in nude mice compared to chemotherapy or MORAb-009 treatment alone (102). Another investigation was performed using pancreatic cancer xenograft model, where administration of 200 mg/kg amatuximab lowered tumor volume by 75% and tumor mass by 6 folds. The study was extended to test amatuximab efficacy as combinatorial therapy with gemcitabine. Indeed, a synergistic effect was observed, where when combined with gemcitabine, tumor mass and tumor volume were reduced to 200 mg and 400 mg. Gemcitabine reduced tumor to 600 mg and 1750 mm3 compared to untreated control (600 mg, 1200mm3) (108).

Continuous developments in antibody production have led to the discovery of the first human antibody against MSLN. It is designated as m912. M912 is believed to kill cancer cells by ADCC. In another study, a high-affinity human single-chain Fv (named HN1, unique against mesothelin) was obtained from a naïve human single-chain Fv (scFv) phage display library. To assess the therapeutic potential of HN1, a fully human IgG1κ and immunotoxin (HN1 scFv + Pseudomonas exotoxin) were produced. The HN1 demonstrated a very strong ADCC and also blocked MSLN binding to MUC-16, while HN1 immunotoxin acted similar to SS1P (12, 102).

BAY 94-9343 is an antibody drug conjugate consisting of humanized immunoglobulin G1 anti-mesothelin mAb and maytansine derivative DM4 (a tubulin polymerase inhibitor) while MDX-1382 MED2460 (Medarex) consists of MSLN mAb conjugated to duocarmycin (a DNA-alkylating agent). Antibody drug conjugate (ADC) is based on the concept that the drugs will be released into the cytoplasm after antibody drug conjugate endocytosis. Interestingly, in vitro studies of BAY 94-9343 showed that it was able to kill adjacent MSLN-lacking tumor cells with no effect on quiescent cells; a possible explanation is multiple targeting as tumor cells express heterogeneous antigens. ADCs are still in phase-I clinical studies (102, 109, 110).



Clinical Trials

Immunotherapy targeting MSLN includes the use of tumor vaccines, antibody-based therapies, and adoptive T-cell therapy (CAR-T cells), some of which have demonstrated outstanding results in early clinical studies. However, antibodies targeting region I do not inhibit cancer cell proliferation. Furthermore, obtaining mAbs targeting MSLN domains outside region I is a difficult task. This calls for the possibility of controlling MSLN expression through genetic targeting either by miRNAs or by CRISPR/CAS (12, 103).

To evaluate SS1P efficacy and safety, phase-I clinical trials were conducted by administering SSIP intravenously; the dose-limiting side effect was pleuritis, and unfortunately 90% of patients developed neutralizing antibodies against toxin part. Neutralizing antibodies problem was tackled by immunosuppressive regimen of pentostatin and cyclophosphamide. An interesting approach is to use recombinant technology to deduce and remove B- and T-cell epitopes in SS1P, therefore decreasing its immunogenicity. A new immunotoxin resulted from deletion of PE domain II and six residues in domain III substituted with alanine. Loss of domain II rendered the new immunotoxin small and was rapidly filtered by the kidney. This was solved by replacing the Fv with a Fab to make RG7787. Interestingly, results obtained from RG7787 were promising, where large doses were safely administered to mice, with a lower risk of capillary leak syndrome in rats, and it has significant antitumor activity in mice bearing several types of mesothelin-positive tumors. Consequently, RG7787 advanced to Phase-I clinical trials (102, 109–112).

Another drawback was the large size coupled with relatively short life in circulation (20 min in mice and 2–8 h in humans), which resulted in poor penetration into solid tumors. A possible solution is combination with chemotherapy, where preclinical studies showed that chemotherapy relaxes tumor cell compact structure and lowers intratumoral fluid pressure, therefore allowing immunotoxin to reach more cells within the tumor, and produce better antitumor responses. Using confocal microscopy, SS1P penetration was studied in 3D tumor mesothelioma spheroids. Sensitivity to SS1P of spheroids was 100 times lower compared to primary cell lines grown as monolayer. This finding was explained by significant rise in the count of tight junctions inside the spheroids, with specific elevation of E-cadherin gene. This was supported by enhanced SS1P immunotoxin therapy in vitro when combined with small interfering RNA silencing and antibody inhibition targeting E-cadherin (102, 109).

Phase-I clinical trials proved the safety of amatuximab, where maximum tolerated dose was established as 200 mg/m2. Unfortunately, a randomized phase-II clinical trial of amatuximab/gemcitabine combination failed to show additive advantage in pancreatic cancer population compared to gemcitabine alone. However, in a nonrandomized clinical trial involving advanced unresectable pleural mesothelioma patients, amatuximab was co-administered with pemetrexed and cisplatin. Results showed improvement in overall quality of life, despite failure in increasing progression-free survival as compared with historical controls (102, 109, 113–115).

Based on the promising results obtained from MSLN mAbs, immunotoxins, and ADCs, there is a growing interest in exploring MSLN as a target for CAR-T cell therapy, where T-cells are manipulated to produce variable chain/T-cell receptor hybrid so that cancer cell is recognized by CAR-T cell binding to the tumor antigen, which activates T-cell signaling and results in cancer-cell killing. Currently, there are two approaches for anti-mesothelin CAR-T cells synthesis: either direct treatment with antimesothelin modified lymphocytes or autologous redirection (where patients’ T-cells are edited for Fv against MSLN and then returned back) (53, 59, 66).

The feasibility of MSLN CAR T-cell therapy was evaluated in vivo using subcutaneous or orthotopic mouse models of mesothelioma, ovarian cancer, and lung cancer, where local administration of CAR-T cells produced better results due to earlier antigen recognition, which is reflected as increased CD8+ CAR-T cell proliferation and function. Therefore, various clinical trials for MSLN CAR-T cells were started either alone or combined with chemotherapy to determine the safety and the maximum tolerated dose. A major challenge limiting the safety of CAR-T therapy is on-target/off-tumor toxicity, which is tackled by transfection of mRNA that encodes MSLN CAR into patients’ T-cells and then returning it back (i.e., autologous). Indeed, this idea demonstrated positive results in preclinical models and therefore advanced to clinical trials’ stage. The only problem for this method is that the effect is transient, lasting only for few days. Luckily, a clinical trial involving multiple infusions of MSLN CAR-T cells (SS1–4-1BB) was safe without toxicity observed. Even better, MSLN CAR T-cell therapy caused transient elevation of inflammatory cytokines in the sera, including IL-12, IL-6, G-CSF, MIP1β, MCP1, IL1RA, and RANTES. Consequently, tumor lysis and inflammation occurred, which led to the release of multiple antigens, stimulating immune response. As a result, a polyclonal IgG antibody response was detected. This phenomenon is called epitope spreading. Unfortunately, only one patient suffered from a severe anaphylactic shock and cardiac shock due to high production of IgE against MSLN CAR-T cells (102, 109, 116, 117).

An alternative strategy is increasing T-cell safety through a suicide gene to remove T-cells as soon as an adverse event occurs, such as drug-induced activation of a suicide gene, for example, the herpes simplex thymidine kinase (HSV-TK) gene, inducible caspase-9 (iCaspase-9), or EGFRΔ gene. This concept of “safety-switch systems” has succeeded in clinical investigation and is currently put under clinical trial. Preclinical studies proved the safety of suicide gene in CAR-T therapy where a single dose of the AP1903 small molecule (clinical-grade construct with an iCaspase-9 safety switch) successfully removed MSLN CAR-T cells at the peak of their proliferation. Furthermore, a particular concern regarding MSLN CAR-T cells is cross-reaction with soluble MSLN related peptide (SMRP), which could occupy and block the scFv portion, therefore causing loss of CAR-T cell activity, especially with MSLN and SMRP having identical sequence. Reassuringly, MSLN CAR-T cell activation (cytokine secretion and cytotoxic activity) depends on MSLN attached to the cell surface, where the presence of serum SMRP at high level did not alter MSLN CAR-T cell efficiency neither in vitro nor in vivo (102, 118).

Ultimately, the sole mesothelin vaccine now in clinical trials is CRS-207. It is a live attenuated vaccine produced using Listeria monocytogenes vector that overexpresses human MSLN. So far, the suitability of this immunization was assessed in stage-I clinical trials in patients with mesothelin-positive-resisting tumors. A stage-II clinical trial comprised of advanced pancreatic cancer population yielded noteworthy outcomes, where patients were administered either six cycles of GVAX (allogeneic pancreatic cell lines secreting granulocyte macrophage colony stimulating factor) alone or two rounds of GVAX followed by four cycles of CRS-207 every 3 weeks. After a median follow-up of 7.8 months, the median overall survival of patients treated with GVAX/CRS-207 was 6.1 months versus 3.9 months for patients treated with GVAX alone (P=0.011). However, this study included just 90 patients. Subsequently, approval in a larger stage-III setting is required (102, 119, 120). For a summary of MSLN immunotherapies, see Table 3.


Table 3 | MSLN targeted therapy in clinical trials.





Insights 

MSLN immunotherapy is the most promising among GPI-AP immunotherapy, with variety of models currently tested in clinical trials. However, further studies are required for its use as biomarker to decipher its sensitivity and specificity. Currently, SMRP and MSLN are recommended in combination with other serological biomarkers. Surprisingly, significant MSLN promoter hypo-methylation was observed in mesothelioma and lung cancer patients with previous asbestos exposure. However, no correlation was found between MSLN hypo-methylation and SMRP serum levels. These findings do not only account for MSLN over expression in multiple tumors, but more importantly they support MSLN regulation by other epigenetic methods. For instance, our investigation proved that miR-2355 targeted PIG-C and MSLN mRNAs (121). Another example is MSLN targeting by miR-21-5p that decreased MERO-14 cells proliferation (122). Other examples are miR-611 and miR-877 that were tested in mesothelioma cell lines. Astonishingly, miR-611 could not degrade MSLN harboring SNP rs1057147 (123).





Practical Implications


Immune Painting

A rising star in targeted immunotherapy is increasing the levels of costimulatory proteins within cancer cells in order to reverse immune suppression. This can be achieved by attaching GPI anchor sequence to costimulatory proteins such as CD80, ICAM-1, and CD86, which are originally Type-I transmembrane protein. The GPI anchor is obtained from naturally occurring GPI anchoring proteins. This is called immune painting. There are two options for immune surface painting, either genetic engineering or protein engineering. Genetic engineering is construction of plasmid consisting of the DNA sequence coding for the GPI anchor attached to the sequence encoding the protein of interest, whereas protein engineering means that GPI-modified protein is directly incorporated into the cell membrane; this is based on the fact that GPI-anchored proteins can be exchanged between cells. Both strategies have shown amazing results in terms of elevating immune response; plasmids are being studied as DNA vaccine and possible use in oncolytic virus therapy, whereas protein engineering is used in cases where limited biochemical information renders specific enrichment difficult, for example, in case of enveloped viruses (124).



Noninvasive Tests

An interesting thought is to benefit from GPI-APs in noninvasive tests, which assay binding of membrane GPIs to enzymes such as alpha-toxin and aerolysin upon cell lysis (125–127). An interesting thought for MSLN is to assay SMRP (MSLN shed in serum, identical sequence) using ELISA; this is possible because MSLN overexpression is directly reflected in serum as elevated SMRP (102, 128–131). Indeed, this rationale can be extended for GPI-shed proteins such as serum CD55, serum CD59, and serum Glypican-3. Together, these features shed light on new noninvasive tests. An outlaw, however, is the utility of Glypican-3 in the diagnosis of HCC, where it is found to indicate poor differentiation, and, is therefore not useful as an early biomarker.



Chemical Synthesis

A challenging task in the attempt to study the structure activity relationship (SAR) of GPI-anchored proteins was the chemical synthesis of GPI anchor that started in the late 90s–early 2000s, especially after the discovery of VSG in 1988 by Ferguson et al. Simply, GPI building blocks (mannose, glucosamine, inositol, and phospholipids) are connected together through a series of chemical reactions. However, there are some obstacles. First of all, the chirality of molecules is critical for GPI-AP protein function. Moreover, oxidation and reduction complexity affect the lipid tail. Such drawbacks were tackled by the use of modern blocking methods rather than global blocking (15, 132). This resulted in the successful synthesis of naturally occurring GPI-AP and semisynthetic/synthetic derivatives containing unsaturated lipids (e.g., click chemistry tags), or highly branched structures (132). In fact, a chemical method, designated one pot ligation (OPL), was used to achieve semi-synthetic GPI anchored eGFP, Thy1, and the Plasmodium berghei protein MSP119. Interestingly, GPI attachment did not cause a change in peptide structure, but it resulted in a strong inflammatory response in vitro (133).




Overall Insight

To conclude, GPI-APs are necessary for various biological functions. Advancement in oncology research has shown that GPI-anchored proteins play a critical role in cancer progression. Further studies demonstrated that GPI-anchored proteins have a unique expression pattern on neoplastic cells. Consequently, scientists are trying to use GPI-APs for early diagnosis and targeted therapy. Throughout this review, we focused on few GPI-anchored proteins (MSLN, Glypican-3, CEA, DAF, and MAC-i), with these proteins overexpressed in many cancers. When used as biomarkers, GPI-APs demonstrated high specificity. However, new assaying technologies are needed to enhance GPI-APs sensitivity. Another opportunity is investigating the expression level of GPI pathway members in different cancers. Surprisingly, our work showed that PIG-C expression is elevated in TNBC, while PIG-U expression was down regulated in KRAS mutant CRC (29, 30). This raises a critical question: why GPC-3 and CEA are over expressed in CRC? This opens the door for investigating whether other GPI pathway genes are elevated in CRC to compensate for PIG-U loss. Next, the status of immune-based therapies (antibodies, ADCs, CAR-T therapy, and tumor vaccine) was reviewed (see Figure 5). Encouragingly, many therapies advanced to clinical trials. Indeed, GPI-AP immunotherapies have improved response rate, overall survival and progression free survival when combined conventional chemotherapies. However, when testing GPI-AP immunotherapies alone, clinical trials results were controversial, where some studies showed significant improvement in response rate compared to control group (treated with standard chemotherapies), while other studies failed to show significant response rate improvement. These findings surely call for continuous research in this field, with the possibility of trying other therapies like genetic targeting with siRNAs and CRISPR/CAS, especially with expansion of non-coding RNAs targeting GPI-APs. As we mentioned; miR-219 targeted GPC-3, while miR-21, miR-611 and miR-877 targeted MSLN (100, 122, 123). In addition, our recent work showed that miR-2355 targeted PIG-C and MSLN mRNAs (121). PIG-C manipulation has also significantly impacted MSLN surface level (121). Another example is the success of CRISPR-Cas9-engineered mouse model for GPI anchor deficiency to resemble human phenotype (134). Additionally, PIG-V knock-out resulted in hippocampal synaptic dysfunctions (134). These findings inevitably prompt the utilization of RNA interference therapy to target GPI pathway genes as well as GPI-APs in cancer, whereby blocking GPI pathway can be a promising therapy as multiple signaling pathways will be cut off, causing death of cancer cells.




Figure 5 | GPI-AP-targeted immunotherapy strategies. Several therapeutic strategies have been designed for targeting GPI-AP on tumor cells: tumor vaccine strategy antibody-based therapies; and adoptive CAR T- cell therapy. These therapies are being evaluated in phase I and/or phase II clinical trials.
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Macrophages as components of the innate immune system play a critical role in antitumor responses. Strategies for targeting CD47 are becoming a hot spot for cancer therapy. The expression of CD47 is exercised by macrophages to make a distinction between “self” or “nonself.” Anti-CD47 antibodies block the interaction between macrophage signal regulatory protein-α (SIRPα) and tumor surface CD47. In this study, we report and assess a novel anti-CD47 blocking antibody named 2C8, which exhibits high affinity and tremendous anticancer effects. More concretely, 2C8 significantly induces macrophages, including protumorigenic subtype M2 macrophages killing tumor cells in vitro, and is revealed to be more effective than commercially available anti-CD47 mAb B6H12.2. In vivo, 2C8 controls tumor growth and extends survival of xenograft mice. The antitumor ability of 2C8 might be applicable to many other cancers. The generation of a novel CD47 antibody contributes to consolidating clinical interest in targeting macrophages for the treatment of malignancy and, moreover, as a supplement therapy when patients are resistant or refractory to other checkpoint therapies or relapse after such treatments.




Keywords: anti-CD47 mAb, CD47, cancer therapy, immunotherapy, phagocytosis



Introduction

Multiple lines of evidence indicate that immunotherapies, including checkpoint inhibitors such as programmed cell death protein 1 (PD-1) and cytotoxic T-lymphocyte-associated protein 4 (CTLA-4), are efficient strategies to shoot tumor cells (1). Unfortunately, only a minority of patients with certain tumor types can benefit from durable responses from immunotherapies. Particularly for non-Hodgkin’s lymphoma (NHL) and the other solid malignancy patients, little progress has been observed. Poor cell infiltratation and an immunosuppressive tumor milieu are important reasons (2).

Tumor-associated macrophages (TAMs) abundantly infiltrate most solid tumors and represent up to 50% of leukocytes in the tumor microenvironment. Generally, TAMs display an M2-like phenotype (anti-inflammatory function); however, macrophages are heterogeneous and can be modulated by the surrounding microenvironment from an M2- to an M1-like phenotype (pro-inflammatory function) (3). The rate of M2/M1 is associated with a poor prognosis in clinical outcomes, including with NHL (4–8). Given that macrophages are required for chemotherapy and immunotherapy (9, 10), targeting TAMs is designed to reprogram TAMs to a tumoricidal phenotype M1 rather than diminish TAMs directly so that it can reinvigorate antitumor immunity. There are multiple strategies for reorienting TAMs, including the CD47 antibody (11–14). One adequate approach that aims to activate TAMs is blocking CD47 (4, 15, 16).

As an integrin-associated protein, CD47 is ubiquitously expressed on the cell surface (17) and mediates immune escape from macrophage-mediated phagocytosis when it interacts with phagocyte-expressed signal regulatory protein alpha (SIRPα), a protein expressed in macrophages and dendritic cells (18). An increased expression of CD47 has been demonstrated in multiple solid and hematological malignancies compared with normal cells, including but not limited to breast (19), small-cell lung (20), colon (21), ovarian (22), acute myeloid leukemia (AML) (23), and acute lymphocytic leukemia (ALL) (24) malignancies. Targeting the CD47–SIRPα axis promotes macrophage migration into the tumor mass (14), leading to TAMs being functionally switched from a tumor-promoting M2-like phenotype to a tumoricidal M1-like phenotype and enabling TAMs to attack the tumor. In xenograft mouse models, blocking CD47 led to an increased presence of M1-like TAMs (12, 13).

We generated 2C8, a novel monoclonal antihuman CD47 antibody that has displayed high specificity and affinity for CD47 protein and stimulates M0, M1, and M2 macrophage-mediated phagocytosis more effectively in comparison to commercially available anti-CD47 mAb B6H12.2 in vitro, suppressing tumor growth in vivo and, thus, prolonging mouse survival. Above all, the 2C8 antibody, which harnesses the ability to induce macrophages to eliminate tumor cells, is a promising candidate for cancer therapy.



Materials and Methods


Cell Culture

The murine fibroblast cell line 3T3; human embryonic kidney cell–derived 293T cell line; human acute T cell leukemia cell line Jurkat; human chronic myelogenous leukemia cell line K562; human colon cancer cell lines hCT116 and SW620; human leukemia cell line HL60; and human B cell lymphoma cell lines Raji, Daudi, and BJAB were obtained from the Institute of Hematology and Blood Diseases Hospital, Chinese Academy of Medical Science and Peking Union Medical College, Tianjin, China.



Antibody Generation

293T cells were transfected with pCDH-CMV-MCS-EF1-copGFP-CD47 using X-tremeGENE DNA transfection reagents (Roche) for lentiviral production, and concentration was accomplished using standard protocols. Lentivirus was collected for 3T3 cell infection, and 6–8 h later, lentivirus was removed. After 48 h of infection, CD47 expressing 3T3 (3T3-CD47) cells were established as an immunogen. Six-week-old Balb/c mice were immunized with 3T3-CD47 cells at 2-week intervals for a total of 4 weeks. Blood was collected after immunization by tail bleeding for titer assessment. Hybridomas stably expressing CD47 were generated as standard protocols. In brief, the spleen cells were fused with SP2/0 cells. After the limiting dilution, hybridomas stably expressing CD47 were selected, and supernatants from the resulting clones were screened by flow cytometry analysis. The cDNA of the light (VL) and heavy (VH) variable regions of the 2C8 antibody were obtained by RT-PCR from RNA, which isolated it from the hybridoma.



Antibody Purification and Characterization

First, 3x106 hybridomas were collected and injected intraperitoneally into 6-week-old Balb/c mice, and 6–10 days later, soluble antibodies in the mouse ascites were purified by protein G HP columns (GE Healthcare) according to the manufacturer’s instructions. Column were washed with PB buffer and eluted protein with the eluting buffer (0.1 M glycine-HCL buffer, pH 3.0). Collected fractions were neutralized with neutralizing buffer (1 M Tris-HCL buffer, pH 9.0). Finally, purified samples were dialyzed against PB buffer. The purity of the eluted antibody fraction was analyzed by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) on 12% gels under nonreducing or reducing conditions. Bands were visualized by Coomassie brilliant blue staining. Antibody subtype was detected by Mouse Monoclonal Antibody Isotyping Kit (Roche).



Antigen Binding Analysis

The 2C8-PE anti-CD47 antibody was generated (China Resources Concord) and diluted into different concentrations to react with the 1x106 CD47 positive cell line Daudi. After 30 min incubation, cells were washed and analyzed by flow cytometry. Kd value was calculated using a nonlinear regression based on the MFI value of PE thereafter, which was performed by GraphPad Prism software.



Antibody Homology Modeling and Structural Analysis

To model 2C8, we input VH and VL into antibody homology modeling software Discovery Studio. Antibody sequences VH and VL were blasted separately to find the best templates in the protein data bank (PDB), which results in the creation of the homology model of an antibody. 2BRR (PDB ID number), which exhibited 99.1% identity to the 2C8 VL amino acid sequence, and 2ZJS (PDB ID number), revealing 86.6% identity to 2C8 VH amino acid sequence, were chosen for the 2C8 modeling. After CDR loop optimization and energy minimization, the rationality of the modeling structure was assessed by Procheck, Profile-3D, and PROSA. The crystal structure of CD47-ECD (PDB ID: 5TZU) bound to B6H12.2 is publicly available. The binding mode between CD47-ECD and 2C8 was performed by a rigid body docking program ZDOCK. An optimized pose with high ZDOCK score (>12) was typed with the CHARMm Polar H force field and then refined using the RDOCK program. Finally, we chose the binding poses based on both RDOCK scores and protein binding interface.



Immunofluorescence Staining

Indicated Jurkat cells were fixed in 4% paraformaldehyde for 15 min and blocked with 1% BSA for 30 min at room temperature. Samples were incubated with primary antibodies 2C8 or B6H12.2 overnight at 4°C. Cells were washed three times in PBS and incubated with APC-conjugated antimouse IgG1 secondary antibodies (Bioscience) for 30 min at room temperature. Nuclei were stained with 1 μg/ml DAPI (Sigma) solution. Images were captured by a two-photon laser scanning confocal microscope (OLYMPUS, FV1200 MPE).



Preparation of BMDM or Human PBMC-Derived Macrophage

Human PBMC-derived macrophages were prepared from human peripheral blood using density gradient separation. PBMC was enriched by adherence to plates for 1 h at 37°C in FBS-free RPMI 1640 medium. Then, nonadherent cells were removed by extensive washing with PBS. Monocytes were cultured in complete RPMI 1640 medium containing 10 ng/ml recombinant human M-CSF (PeproTech) to induce macrophages. Human macrophages were harvested for phagocytosis assay on day 7.

To generate mouse M1 macrophages, peritoneal or bone marrow cells were isolated from female Balb/c mice and cultured with 5 ng/mL recombinant mouse GM-CSF (PeproTech) for 7 days. To generate M0 or M2 macrophages, bone marrow cells were isolated from female Balb/c mice and cultured with 25 ng/mL recombinant mouse M-CSF (PeproTech) for 7 days. On Day 5, M1 polarization was achieved with further treatment on day 5 by 20 ng/mL IFN-γ (PeproTech) stimulation for 1 h, followed by 100 ng/mL LPS (Sigma-Aldrich) for 48 h. M2 polarization was achieved by further treatment with 20 ng/mL IL-4 (PeproTech) and 20 ng/mL IL-13 (PeproTech) for 48 h. Macrophages were arrested for phagocytosis assay on day 7.



In Vitro Phagocytosis Assay

In vitro phagocytosis assays were performed as described previously. Briefly, different tumor cells were CFSE (ThermoFisher) labeled according to the manufacturer’s instructions and incubated with human peripheral blood–derived macrophages or mouse macrophages in the presence of different concentrations of CD47 antibody 2C8 or control antibody for 2 h at 37°C. Cells were washed with serum-free media repeatedly and resuspended in 200 μl media. Then, the cells were analyzed by a high-content screening system (PerkinElmer) to determine the phagocytic rate. The number of macrophages analyzed was more than 3000 per well.



In Vivo Antibody Treatment of Human AML Engrafted Mice

All animal studies were performed in accordance with the guidelines under the Animal Ethics Committee of the Institute of Hematology and Hospital of Blood Diseases, Chinese Academy of Medical Sciences and Peking Union Medical College. For the NHL xenograft model, 1 × 107 Raji or BJAB cells were suspended in PBS and injected subcutaneously into the axillary subcutaneous space of Nod/scid mice (female, 5–6 weeks of age, PUMC, China). After 7-10 days of growth, those tumor-bearing mice were given intravenous injection of indicating dose of 2C8 or PBS once every 3 days for three weeks. Mice were observed daily. Tumor volumes were calculated using (height × weight × weight)/2, and the duration of survival was recorded.




Results


Generation of CD47 Blocking Antibody

A cDNA fragment of human CD47 encoding the extracellular domain was used to establish CD47 positive cell line 3T3-CD47. Establishment was assessed by flow cytometry using commercially available anti-CD47 mAb B6H12.2 (Figure 1A). 3T3-CD47 was used to immunize mice to produce monoclonal mouse antihuman CD47 antibodies. Immunized mice spleen cells were fused with SP2/0 cells. Lentiviral shRNA vectors were used to generate CD47 knockout variants of Jurkat cells, and the efficiency was assessed by flow cytometry (Figure 1B). Furthermore, a pair of Jurkat cells were fixed on glass coverslips, incubated with CD47 antibody B6H12.2 overnight at 4°C, and photographed using a confocal microscope and immunofluorescence (Figure 1C).




Figure 1 | Cloning of antihuman CD47 monoclonal antibodies. (A) Representative flow cytometry of 3T3-WT and 3T3-CD47 (GFP) cell line after staining with B6H12.2. (B) Representative flow cytometry of Jurkat-shCON (GFP) and Jurkat-shCD47 (GFP) cell line after staining with B6H12.2. (C) A pair of Jurkat-GFP cells were stained with B6H12.2 (red) and DAPI (blue) and observed under a two-photon confocal microscope. Scale bar, 100 μm. The experiment was performed three times with similar results. (D) A mix of Jurkat-WT cells and Jurkat-shCD47-GFP cells were incubated with hybridoma supernatant and analyzed with flow cytometry. Hybridomas without antibody (left), hybridoma producing nonspecific antibody (middle), or hybridoma producing specific antibody (right). (E) A pair of Jurkat-GFP cells were stained with selected hybridoma supernatant (red) and DAPI (blue) and observed under a two-photon confocal microscope. Scale bar, 100 μm. The experiment was performed three times with similar results.



Jurkat-WT cells and Jurkat-shCD47-GFP cells were mixed at a ratio of 1:1 to screen hybridomas that stably expressed CD47 antibodies by flow cytometry analysis. Hybridomas for which supernatants stably reacted with CD47 positive Jurkat cells instead of the CD47 negative Jurkat-shCD47 cell line were selected among three different kinds of hybridomas (Figure 1D). In antibody screening, some hybridomas did not produce antibodies (Figure 1D left) or produced nonspecific antibodies (Figure 1D middle), and we abandoned these hybridomas in subsequent experiments. Finally, nine clones stably producing antihuman CD47 antibodies, specifically binding to CD47 positive tumor cells were obtained. Immunofluorescence further determined clones binding CD47 in a specific manner (Figure 1E).



Characterization of CD47 Blocking Antibody 2C8

After indirect binding reaction screening based on mean fluorescence intensity (MFI) by flow cytometry (data not shown), a clone named 2C8 was chosen for further analysis. The 2C8 antibody subtype was detected by the indicated kit, brands showed that 2C8 was a mouse IgG1 subtype, and the light chain was a kappa chain (Figure 2A). RNA was isolated from the 2C8 hybridoma. The cDNA of the VL and VH variable regions of the 2C8 antibody was obtained by RT-PCR using universal antibody primers. VH and VL were successfully cloned, and the corresponding band sizes are shown in Figure 2B following purification with a protein G column (Figure 2C) and concentrated by centrifugal filters (3K). SDS-PAGE confirmed the purity of 2C8 (Figure 2D). The binding assay was carried out via flow cytometry analysis. The affinity constant of 2C8-PE was examined by GraphPad software based on MFI value of PE (Figure 2E). As expected, 2C8 bound CD47 with a high affinity of 0.2991×10-9 M.




Figure 2 | Characterization of antihuman CD47 monoclonal antibody 2C8. (A) An antibody subtype was detected by the Mouse Monoclonal Antibody Isotyping Kit. (B) VH and VL regions amplified from hybridoma RNA/cDNA. M: marker; Lane 1: 2C8-VL region (330 bp); Lane 2: 2C8-VH region (351 bp). (C) UV spectrum of purified 2C8. (D) SDS-PAGE was used to show the purified 2C8 antibodies (M: marker, Lane 1, Mouse ascites before purification; Lane 2: purification flow through; Lane 3: purified 2C8). (E). Flow cytometry analysis shows that 2C8 shows a high affinity for CD47, which was 0.2991×10-9 M. (F) MFI demonstrates that 2C8 disrupts the binding of APC labeled B6H12.2 with Daudi cells. (G) Antibody homology modeling structure of 2C8. (H) Compound structure of B6H12.2/CD47-ECD superimposed on 2C8/CD47-ECD showing a shared molecular docking. Residues were interacting with only B6H12.2 (blue), only 2C8 (red), or both ligands (green).



A fixed concentration of 2C8 antibodies was mixed with 0.28 nM APC labeled B6H12.2. Mixed antibodies were reactive with Daudi cells. As shown in Figure 2F, the MFI value of APC indicated that 2C8 dose-dependently disrupted the interaction between B6H12.2 and CD47. Then, we performed a structural analysis of 2C8 and B6H12.2 in complex with the CD47 extracellular domain. The homology modeling 3-D structure of 2C8 is shown in Figure 2G. We simulated the docking of antibodies and antigens and further compared the epitopes recognized by the two antibodies and the amino acid residues involved in antigen binding. As shown in Figure 2H, obvious parallels between the 2C8/CD47D-ECD complex and B6H12.2/CD47-ECD complex indicate that 2C8 and B6H12.2 might compete for the same binding site on CD47.



2C8 Enables Macrophage-Mediated Phagocytosis

Next, we investigated whether 2C8 enabled phagocytosis. The Raji, HL60, Daudi, SW620, hCT116, BJAB, and K562 cell lines were labeled with CFSE (green) and used as target cells; human peripheral blood–derived and mouse macrophages (red) were applied as phagocytes. After 2 h incubation with control antibody CD19 (clone HI19a) or CD47 (2C8 or B6H12.2), phagocytic activity was captured and calculated by a high-content screening system to determine the phagocytic rates. The number of macrophages analyzed was more than 3000 per well. 2C8 treatment induced robust phagocytosis of Raji cells by both human (Figure 3A) and mouse macrophages (Figure 3B and Supplementary Video 1). 2C8 antibodies increased the phagocytosis rate by mouse macrophages in a concentration-dependent manner (Figure 3C). We further investigated the phagocytosis function of M1 and M2 subtypes with 2C8 or B6H12.2. The resulting M1 and M2 macrophage phagocytosis rates after 2C8 treatment were statistically significantly increased (Figure 3D). We checked the expression of CD47 in Raji, HL60, Daudi, SW620, hCT116, BJAB, and K562 cells (S1 Fig). They all expressed a high level of CD47 on the cell surface. Our data indicates that 2C8 increased mouse macrophage-mediated phagocytosis of several types of CD47-positive tumor cells. The ceiling average of phagocytosis rate was more than 90% (Figure 3E). These results suggest that 2C8 is a feasible therapeutic agent to eliminate tumor cells. Importantly, 2C8 was more efficacious in comparison to B6H12.2 (Figures 3C–E).




Figure 3 | 2C8 enables phagocytosis of tumor cells in vitro. (A) Representative images of human macrophages (red) phagocytosing Raji cells (green) following treatment with the 10 μg/ml indicated antibodies or not. Scale bar, 50 μm. (B) Representative images of mouse macrophages (red) phagocytosing Raji cells (green) following treatment with the 10 μg/ml indicated antibodies or not. Scale bar, 50 μm. (C) Mouse macrophages phagocytose Raji cells in the presence of 2C8 or B6H12.2 in a concentration-dependent manner. (D) Bar graph demonstrating the change of phagocytosis rates by mouse M0, M1, and M2 macrophages toward Raji cells in the presence of 10 μg/ml 2C8 or 10 μg/ml B6H12.2. (E) In vitro phagocytosis of multiple tumor cells by mouse macrophages in the presence of 10 μg/ml 2C8 or 10 μg/ml B6H12.2. The data are represented as mean ± SEM. (****p < 0.0001; ***p < 0.001; **p < 0.01; *p < 0.05, multiple t tests). The experiment was performed three times with similar results.





In Vivo Antitumor Activity of the 2C8 Antibody

We evaluated the antitumor efficiency of 2C8 in NHL xenograft models using NOD/SCID mice to investigate its in vivo efficacy using NHL cell line Raji. Consistent with robust phagocytosis induction, as shown in Figure 4A, 2C8 was significantly efficacious in controlling Raji tumor growth with low (200 μg/mouse) and high (400 μg/mouse) doses. The final tumor growth inhibition (TGI) values were 91.4% and 86.5%, respectively. 2C8 treatment demonstrated a dramatic increase in survival (Figure 4B). We used another NHL cell line BJAB. The final TGI value was 82.0% in controlling BJAB tumor growth with 200 μg/mouse doses. Mice in the control group died within 45 days after tumor cell inoculation, but mice treated with 2C8 demonstrated significantly increased survival (Figures 4C, D). These results confirm that 2C8 has potent antitumor activity in a mouse model.




Figure 4 | 2C8 inhibits tumor growth in xenotransplantation models. (A) Raji xenografted mice treated with two different doses of 2C8 or PBS (n=7). The tumor volume of Raji tumors per group (n=7) is depicted over time. (B) Raji xenografted mouse survival after two different doses of 2C8 or PBS treatment (n = 7). (C) BJAB xenografted mice treated with 200 μg 2C8 or PBS (n=4). The tumor volume of BJAB tumors per group (n=4) is depicted over time. (D) BJAB xenografted mice survival after 200 μg 2C8 or PBS treatment (n = 4). The data are represented as mean ± SEM. (****p < 0.0001; *p < 0.05, multiple t tests).






Discussion

CD47 is highly expressed on multiple tumor cell surface membranes involved in regulating macrophage phagocytosis via binding SIRPα to protect host cells from being eliminated. CD47 blocking agents, such as monoclonal antibodies targeting CD47/SIRPα, could interrupt the interaction between cancer cells and macrophages and induce phagocytosis, potentially providing an effective method of cancer therapy. Antitumor mechanisms of the CD47 antibody can be divided into four groups: 1) Enabling phagocytic uptake of tumor cells by macrophages; 2) Promotion of adaptive immunity; 3) Induction of apoptosis; 4) NK cell-mediated ADCC and CDC (25).

The purpose of this study was to describe the generation of a novel blockade antibody 2C8 and assess its biological effects. We first constructed a 2C8 antibody based on the hybridoma technique. An antibody subtype was detected. An akta purification system was used to purify 2C8, and purification was confirmed by SDS-PAGE. Flow cytometry was further performed to assure the binding affinity of 2C8. The higher affinity of 2C8 means a better efficacy for the therapeutic antibodies. 2C8 inhibited APC conjecture B6H12.2 binding with the CD47 positive cell line. Three-dimensional molecular modeling analysis of 2C8 and B6H12.2 in complex with the CD47 extracellular domain suggests that 2C8 and B6H12.2 may partially bind a similar epitope on CD47.

Disruption of the CD47-SIRPα axis by blockade antibody results in enhanced phagocytosis of different kinds of tumor cells, including increased human and mouse macrophage phagocytosis of tumor cells significantly in vitro (26). To validate 2C8 as a genuine therapeutic agent, we next performed in vitro phagocytosis assays. The data strongly demonstrated that 2C8 was more efficacious than B6H12.2 in promoting phagocytosis. Additionally, the tumor inhibitory role of 2C8 in vivo was examined. 2C8 significantly inhibited tumor growth in both Raji and BJAB NHL carcinogenesis models with three times weekly treatment. In addition, 2C8 prolonged the survival of xenografted mice.

In conclusion, 2C8 was effectively generated and possessed ideal attributes. We prepared a CD47 blockade antibody 2C8 to blockade CD47 on tumor cells with high affinity selectively, and it embodied excellent antitumor capability both in vitro and in vivo. Our prophase results suggest that 2C8 is an efficacious therapeutic agent for human cancer and warrants further studies of 2C8 in different carcinoma diseases. It contributes to consolidate clinical interest in targeting macrophages for the treatment of malignancies and, moreover, as a supplement therapy when patients are resistant or refractory to other checkpoint therapies or relapse after such treatments.
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The development, maintenance and metastasis of solid tumors are highly dependent on the formation of blood and lymphatic vessels from pre-existing ones through a series of processes that are respectively known as angiogenesis and lymphangiogenesis. Both are mediated by specific growth-stimulating molecules, such as the vascular endothelial growth factor (VEGF) and adrenomedullin (AM), secreted by diverse cell types which involve not only the cancerogenic ones, but also those constituting the tumor stroma (i.e., macrophages, pericytes, fibroblasts, and endothelial cells). In this sense, anti-angiogenic therapy represents a clinically-validated strategy in oncology. Current therapeutic approaches are mainly based on VEGF-targeting agents, which, unfortunately, are usually limited by toxicity and/or tumor-acquired resistance. AM is a ubiquitous peptide hormone mainly secreted in the endothelium with an important involvement in blood vessel development and cardiovascular homeostasis. In this review, we will introduce the state-of-the-art in terms of AM physiology, while putting a special focus on its pro-tumorigenic role, and discuss its potential as a therapeutic target in oncology. A large amount of research has evidenced AM overexpression in a vast majority of solid tumors and a correlation between AM levels and disease stage, progression and/or vascular density has been observed. The analysis presented here indicates that the involvement of AM in the pathogenesis of cancer arises from: 1) direct promotion of cell proliferation and survival; 2) increased vascularization and the subsequent supply of nutrients and oxygen to the tumor; 3) and/or alteration of the cell phenotype into a more aggressive one. Furthermore, we have performed a deep scrutiny of the pathophysiological prominence of each of the AM receptors (AM1 and AM2) in different cancers, highlighting their differential locations and functions, as well as regulatory mechanisms. From the therapeutic point of view, we summarize here an exhaustive series of preclinical studies showing a reduction of tumor angiogenesis, metastasis and growth following treatment with AM-neutralizing antibodies, AM receptor antagonists, or AM receptor interference. Anti-AM therapy is a promising strategy to be explored in oncology, not only as an anti-angiogenic alternative in the context of acquired resistance to VEGF treatment, but also as a potential anti-metastatic approach.
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Introduction

The term cancer comprises different types of pathologies characterized by uncontrolled proliferation of cells that, with the exception of those of hematological or lymphatic origin, give place to malignant tumor masses. Primary tumors grow supported by new vascularization resulting from pre-existing capillaries in a sequence of events that are collectively known as angiogenesis. This process is triggered in response to spontaneous or induced tissue hypoxia, a common phenomenon in solid tumors. These new vessels are also used by cancer cells to spread to other sites within the body after acquiring invasive potential, thereby causing metastasis and, without intervention, death. Surgery and radiotherapy constitute the first approaches in the treatment of localized tumors while systemic agents (chemotherapy, hormone and biological therapies) are the choice to confront the metastatic setting.

In this context, the discovery of tumor angiogenesis opened a new path in fighting cancer. Hypoxia-inducible factor-1α (HIF-1α) is the master switch of the cell machinery required to face O2-lacking periods in physiological and pathological conditions. One of its target genes is that which encodes for the vascular endothelial growth factor (VEGF), the best characterized angiogenic promoter, involved in the modulation of vessel permeability and remodeling, and endothelial cell survival, proliferation and migration (1). The current angiogenesis-targeting approaches approved in clinical practice are: 1) VEGF-blocking monoclonal antibodies (bevacizumab/Avastin®); 2) decoy receptors, ‘VEGF-trap’ (aflibercept/Zaltrap®); 3) tyrosine kinase inhibitors (sunitinib/Sutent®, sorafenib/Nexavar®, axitinib/Inlyta®); and 4) monoclonal antibodies targeting VEGF receptors (ramucirumab/Cyramza®) (2). These agents are being used in the treatment of breast, colorectal, hepatocellular, gastric, and lung among other cancers (2), increasing the effectiveness of conventional chemotherapy. However, a significant number of preclinical and clinical observations have shown that the process of angiogenesis is far from being clearly understood. Furthermore, this approach is not effective in all cancers and often has only limited impact on patient’s overall survival, which, added to the occurrence of frequent drug toxicity and the development of resistance, support the necessity to explore novel strategies aiming to influence alternative factors involved in tumor angiogenesis. In this regard, additional approaches are being tested in preclinical and clinical trials including: angiopoietins (Ang), epidermal growth factor (EGF), fibroblast growth factors (FGF1 and FGF2), hepatocyte growth factor (HGF), platelet-derived growth factor C (PDGF-C), or agents targeting angiogenesis indirectly by inhibiting oncogenic pathways (e.g., HER2, PI3k/AkT/mTOR, and mutated EGF receptor) or hormone signaling (3).

Adrenomedullin –onwards AM– is a regulatory peptide whose involvement in tumor progression and metastasis has become more evident in recent years. The whole literature supports the idea of AM as a survival factor for tumor cells, which can be produced either by the malignant cells themselves or by those located in adjacent/surrounding stroma. In general, AM expression is upregulated by hypoxia, and the excessive production of this peptide is associated with poorer prognosis in cancer patients (4, 5). Moreover, recent reports indicate that AM could be a master regulator upstream of the VEGF pathway and even induce HIF-1α expression, therefore attracting much interest as a therapeutic strategy (6, 7).

Here, we review the physiological and pathological processes mediated by AM, analyzing the advantages that the employment of anti-AM therapy may offer in oncology.



AM in Physiological Context


AM, Calcitonin-Like Peptides, and Their Physiological Roles

The isolation and characterization of AM was reported for the first time by Kitamura et al. in 1993 from human pheochromocytomas of adrenomedullary origin, identifying it as a potent vasodilator (8). The AM gene encodes for a 185-residue preprohormone composed of two bioactive peptides: AM and proadrenomedullin N-terminal 20-residue peptide (PAMP) (9, 10). The preprohormone is firstly processed into proadrenomedullin, from which 20 amino acids at the N-terminus later form PAMP. The remaining AM precursor is successively converted into a C-terminal glycine extended intermediate of 53 amino acids (AM-gly) with scant activity –≈5% of AM effect–, and further into the 52-amino acid biologically-active form by α-amidation of the tyrosine at the carboxy terminal by a peptidylglycine α-amidating monooxygenase (PAM; EC, 1.14.17.3 Figure 1A) (11). Together with the amidated C-terminus, an intramolecular disulfide bond in the N-terminus giving rise to a ring of six or seven residues represent the distinctive structural feature of the calcitonin-like peptide family, which, besides AM, includes calcitonin, the calcitonin gene-related peptide (CGRP), amylin (AMY), and intermedin (or AM2). It is interesting to note their limited sequence homology as evidenced in Figure 1B. Also, despite structural likeness and the fact they share some biological activities, their main physiological roles are diverse (12).




Figure 1 | (A) Scheme representing preproadrenumedullin processing to give rise to the mature biologically active peptides adrenomedullin (AM) and proadrenomedullin N-terminal 20 peptide (PAMP), a potent angiogenic agent. Common structural features of the calcitonin-like peptide family (i.e., disulfide bond and amidated C-terminal) are highlighted by yellow circles. (B) Sequences of human components of this family. As in (A), conserved characteristic structures are highlighted in yellow. Different colors indicate position-shared amino acids amongst the AM (blue), AM2/Intermedin variants (black), calcitonin gene-related peptide CGRP), and amylin (AMY) (orange) peptides. (C) Receptors with their decreasing affinity for different ligands. The interaction of calcitonin receptor (CTR) and calcitonin-receptor like receptor (CLR) with receptor-activity modifying proteins (RAMPs) have been very well studied in terms of the ability of the former group to alter the GPCR specificity by acting on their ligand affinity. The CTR binds calcitonin whilst presenting low affinity for AMY and CGRP. In contrast, it forms three AMY-high-affinity and calcitonin-low-affinity receptors (AMY1, AMY2, and AMY3) in the presence of RAMP1, RAMP2, or RAMP3, respectively. On the other hand, CLR itself is not able to bind any known ligand. Nonetheless, the CLR/RAMP1 dimer results in a high-affinity CGRP receptor, while its combination with RAMP2 or RAMP3 respectively produces the AM1 and AM2 subtypes of the AM receptor. Both CLR/RAMP1, AM1 and AM2 also show moderate affinity for AM2/intermedin. (D) Constituents of the AM2 and their role in the tripartite complex.



Calcitonin is a 32-amino acid peptide encoded by the CALCA gene secreted by parafollicular cells –also known as C cells– in the thyroid gland. It plays a key function in the physiological homeostasis of serum Ca2+ inducing its absorption by bone tissue, and hence, hypocalcemia. CGRP results as an alternative splicing of the CALCA gene mRNA transcript (αCGRP) in the nervous system (13, 14), or as the direct (only mature) product of the CALCB gene (βCGRP) (15). CGRP –both isoforms– is widely distributed along the gastrointestinal tract and the central and peripheral nervous systems (16, 17). It is synthesized and released by sensory nerves and has much prominence in afferent neurotransmission. It also induces potent and long-lasting dilation of microvasculature of the nervous system and is involved in nociceptive signaling in migraines (17, 18). It likewise induces hypocalcemia with moderate potency (19). AMY, also referred to as islet amyloid polypeptide (IAPP), possesses a significant level of homology with CGRP, sharing 16 of 37 amino acids (20). AMY was originally identified in the pancreas, where it is co-synthesized, co-packaged, and co-released with insulin from islet β cells (21, 22). Nevertheless, further studies also localized this hormone in areas of the central nervous systems implicated in metabolic control, such as the hypothalamus (23). AMY deposits in type II diabetes are associated with the illness progression (24). In all, AMY is involved in the regulation of energy metabolism by mainly activating and modulating the satiating effect and stomach emptying through the central nervous systems (23, 25, 26), and antagonizing anabolic activity of insulin (4, 27). It also has a potent hypocalcemic activity (28).

AM displays several biological effects, in part due to its almost ubiquitous tissue expression. Apart from malignant and normal adrenal medullary cells, Kitamura et al. detected significant immunoreactive amounts of AM in the lung and kidney (8). Subsequent investigations reported AM expression in neurons and glial cells, but also in blood vessels (endothelial and smooth muscle cells), cardiomyocytes, macrophages, retinal epithelium adipose tissue, and different cancer cells. In fact, it is thought that all body tissues are able to secrete this peptide (29–31). In all cases, AM is not accumulated in vesicles, but its gene expression, synthesis, and subsequent secretion occur immediately in response to a vast series of biochemical (e.g., hormones and LPS) and physical (e.g., hypoxia and shear stress) cell type-dependent stimuli. In the context of this wide distribution of AM-secreting tissues, adrenal production is relative. Indeed, although present in lower concentrations (<1.5 fmol/mg), the total amount of AM in lung and kidney is higher than that produced by the adrenal medulla (≈150 fmol/mg) (8). Plasma concentration of total AM in humans (the sum of the less active, AM-gly and the mature active C-term amidated AM) varies from 2 to 20 fmol/ml (8, 32–35), being significantly increased in patients suffering from hypertension, chronic renal failure, heart failure, obesity, arteriosclerosis, and/or sepsis (30–37). However, it is worth noting that AM-gly is the main endogenous form of immunoreactive blood-circulating AM (38). In fact, the elevated concentration of total AM observed in hypertensive patients would be caused by AM-gly since plasmatic mature AM shows comparable levels between hypertensive and normotensive subjects (38). Kitamura et al. propound three non-mutually exclusive hypotheses to explain such paradoxical findings. 1) Most of the mature AM would act in situ by binding cell membrane receptors and thus a little fraction would be released to blood. 2) Alternatively, the scarce activity of AM-gly would not only facilitate its diffusion into peripheral vessels, but also extend its half-life. 3) Since the mature AM is thought to derive from AM-gly, both the location and activity of the PAM would therefore have a key role in regulating the AM/AM-gly ratio (38). In this sense, authors suggest that the misalignment in terms of PAM and AM expression amongst different tissues could explain the relatively high plasmatic levels of AM-gly. However, their hypothesis is based on the distribution of α-amidilating enzymes in rat (39), which could differ in humans as observed in the case of the lung (40).

AM acts as a circulating hormone but it also elicits multiple biological activities in a paracrine and/or autocrine manner. Its effects are of importance for cardiovascular homeostasis, growth and development of cardiovascular tissues, modulation of the lymphatic flow, regulation of body fluids and diabetes mellitus (8–10, 41–48). Systemic AM administration has been demonstrated to reduce arterial pressure, decrease peripheral vascular resistance, and increase heart rate and cardiac output (8, 49). Moreover, AM and PAMP act as potent angiogenic agents, being necessary for the maintenance of functional membrane microvasculature integrity (45, 47), and regulate lymphatic edema drainage promoting a faster healing of epithelial wounds (50, 51).

In the context of body fluid volume and renal function, AM exerts a tight control of the hypothalamic-pituitary-adrenal axis at all levels (33, 52). AM and its receptors are abundantly expressed in the central nervous system and its cellular components (53). It plays an important role in the regulation of specific blood-brain barrier properties (54), it also increases preganglionic sympathetic discharges (55) and exerts several neuroprotective actions against ischemic damage (56). Furthermore, relatively recent studies suggest that AM may be involved in the neuroendocrine response to stress and nociception (57).

In the digestive system, AM immunoreactivity is widely distributed in the mucosal and glandular epithelia of the stomach, esophagus, intestine, gallbladder, bile duct, and acini of the pancreas and salivary glands (58). It also regulates insulin secretion, directly acting on pancreatic cells (10), and is a potent inhibitor of basal gastrin-stimulated HCl secretion (59). Moreover, it has emerged as a novel and promising therapy for digestive pathologies related with inflammation such as gastric ulcers (60) and inflammatory bowel diseases (61). This is related to the local and systemic anti-inflammatory actions that AM is able to exert (62, 63). For example, it has been demonstrated that AM inhibits the secretion of pro-inflammatory cytokines into the medium by peripheral blood monocytes (64) and plays a role in the evolution of Th1/Th2 cytokine balance, decreasing pro-inflammatory cytokine levels (IL-6, IL-10, TNF-α, IFN-γ) (65–67). In addition to the regulatory role on immune cells, AM also decreases endothelial permeability, thus reducing the formation of inflammatory exudates (64). Likewise, it has been found in all epithelial surfaces that separate the external and internal environment and in all body secretions (68). This wide distribution suggests the possibility that AM has an immunity-related function. In this sense, it has been proven that AM displays potent antimicrobial action against Gram-positive and Gram-negative bacteria (69).

Despite other members of this family, AM possesses limited effect in bone tissue and therefore in calcemic regulation (12).

In 2004, two different groups independently reported the identification of an AM-high-homology peptide in humans. Takei et al., who had previously isolated this AM analog from pufferfish (70), called it AM2 (71); while Roh et al. employed the term intermedin (72). AM2/intermedin is a 53-amino acid peptide resulting from the cleavage of a (148-amino acid) pre-prohormone (72, 73). Rho et al. also reported other two further alternative cuts able to generate 40- or 47-amino acid versions of the hormone (72). In mice, it is highly expressed in submaxillary gland, stomach, pancreas, intestines, kidney, lung, mesentery, thymus, spleen, ovary (but not in testis), and the immune system (71). Both Takei et al. and Rho et al. emphasize the relatively significant levels of the AM2/intermedin in the pituitary gland, which would regulate hormone secretion in an autocrine and/or paracrine manner (71, 72). Like AM, AM2/intermedin possesses a strong hypotensive effect in normal and in spontaneous hypertensive rats (72) as well as cardioprotective effects against myocardial ischemia/reperfusion injury in rats (73).



Particularities of the AM (and Calcitonin-Like Peptide) Receptors

At this point, it is clear that AM and the other hormones of this family exert a broad variety of physiological effects by acting on diverse tissues and systems. What is striking is the fact that all these processes arise from their interaction with only two closely related proteins: calcitonin and calcitonin-like receptors (CTR and CLR, respectively). These are G protein-coupled receptors (GPCR) belonging to the B1 subfamily, which are linked with Gs and thereby signal through adenylate cyclase/cAMP (74). In principle, such apparent promiscuity could partially explain the superposition of biological activities displayed by some of these peptides. Nevertheless, the ligand affinity and thus pharmacological behavior of these GPCRs results from their additional heterodimerization with one of the three accessory receptor activity-modifying proteins (RAMP1, RAMP2 or RAMP3).

The three RAMPs share about 30% of homology in their ≈160-amino acid sequence that gives place to a common structure including a large extracellular N-terminal domain, a single transmembrane domain, and a very short cytoplasmic C-terminal tail (C-tail) (75). RAMPs are well conserved amongst mammals. Indeed, mouse and human amino acid sequence identity for RAMP1, RAMP2, and RAMP3 are 70%, 68%, and 84%, respectively (76). In the endoplasmic reticulum, either, RAMP1, RAMP2, or RAMP3 can pair with CLR or CTR acting as chaperones that confer ligand specificity and binding affinity. Simultaneously, that assembly allows the transport of the receptor complex to the plasma membrane. It has been shown that only RAMP3 bears a PSD-95/Discs large/ZO-1 homology (PDZ) domain in the C-tail which allows its interaction with different factors responsible for further endocytic receptor trafficking and recycling (77). Although RAMPs are ubiquitous throughout the body, there are differences in their tissue distribution, and the abundance of each isoform depends on the tissue type (78–80).

The pharmacology of the CTR –mediator of calcitonin effects– switches differentially in presence of RAMP1, RAMP2 or RAMP3, giving rise to the AMY heterodimeric receptors AMY1, AMY2, and AMY3, respectively. Analogously, the CGRP receptor results from dimerization of CLR with RAMP1, while AM receptors 1 (AM1) and 2 (AM2) correspondingly emerge from the assembly of CLR with RAMP2 or RAMP3. In parallel, AM2/intermedin exerts it effects through the CGRP receptor, AM1 and AM2, presenting the highest potency when binding the latter (72, 81). Figure 1C illustrates the CTR/RAMP- and CLR/RAMP-composed receptors and their respective affinity for the different ligands.

The modulating effect of RAMPs on the ligand affinity of CTR and CLR could be due to an allosteric change in the conformation of the GPCR, leading to the exposure of different binding epitopes; or to a direct contribution together with the GPCR with epitopes that interact with the hormones (82–85). As mentioned above, RAMPs do not only give rise to different AM-, CGRP-, and AM2/intermedin-preferring GPCRs, but also are involved in their trafficking from Golgi to the cell membrane, posttranslational modifications like glycosylation, signaling as well as recycling (82, 86, 87). Furthermore, it is worth mentioning that, although best studied and characterized, the modulating action of RAMPs is not exclusive to CTR and CLR. In this sense, RAMPs also operate as molecular chaperones and allosteric modulators of several GPCRs and their signaling pathways, including glucagon, growth hormone releasing hormone (GHRH), parathyroid hormone and chemokine receptors among others (82, 88, 89).

In the case of the AM and the CGRP receptors, full functionality requires a third element: the receptor-complement protein (RCP) (90, 91). This cytosolic component, bound through ionic interactions to the cell membrane, couples CLR with the Gs-mediated signaling transduction pathway (92, 93). Different reports point out that RCP is not necessary for AM and CGRP receptors to recognize their respective ligands; however, they are not able to activate adenylate cyclase in its absence (91–93).

In all, Figure 1D illustrates the complex structure of AM receptors formed by the three aforementioned proteins: CLR acting as the ligand-recognizing component whose affinity and membrane location depends on the RAMP chaperone member, and the RCP as the transduction-coupling constituent.

Nowadays, it is well accepted that AM, as well as the remaining calcitonin-like peptides, exert their physiological and pathological activities through the complex receptors accordingly mentioned above and shown in Figure 1C. Nevertheless, as Hay et al. deeply reviewed and clearly explained, there have been some misunderstandings regarding the apparent capacity of two other particular proteins to act as AM receptors: RDC1 and GPR182 (also known as L1-R/G10D and, mistakenly, AMDR) (94). In the middle 1990s, both proteins were proposed as mediators of AM pharmacological effects (95, 96). Although further studies have not confirmed this (86, 97), the suggestion that RDC1 and GPR182 may be AM receptors persist to this day. Currently, RDC1 and GPR182 are not accepted to be genuine AM or CGRP receptors (94). RDC1 is considered an atypical chemokine receptor, also known as C-X-C motif receptor 7 (CXCR7) (98), while GPR182 has remained as an orphan GPCR so far (99).



Involvement of AM Receptors in Mediating Physiological and Pathological Processes

AM2 and AM1 present comparable affinity for AM (81), thereby making difficult the distinction of their individual involvement in the aforementioned AM-mediated physiological activities. In these circumstances, their tripartite structure and the fact that CLR and RAMPs seldom migrate to the cell surface separately make the RAMP2- and RAMP3-focussed studies a good approach to differentiate the roles of AM1 and AM2. Naturally, when drawing conclusions, it must be always considered that RAMPs do not interact exclusively with CLR (and CTR).

Several studies indicate that murine AM (AM-/-), CLR (Calcrl-/-) or RAMP2 (Ramp2-/-) knockout embryos die at mid-gestation owing to severe edema as a consequence of altered angiogenesis and lymphatic vasculature (42, 45, 48, 100–104). Although there were divergences in terms of whether hemorrhage is present or not amongst the different models, which ultimately might be attributed to the employment of different mouse strains, the fact that the three knockout types resulted in a non-viable common phenotype not only suggests the importance of AM for embryonic development, but also evidences the necessity of the canonical AM1-mediated signaling in endothelial cells (105). In fact, this was confirmed by Kechele et al. achieving the survival of a Ramp2-/- fetus by engineering mice with endothelial-specific expression of Ramp2 under the control of the VE-cadherin promoter (104).

Nonetheless, it raised the question of whether AM1 requirement was circumscribed to uterine growth. Concerning this, Koyama et al. further made use of interesting murine models enabling the study of AM-/– and Ramp2-/–derived phenotypes in adulthood (47). Specifically, they developed endothelial cell-exclusive Ramp2 and AM knockout mice (E-RAMP2-/- and E-AM-/-, respectively) as well as (tamoxifen) drug-inducible E-RAMP2-/- mice (DI-E-RAMP2-/-), for Ramp2 deletion induction in adults. Contrary to conventional Ramp2-/- mice, most (≈95%) E-RAMP2-/- and E-AM-/- animals died during the peri-natal period, and not in utero. The surviving ones developed systemic and interstitial edema, vascular abnormalities and vasculitis throughout age. These effects were comparable in the DI-E-RAMP2-/- model but less severe in E-AM-/- mice, possibly given the fact that AM is produced by a wide range of tissues (47). Of note, Ramp2+/- and DI-E-RAMP2-/- animals presented a normal lymphatic system (48). In particular, RAMP2+/- mice showed substantially reduced fertility and other endocrinological alterations, including basal and maternal hyperprolactinemia, enlarged pituitary gland, accelerated mammary gland development, and altered skeletal properties among others (45, 101, 106). Nevertheless, these phenotypes were not reproducible in the Calcrl+/- genotype, implying they are not directly linked to AM/AM1 but respond to CLR-independent physiological roles of RAMP2 in other systems (106).

Tam et al. carried out a series of experiments in RAMP2-overexpressing mice demonstrating a prominent physiological role of AM1 in mediating the vasodilatory effects of AM in vascular smooth muscle cells (107). Likewise, their analysis indicates that AM would bind the CGRP receptor at high nanomolar-range concentrations once AM1 has been blocked. Interestingly, Pawlak et al. more recently drew a fully opposing conclusion. In a study employing Calrl+/-, Ramp2+/-, Ramp1-/-, Ramp3-/,- and Ramp1-/-/Ramp3-/- double-knockout mice, they demonstrated that the AM hypotensive effect would be mainly mediated by its action on CGRP receptor and secondarily on AM1 (108). These discrepancies must be clarified in future investigations.

On the other hand, Ramp3-/- mice presented normal fertility and angiogenesis in both embryos and as adults with no obvious phenotypic defects (48, 101). Postsurgical lymphoedema drainage was significantly delayed in these animals, pointing out AM2 as principal AM mediator in the regulation of lymphatic functionality (48). In addition, Dackor et al. observed that this genotype failed in gaining body weight in adulthood (101); however, this was not further confirmed by other authors (48). Interestingly, Dackor et al. also reported that Ramp3-/-, Ramp2+/-, and wild type genotypes showed comparable blood pressure. Noteworthy, this was not due to any compensatory up-regulation of either Ramp2 or Ramp3 gene expression, supporting the lack of functional redundancy of AM1 and AM2 in vivo (45, 47, 109, 110). In contrast, Ichikawa-Shindo et al., showed that Ramp2+/- mice displayed a slight but significant increase in blood pressure with respect to wild type animals accompanied by elevated compensatory levels of AM (45). Pawlak et al. also found elevated blood pressure in Ramp3-/- mice with respect to wild type ones, particularly in males (108). In line with this, Barrick et al., have observed that, in the RenTgMK transgene mice model of angiotensin II-induced chronic hypertension, renal damage, cardiac hypertrophy and cardiac apoptosis were substantially exacerbated in males over females when animals presented the Ramp3-/- genotype (109). The mechanistic reason that would explain these findings is not clear yet, but other RAMP3-regulated processes also seem to be influenced by gender (111). In fact, both AM and Ramp3 may be induced by estrogens, RAMP3 even being associated with the origin of menopausal obesity, although independently of AM-signaling (111, 112). On the other hand, Zhao et al. have not observed estrogen-induced AM secretion in human endometrial primary cells (113).

Regardless of the apparent sexual dimorphism, Ramp3 expression is consistently up-regulated in rodent models of cardiac hypertrophy, hypertension and heart failure, leading to the hypothesis that increased AM signaling through AM2 may have a cardioprotective aim. In this sense, Cueille et al. also reported increased RAMP3 and (RAMP1) in atria and ventricles from rats in a non-ischemic model of chronic cardiac insufficiency due to pressure overload caused by aortic banding for six months (114). No variations were observed in CLR and AM at that time. In a further independent study, on the other hand, the left ventricle of rats with aortocaval shunt-induced cardiac hypertrophy presented up-regulated gene expressions of AM, Calcrl, Ramp2, and Ramp3 compared with controls five weeks after the surgery (115). In a similar work, Oie et al. found that basal Ramp2 mRNA in rat ventricular cardiomyocytes and non-cardiomyocytes cells is significantly higher than Ramp3 mRNA transcript. However, this pattern was drastically inverted one week after a congestive heart failure induced by left coronary artery ligation (116).

LPS-induced septic shock in mice resulted in a strong decrease of Calrl and Ramp2 mRNA expression in lungs, accompanied by a substantial rise in the levels of RAMP3 in pulmonary tissue and the principal organs in immune system. This is thought to be a body response to dampen the inflammatory process (36, 110).

All these findings collectively suggest that AM1 is essential for angiogenesis, vascular homeostasis and embryonic development while AM2 is meaningfully involved in lymphatic system physiology and would be induced, under certain physiological or pathological conditions, to adjust the CLR signaling. It is also quite plausible that the particular PDZ domain-bearing C-tail of RAMP3, enabling its interaction with molecules involved in trafficking of GPCRs, could be of crucial importance in the precise and dynamic regulation of AM2 availability in the cell membrane.

The signal transduction pathways activated by AM in order to regulate processes such as vasodilation, cell survival, proliferation, migration, and vascular cord-like structure formation vary between species, organs, tissues, and cells. However, the main signaling pathways whereby AM exerts its actions involve cAMP, Akt, mitogen activated protein kinase (MAPK)-extracellular signal regulated protein kinase (ERK), and the tyrosine phosphorylation of focal adhesion kinase (P125FAK) (117, 118).




AM action in Malignant Context


Roles of AM in Cancer

Since its discovery from human pheochromocytoma extracts, cumulative clinical evidence has revealed the association between AM and a variety of tumor types, showing that it is expressed by malignant cells, endothelial cells, pro-angiogenic cancer-associated fibroblasts (CAFs) and tumor-associated macrophages (TAMs), immature monocytic cells including TIE2+ monocytes, VEGFR1+ hemangiocytes, and CD11b+ myeloid cells within the tumor microenvironment (119–122).

Elevated circulating AM has been reported in the plasma of patients with lung and gastrointestinal cancers (123), as well as in untreated Cushing’s disease due to pituitary ACTH-producing adenoma, as compared with normal subjects (124). The increase in the former case seems related to ACTH production and immediately normalizes after surgical excision of the tumor. AM overexpression could be considered as a compensatory response to the elevated circulating cortisol. However, it is worth remarking that it was observed that AM concentration was about double on the side where the adenoma was localized, suggesting it may be directly produced by the tumor (124).

Patients with intraocular or orbital tumors presented significantly elevated AM mRNA levels in the malignant tissues in comparison with those having proliferative vitreoretinopathy, proliferative diabetic retinopathy, preretinal macular fibrosis, and acute retinal necrosis; indicating that AM may play a specific role in the pathogenesis of these cancers (125).

AM expression has been also described in human malignant pleural mesothelioma (MPM) and melanoma biopsies (119, 126). In colorectal cancer, the AM mRNA transcript level has been suggested as a useful marker for predicting high risk for relapse and cancer-related death in patients who undergo curative resection (127). Moreover, it has been found that plasma AM levels positively correlated with malignancy (120). Notably, increased expression levels of AM have been observed in samples harboring a mutation in KRAS. Instead, with the exception of scattered positive staining at the base of the glands in neuroendocrine cells, normal colon tissues were negative for AM expression (121, 122).

High expression of AM was found in human glioma samples, especially in the most aggressive form, namely, glioblastoma, whereas it was low in anaplastic astrocytoma and barely detectable in the low-grade astrocytoma and oligodendroglioma (128, 129).

Increased in AM mRNA expression was also reported in samples from those prostate cancer patients presenting the worse prognoses, as indicated by high Gleason’s scores, while practically absent in tissues samples collected from benign pathologies (130). Similarly, different works indicate that elevated AM expression associates with higher incidence of metastasis, larger residual size of tumors after cytoreduction, and shorter disease-free and overall survival time in epithelial ovarian cancer patients (5, 131), and correlates with tumor grading and metastasis in osteosarcoma (4) and hepatocellular carcinoma (23, 132).

Analogously, elevated tissue AM mRNA is a distinguishing feature of clear-cell renal carcinomas compared with other kidney tumors, and it is associated with an increased risk of relapse after curative nephrectomy due to this type of carcinoma (133, 134). Actually, Michelsen et al. reported significantly increased plasma AM concentrations in patients with renal malignant disease compared with healthy controls (133). Nevertheless, as mentioned above, renal failure is associated with elevated blood levels of AM. Therefore, impaired function of the affected kidney may be partially responsible for AM up-regulation. For this reason, plasma AM may not be suited as a tumor marker for renal cancer (80, 134).

Quantification of plasmatic AM concentrations showed no substantial difference between breast cancer patients and healthy women (135). Nonetheless, a significant positive correlation between tumor diameter and plasma AM levels was observed, suggesting not only that the breast malignancies were actually the source of the circulating AM, but also that tumors require a critical size until a noteworthy increase of secreted AM is detectable in blood (120, 135).

The AM gene has been found markedly overexpressed in patients with pancreatic cancer when compared with controls with benign/cystic pancreatic diseases or pancreatitis (136, 137). Likewise, the expression of AM was higher in subjects with pancreatic cancer and diabetes mellitus as compared with those not suffering from the former. These increased levels were detected in malignant tissue, at both RNA and protein levels, and as circulating AM (137).

Preclinical research does not only support these findings, but also has made great efforts in order to explain them. In this regard, it is worth remarking upon the work carried out by Prof. Ouafik’s group showing a correlation between AM expression and disease stage, progression or vascular density in the context of human glioblastoma (128), prostate (130, 138, 139), colon (121), MPM (126), pheochromocytomas (140), lung (141), and renal (134) cancers. In summary, these as well as studies from other laboratories indicate that AM itself does not cause cancer but can contribute to its pathogenesis in three main ways: 1) directly stimulating cell growth and inhibiting apoptosis (142–144); 2) inducing tumor angiogenesis and lymphangiogenesis, thereby supplying nutrients and oxygen to the tumor while boosting metastasis (45, 103, 126, 139, 145); 3) and/or changing the phenotype of cells, leading them to exhibit a more aggressive behavior (126, 138).

With respect to the first mechanism, several studies have demonstrated that AM exposure enhances cell growth and/or invasion in in vitro and/or in vivo models of breast (146), colon (121), prostate (139), renal (134), and glioblastoma (128) tumors, amongst others. The intrinsic processes behind these effects are not completely clear yet. Nevertheless, AM has proven to be able to inhibit apoptosis of tumor and endothelial cells by down-regulating pro-apoptotic factors such as fragmented PARP, Bax, and activated caspases (143, 144, 147).

In addition, AM protects malignant cells from hypoxia-induced cell death by up-regulation of Bcl-2 in an autocrine/paracrine manner in endometrial carcinoma and osteosarcoma cells (144, 148). In the former, the mechanism involves activation of the MEK/ERK1/2 signaling pathway (148). Similarly, AM was able to significantly increase proliferation and invasiveness of androgen-independent prostate cancer cell lines through stimulation of cAMP and the activation of the CRAF/MEK/ERK/MAPK pathway (139).

Furthermore, intraperitoneal injections of AM stimulated the growth of prostate androgen-dependent cell-derived tumors in castrated animals, suggesting that the peptide might be involved in tumor resurgence after testosterone ablation as in the case of patients treated with androgen-deprivation therapy (138).

Greillier et al. also reported increased activation of the CRAF/MEK/ERK/MAPK pathway in the AM-induced proliferation and invasiveness of the MPM-derived MSTO-211H and H2452 cell lines (126). In the case of hepatocellular carcinoma, the autocrine proliferative effect of AM in hypoxic conditions would be mediated by the PI3K signaling pathway (132). Likewise, the AM-activated PI3K/Akt pathway has been proved to protect endothelial cells from the apoptosis induced by hyperosmotic mannitol therapy for brain edema (149).

More interestingly, AM could also indirectly modulate MYC activity by regulating MYC-associated factor X (Max). This is based on the results of Shichiri et al. in quiescent rat endothelial cells, in which AM stimulated the expression of Max without affecting MYC, and so prevented apoptosis triggered by serum deprivation (150). AM-induced MYC/Max perturbation may result in favor of anti-apoptotic and proliferative effects of MYC.

On the other hand, tamoxifen is an anti-estrogen employed in the treatment of hormone-dependent breast cancer. A major concern of this therapy is its proliferative-inducing effect in endometrium, which significantly increases the risk of malignization with the long-term intake (151). The mitogenic and anti-apoptotic properties of AM point to this peptide as the principal intermediary of tamoxifen’s adverse endometrial effects through non-canonical estrogen receptor-mediated mechanisms (113, 144, 152). Partial agonistic effects of tamoxifen on the estrogen receptor would be able to stimulate AM transcription via an activator protein-1 (AP-1)-directed pathway rather than estrogen signaling response elements in a cell type specific manner (113).

AM activity also appears to extend beyond the malignant cells, being able to act in the tumor environment. There, it may reduce the effectiveness of the immune system to destroy cancer cells by decreasing the expression of pro-inflammatory cytokines and inhibiting the activation of the alternative complement pathway by binding to complement factor H (153, 154).

Infiltrations of myelomonocytic cells are common in the stroma of different tumors, such as pancreatic ductal adenocarcinoma (PDAC) and melanoma, and are related to poor prognosis (119, 120, 154). In their models of PDAC, Xu et al. demonstrated that AM promotes myelomonocytic cell migration and invasion and a pro-tumor phenotype through activation of the MAPK, PI3K/Akt, and NOS signaling pathways, as well as the expression and activity of the matrix metalloproteinase-2 (120). Comparable results were obtained by Chen et al. reporting not only that AM is involved in macrophage polarization –acquisition of a pro-tumor behavior–, but also that AM produced by TAMs is a central factor in macrophage-induced angiogenesis and melanoma growth (119).

More recently, CAFs have also been reported to play a key role in secreting and mediating AM pro-metastatic and angiogenic effects in melanoma (155), pancreatic (156), and breast (157) tumors.

The best-studied activity of AM in the tumor environment is the induction of neovascularization. In this regard, some works have shown that AM did not induce any direct mitogenic effect in the B16/F10 (melanoma), S180 (sarcoma), MDA-MB-231 (breast), A549 (lung), and pancreatic cancer cell lines; instead, when injected in mice, it would induce their growth as tumor masses by providing a suitable blood flow (119, 136, 141, 146, 158, 159).

Decreased O2 partial pressure and the resulting increase of HIF-1α have been implicated as one of the underlying pathways causing AM overexpression in human tumors (160). Hypoxia-stimulated AM expression has been observed in a broad variety of tumor cells, including endometrial (144), osteosarcoma (148), colorectal (121, 122), renal (161), hepatic (132), prostate and promyelocytic leukemia (162), pancreatic (136, 158), and so on. Actually, since tamoxifen has proven to induce hypoxia in xenografts, this has been proposed to be an alternative mechanism by which this anti-estrogen may induce AM in endometrium (144, 163). Thus, given the fact that localized hypoxia is an intrinsic hallmark of most solid tumors, it is not surprising that plasma AM is elevated in distinct common cancer types (133). It was described that AM expression correlates with both VEGF and HIF-1α in colorectal cancer (127). Furthermore, It was observed that AM could be an upstream modulator of the HIF-1α/VEGF pathway, suggesting that AM might induce angiogenesis through VEGF expression as consequence of JNK and AP-1 activation in epithelial ovarian cancer (6, 7). Analogously, several in vitro and in vivo studies have demonstrated the involvement of hypoxia, HIF-1α, AM, and AM receptors in HCC development, and how anti-AM therapeutic approaches would be of great value to deal with this disease (164–166).

On the other hand, it must be considered that the major sources of AM are not only malignant cells themselves, but also the vascular endothelium. This was clearly demonstrated in a work by Iimuri et al. in which S180 sarcoma tumorigenic cells presented more difficulty in developing tumors in AM-heterozygous knockout (AM+/-) mice –expressing ≈50% of circulating AM– compared to wild type ones (159).

AM-producing tumors are characterized by an increased vascular density (163) that correlates with the probability of metastasis occurring (167). Indeed, once trapped in the lymphatic capillaries, the angiogenic potential of AM-overexpressing cancer cells would facilitate neovascularization and hence macroscopic metastatic growth (146). In line with this, the analysis of AM expression and the clinicopathologic features of breast cancer patients showed that axillary lymph node metastasis markedly correlated with the AM protein levels in tumors (135). In colorectal cancer, AM was one of the most selectively upregulated genes in cells with a mutant KRAS under hypoxic conditions (122). Silencing of K-ras drastically reduced AM expression levels in hypoxia compared to control, indicating that AM is a key target for the K-ras oncogenic action in poorly oxygenated tumors. In addition, knockdown of AM suppressed tumor growth and impaired angiogenesis in colon tumor xenografts (122). Studies in HUVEC indicate that AM-induced pro-angiogenic effects would be mediated by PI3K/Akt, ERK, and P125FAK (118).

Besides modifying the nature of TAMs –inducing a M2 phenotype–, AM expression has proven to be associated with more aggressive forms of glioma (128), prostate (130, 138), ovarian (5, 131) and breast cancers, generally correlated with increased metastatic capacity (5, 146). In prostate cancer, AM promotes the appearance of a neuroendocrine-like phenotype –usually presented in the clinic as an aggressive and drug-resistant form– in an androgen-regulated manner in the testosterone-dependent LNCaP cell line (138). These cells normally express both AM as well as AM1 and AM2. However, AM production is significantly increased upon the removal of androgen both in culture and in vivo (when injected in immune-suppressed mice), suggesting that paracrine/autocrine AM secretion represents a survival mechanism that prostate malignant cells employ to regulate neuron-like differentiation when facing androgen deprivation conditions. Such a phenotypic effect would be mediated by AM-induced nuclear translocation of cGMP-dependent protein kinase (PKG), and subsequent regulation of gene expression.

In vitro studies with colon cancer cells have shown the capacity of AM to promote a more invasive phenotype (122).

In summary, Figure 2 illustrates all the above-mentioned AM autocrine/paracrine pro-tumor actions on malignant cells and/or different components of the tumor stroma.




Figure 2 | Graphical summary of the Adrenomedullin (AM)-related pathologic processes in solid tumors. Black and green arrows indicate the progression of the pathologic processes and the AM target cells, respectively. PO2, O2 partial pressure.





AM1 and AM2 in Cancer

Cancer cells employ circulating AM as well as that produced by themselves to promote tumor growth through the aforementioned mechanisms. In this section, we will review the role of key mediators of AM’s pro-tumor activity: AM1 and AM2. The findings discussed below are summarized in Table 1.


Table 1 | Confirmed expression of AM, CLR, RAMP1, RAMP2, and RAMP3 in different tumors.



Berenguer et al. observed that both AM1 and AM2 were responsible for mediating AM-induction of a neuroendocrine phenotype in the androgen-sensitive LNCaP cell line. Moreover, they described that, while the levels of CLR, RAMP2 and RAMP3 were not regulated by androgen status, levels of AM mRNA and immunoreactive AM increased 4- to 7-fold after androgen withdrawal in vitro and in LNCaP xenografts in animals after castration (138). Mazzocchi et al. did not find evidence of significant differences in the level of expression of either Calcrl or Ramp1 and Ramp2 mRNAs between prostate hyperplasia and cancer specimens. Nevertheless, they observed a clear higher expression of the Ramp3 gene in the former group. Unfortunately, these authors did not specify the type and androgen dependency status of the cancers (172). Furthermore, these results were partially mirrored in in vitro studies with DU145 and PC3 androgen-independent prostate cancer cell lines. In this regard, Calcrl, Ramp1 and Ramp2 mRNA transcripts were detected in both cell types. In contrast, Ramp3 expression was restricted to the DU145 cells, indicating that they resemble prostate cancer epithelial cells more closely than the PC3 cell line. Of note, AM showed proliferation-inducing and anti-apoptotic activities only in DU145 cells (130, 139, 172), pointing at AM2 as the mediator of such effects. This finding was supported by the fact that the AM antagonist CGRP8-37 was more effective than AM (22-52) inhibiting DU145 proliferation. It is well known the higher selectivity of CGRP8-37 for AM2 with respect to AM1 (172).

In clinical samples of renal cell carcinoma, RAMP3 has shown to be predominantly expressed in inflammatory cells associated with the tumor whereas RAMP2 was mainly localized in the malignant cells (134). On the other hand –and as part of the same study–, although authors suggest that the in vitro cell proliferation, invasion, and migration activated by exogenous AM would be mediated by both AM1 and AM2, RAMP2 was barely detected in the renal cancer cell lines employed (786-O and BIZ) (134), indicating that they may not be representative models of that cancer.

Chen et al. observed that in vivo tumor growth is significantly attenuated by AM antagonists in the murine B16/F10 melanoma cell line, even when components of the AM receptors were not detected (119). In contrast, TAMs were found to express not only AM, but also CRLR, RAMP2, and RAMP3. These cells are thought to be the main producers of hypoxia-induced AM within the tumor masses and so the mediators of angiogenesis. Moreover, the peptide will act in a paracrine and autocrine way inducing the acquisition of an M2 phenotype.

In the clinic, most human melanoma tissues were positive for CRLR, RAMP2, and RAMP3 –apart from AM–, while their expression levels were much lower in control healthy samples (119). Nevertheless, it would be of great value to determine the distribution of these proteins amongst different tumor cell types.

Ishikawa et al. obtained similar results in a series of five pancreatic cancer cell lines. In this respect, although all of them presented AM, only two (BxPC-3 and PCI-35) showed CLR and RAMP2 proteins. PCI-10 and PCI-19 cells showed RAMP2, and the PCI-43 cell line neither CLR nor RAMP2 (158). Interestingly, although anti-AM therapy had no effect in the in vitro proliferation of none the cell lines, it substantially abrogated PCI-43 cell-derived tumors in vivo, clearly implying that AM is acting on other components of the tumor environment.

A subsequent independent series of experiments performed by Keleg et al. in five other pancreatic cancer cell lines (Capan-1, Colo-357, T3M4, Mia-PaCa-2, and Panc-1) were partially in agreement with the previous results (136). The five assessed cell lines expressed AM, CLR, RAMP1, and RAMP2, whereas RAMP3 was detected in only one of them. Studies with patient samples showed increases in median Calcrl mRNA expression in PDAC in comparison to normal pancreatic tissues. In contrast, they observed >2- and >7-fold reduction in the median transcripts of Ramp1 and Ramp3, respectively, in PDAC tissues compared to normal pancreas samples while no differences were detected in the expression of Ramp2 between healthy and malignant tissues. Immunohistochemical analysis of CLR and RAMP1, RAMP2 and RAMP3 demonstrated moderate to strong staining in islets in the normal pancreas. In PDAC tissue, however, CLR colocalized with RAMP1 and RAMP2, and they were prominently expressed in malignant cells while RAMP3 was not detected. More recently, Xu et al. reported CLR, RAMP2, and RAMP3 in the pro-tumorigenic myelocytic cells associated with PDAC (120), which is in line with the capacity of AM to recruit different cell types reported by Kaafarani et al. (141).

Considering the AM pro-tumor effect, as well as RAMP1, RAMP2 and RAMP3 expression levels, it could be said that the results published by Ramachandran et al. in pancreatic cancer are partially in agreement with the previous ones. More specifically, none of the assayed cell lines (BxPC3, MiaPaCa-2, CFPAC-1, HPAC, MPanc96, Panc-1, Aspc-1, and SU.86.86) presented Ramp3 or CLR expression. However, there are discrepancies in terms of Ramp1 and Ramp2 expression in BxPC-3, Panc-1, and Mia-PaCa-2 cells (171). Instead, authors attributed the AM-mediated pro-tumoral activity to the GPR182 receptor. They observed that by silencing GPR182 the basal growth was reduced as well as the AM-stimulated growth and invasive capacity of the malignant cells when compared with control shRNA (171). As in the case of the first report proposing GPR182 as an AM receptor, these findings have not been yet confirmed. Indeed, as concluded some paragraphs above, most of the cumulative evidence suggests that AM-induced tumor development in pancreatic cancer is mediated by AM1 and AM2. It is also noteworthy that they evaluated RCP expression, finding it in all the cell lines except CFPAC-1.

In all, these findings indicate that AM1 would be more relevant than AM2 in the pro-tumor action of AM in PDAC. Likewise, in vitro and in vivo evidence strongly suggest that AM induced tumor growth by mainly acting on tumor stroma components (120, 136, 158), proposing that the focus should not be on the malignant cells per se but in the peripheral stroma. In line with this, very recent experiments carried out by Dai et al. inoculating PAN02 tumor cells in the spleen of Ramp3-/- and DI-E-RAMP2-/- mice not only demonstrated the active involvement of CAFs in the tumorigenic and metastatic capacity of these pancreatic cells, but also the different roles played by AM1 and AM2 (156). In this sense, when injected in DI-E-RAMP2-/- animals, despite the tumor masses being significantly reduced and accompanied by defective angiogenesis, metastases to the liver were notably increased. In them, CAFs presented elevated RAMP3 and podoplanin (PDPN), a marker of lymphatic endothelial cells and lymphangiogenesis associated with a poor prognosis in various types of cancers. On the other hand, in Ramp3-/- mice, although tumor growth and angiogenesis were not affected (with respect to Ramp3+/+ animals), tumors presented a less aggressive phenotype as indicated by the marked reduction in liver metastases as well as the number of PDPN-positive CAFs. In summary, in pancreatic cancer AM1 would be essential in promoting tumor growth and angiogenesis while antagonizing an AM2-mediated pro-metastatic effect (156).

This group had previously observed an increased propensity to lung metastasis in DI-E-RAMP2-/- mice by generating B16BL6 melanoma cell line-derived tumors (155). Most tellingly, endothelial cell-specific RAMP2 overexpression in E-RAMP2 Tg mice strongly reduced lung metastasis and promoted survival. The authors hypothesized that the irregularly shaped, tortuous, and hyperpermeable vessels resulting from deficient angiogenesis (consequent of the DI-E-RAMP2-/- phenotype) would be suitable substrate for the formation of pre-metastatic niches in distant organs (155). The sum of these findings suggests that a physiologically active AM/AM1 signaling system may be crucial to reduce the likelihood of metastasis in at least pancreatic and melanoma tumors.

Benyahia et al. more recently also demonstrated that CAFs extracted from invasive human breast adenocarcinomas are more competent than normal fibroblasts in enhancing MCF-7 cell growth by induction of stable vascularization when injected into immunocompromised mice (157). The authors demonstrated that AM is one of the CAF-derived factors responsible for endothelial cell-like and pericyte recruitment.

CLR, RAMP2 and RAMP3 have been also detected in glioblastoma tumors –both patient-collected samples and in immortalized malignant cell lines (128)– and in MPM (126). Indeed, expression levels in the former have shown to be much higher than in normal adjacent (pleural) tissue (126). Analogously, CLR, RAMP2, and RAMP3 immunostaining was scarcely detectable in the colonic epithelia of the crypts in normal tissue whereas the epithelial compartment in the well-differentiated adenocarcinoma samples showed strong staining for all these proteins (121). Evidence suggests that AM would act in a paracrine and autocrine manner in colorectal tumors; however, it is not yet clear the individual roles of AM1 and AM2 in the physio-pathology of the disease (121, 141). This is also applicable in hepatocellular carcinoma cell lines (132).

In vitro studies determined that the human SW-13 adrenocortical carcinoma-derived cell line only expressed Calcrl and Ramp3, while normal adrenocortical cells presented Ramp1, Ramp2 and Ramp3 mRNA transcripts, suggesting that the AM proliferative effects in the malignant cells are mediated by AM2 stimulation (168).

Clinical aldosteronoma samples were shown to express CLR, RAMP1, RAMP2, and RAMP3 mRNA, the levels of the two former being much higher than those of RAMP1 (142).

Studies with clinical samples and in primary culture of tumor cells have shown that, although benign pheochromocytomas secrete more AM than malignant ones, both share comparable expression levels of AM and (and CGRP) receptor components (CLR and RAMPs), RAMP1 being markedly abundant (up to 12-fold) with respect to RAMP2 and RAMP3 (140). Nevertheless, Thouënnon et al. suggest that RDC1 could be the predominant receptor for the autocrine effect of AM in this type of tumor basing their hypothesis on three pillars: 1) the elevated rate of expression of RDC1 over AM receptors components; 2) the fact that, among all genes examined in benign and malignant pheochromocytomas, RDC1 was the only one that exhibited a significant differential expression between the two tumor subtypes, suggesting that it could be involved in malignant transformation; and 3) the assumption that AM is not pharmacologically active on the CGRP receptor. Considering the aforementioned strongly increased levels of RAMP1 over RAMP2 and RAMP3, authors presume that the competition for CLR would leave scarce possibility for the assembly of AM1 and AM2. If this is combined with the third pillar, there would not be a place for AM action in these cells. However, at this point it may be of particular interest to reconsider the, already mentioned, articles of Tam et al. (107) and Pawlak et al. (108) describing AM cardiovascular effects mediated through the CLR/RAMP1 complex. Considering that Thouënnon et al. do not give any proof of RDC1-activated signaling specifically in response to AM, the CGRP receptor seems more plausible as the AM target in pheochromocytoma. This is indeed supported by results obtained in the RDC1-downmodulated rat pheochromocytoma-derived PC12 cell lines suggesting that, although RDC1 may be involved in cell survival in serum deprivation conditions, it does not appear to be implicated in the AM-induced proliferative effect (140).

In line with the idea of alternative receptors, Zudaire et al. have reported that, in the tumor context, AM is able to induce mast cells to secrete different inflammation and angiogenesis mediators such as histamine and β-hexosaminidase by way of a process that would not be mediated by AM classical receptors, but, instead, by its interaction with other cell membrane proteins through electric charges. This effect is of particular pharmacological interest given the fact that it would escape from the action of AM1 or AM2 antagonists (160).

In all, except in the work of Ramachandran et al., AM pro-tumor effects always correlate with the occurrence of the necessary subunits to assemble functional AM1 and/or AM2, whether directly in cancer cells or in diverse stroma cell components (e.g., TAMs, CAFs, endothelium, etc.) (173). Likewise, there appears to be a differential predominance by one type of receptor depending on the type of cancer, which is of much importance in the eventual development of therapeutic approaches. In this sense, specific anti-AM2 agents would be more efficient in prostate cancers than in PDACs.



AM-Targeting Agents and Potential Employment in Oncology

Several strategies have been proposed to inhibit AM-mediated processes with potential application in oncology, including impediment of the AM-receptor interaction by antagonistic ligands, direct targeting of AM by specific blocking antibodies, and even regulation of the AM mRNA transcript. All these potential therapeutic approaches are discussed in the following paragraphs and summarized in Figure 3.




Figure 3 | Adrenomedullin (AM)-based therapeutic approaches in oncology. As discussed in the text, one of the options is directly targeting AM with blocking antibodies, as in the case of the MoAb-G6, mAb-C1, and adrecizumab. A ribozyme has proven to be effective in diminishing AM expression. Nevertheless, it still presents significant disadvantages from the pharmacokinetic point of view. AM-receptor antagonists are represented by NSC-16311 and NSC-37133. These compounds have more favorable pharmacokinetic features with respect to peptides like AM (22–52)CONH2 (not shown). The binding of AM to its receptors can be also impeded by targeting the former with specific antibodies. In this respect, we introduce the possibility of employing anti-RAMP2 or anti-RAMP3 antibodies in order to get selective inhibition of AM1 or AM2 respectively. Potential epitope domains on AM and AM receptor components are indicated as shaded areas with the respective color of the targeting antibody.



The first AM antagonists arose as result of structure-activity relationship (SAR) studies indicating that both the ring formed between amino acids 16 and 21 and the C-terminal amide are essential for the full demonstration of the AM hypotensive effect (174). On this basis, different laboratories undertook the search for truncated, pharmacologically inactive versions of AM able to antagonize it by competing for receptors. These investigations gave place to different types of derivatives: 1) AM (16-52)CONH2, AM (13-52)CONH2 (174), and AM (15-52)CONH2 (175) peptides with hypotensive and vasodilatory activity comparable to that shown by AM; 2) AM (22-52)CONH2 –also known as AM antagonist (AMA) and weakly selective for AM1 over AM2–, AM (1-52)COOH (176, 177), and AM (37-52)CONH2 (178), showing significantly lower receptor binding and pharmacological response; 3) AM (16-21), AM (16-31), AM (1-25) (179), and AM (11-26) (176), as inducers of increased systemic arterial pressure in rat; and 4) AM (33-52)CONH2 and AM (1-10)COOH, not able to bind AM receptors (174).

Together with the CGRP derivative CGPR (8-37), some molecules belonging to group 2 have been commonly employed as AM antagonists (172, 180), shown to reduce AM-mediated endothelial cell proliferation, migration, angiogenesis, tumor growth, and vascularization (5, 121, 157–159). However, whatever the pharmacological use the aforementioned peptides may have, their short half-life, low potency, and lack of selectivity circumscribe them only into the research field (175, 177, 180, 181).

It is worth mentioning that, at the moment at which most of those ligands were identified, the structures of the AM receptors were still unknown. Indeed, in many cases the evaluation of their antagonistic potency was determined by measuring their capacity to displace 125I-AM from the cell surface (174). Much effort has been made since then in order to get a molecular comprehension of the interaction of AM with its receptors for the further design and development of more selective and potent antagonists. In point of fact, nowadays it is accepted that while the C-terminal half of the AM binds the complex extracellular domain (ECD) formed by the N-terminals of CLR and RAMPs, the AM N-terminal portion –more precisely, residues 16-30– interacts with the CLR 7-transmembrane domain of the receptor, so stabilizing the conformation that will induce cytoplasmic signaling (83, 84, 182). In this context, Moad, and Pioszak identified the AM (37-52)CONH2 fragment as the minimal structure required to interact with the binding region of the ECD complex (178).

Robinson et al. carried out a series of studies with a number of peptide chimeras formed with AM, intermedin/AM2 and CGRP fragments, identifying several molecules with increased affinity compared to AM (22-52)CONH2 for AM receptors. Interestingly, the peptide called ‘C7’ [AM (22-36)-AM2 (23-30)-AM (37-52)] presented significantly higher selectivity for AM2 with respect to AM1 and the CGRP receptor, which is of great value from the pharmacological point of view in discriminating the individual role of each receptor in AM activity (183). In addition, these, and other authors, have demonstrated that selectivity is strongly established by the interaction of residue 74 in RAMPs with a series of a few amino acids in the C-terminal of AM (181, 183). More recently, Booe et al. identified that AM residues at position 45 and 50 are crucial in determining the affinity of AM for its receptors, as demonstrated by the significantly increased antagonistic capacity of AM (37-52)CONH2 after A45W and Q50W substitutions (84). Complementing this finding, Fischer et al. proved that the conformation of the ring 16-21 in AM is not only determined by the amino acid at position 22 (Thr), but also has a strong influence on the selectivity within the receptor system (182).

Unfortunately, so far, there are no further reports regarding the potential application in oncology of AM antagonists derived from these more recent studies. On the other hand, even if they resulted in more potent and selective molecules, the issue regarding their high metabolization rate would still not be solved.

The development of efficient, druggable small molecules is an alternative strategy to overcome the limiting poor selectivity and potency as well as short half-life often presented by peptide ligands. In this sense, Martínez et al. developed an elegant antibody-mediated method to screen for potential AM-antagonists in chemical libraries (180). Amongst the compounds identified, the piperidine derivative of phenylacetic acid, 16311 (also known as NSC-16311), elevated blood pressure when administered to normotensive (anesthetized) rats. On the other hand, the benzoic acid derivative, 37133 (also referred as NSC-37133), had no hemodynamic effects (180). In a later publication, the same group reported that both NSC-16311 and NSC-37133 as well as several other analogs exerted anti-proliferative effects in the human breast cancer cell line T47D, probably related to their AM-antagonistic behavior. In line with this, the AM-antagonistic action of NSC-16311 was further employed by Portal-Núñez et al. to demonstrate the AM contribution to the carcinogenic effect of tobacco combustion products in pulmonary tissue (184). More recently, Siclari et al. proved that NSC-16311 and NSC-37133 may be effective against breast cancer bone metastases due to their selective blockade of the osteolytic and pro-tumor-invasive actions of AM (146).

Taking advantage of the screening assay developed by Martínez et al. and complementing it by 3D quantitative SAR (3D-QSAR) and cell signaling studies, Roldós et al. further identified critical functional groups to be considered for the design of this type of ligands (185). Specifically, an aromatic ring, a hydrogen bond donor and a free carboxylic group seems to be essential to get AM-negative modulators to be eventually assessed as antiangiogenic and anti-cancer agents (185). However, it is notable that to date there are no clinical trials involving small-molecule AM antagonists.

In contrary, different selective small-molecule CGRP antagonists achieved clinical status for the treatment of migraine, including BIBN4096BS/olcegepant (186) (NCT02194777, NCT02194322, etc.), MK-0974/telcagepant (187) (NCT01294709, NCT00432237, etc.), MK-3207 (188) (NCT00712725, NCT00548353), and the very recently Food and Drug Administration (FDA)-approved MK-1602/ubrogepant (Ubrelvy®) (189) (NCT04179474, NCT02867709, etc.). This indicates the potential for developing selective antagonists for other CLR/RAMP heterodimers by exploiting key residue differences amongst RAMPs. In line with the aforementioned relevance of residue 74 in determining the selective interaction of RAMPs with their respective ligands, the tryptophan located in this position is crucial in mediating the binding of these compounds to RAMP1 (188). Instead, RAMP2 and RAMP3 share a glutamic acid residue at this position, indicating that such a class of anti-CGRP compounds may not be suitable scaffolds for the development of AM antagonists with oncological value. Even more so when taking into account that they were abandoned after some trial participants showed signs of hepatotoxicity (81)

On the other hand, the list of anti-CGRP agents with therapeutic action in migraine is not limited only to antagonists of the CLR/RAMP1 receptor, but also contains the commercially available, CGRP-neutralizing antibody fremanezumab (Ajovy®) (190) (NCT03308968, NCT04041284, etc.). Both mono- and polyclonal AM-blocking antibodies have been preclinically employed to inhibit AM pro-tumor and/or pro-angiogenic activity in glioblastoma (128), melanoma (119), lung (170), prostate (138, 139), ovarian, breast, and colon (121, 170) cancer models. Just to give examples, MoAb-G6 (170) and [anti-AM-(46–52)] mAb-C1 (191) are some of the monoclonal antibodies tested in these studies. Of note, no sign of toxicity was observed with this therapy (139). Nevertheless, the most relevant AM-blocking antibody is adrecizumab, currently under evaluation in cardiogenic and septic shock patients (NCT03083171, NCT04252937, etc.) (192). Results from these trials will be of great value given the fact that they will provide information on eventual side effects. Another question raised by the application of this approach concerns the impact competition with the AM-gly fraction –the most abundant circulating form of the hormone– may have on the bioavailability of the AM-neutralizing antibodies. To our knowledge, there are no reports in this respect.

Around 30% of all pharmaceutical products currently employed exert their therapeutic actions by modulating GPCRs (45, 75). The vast majority is represented by small molecules, then there is a minimal proportion composed by peptides, and, interestingly, the list is completed with only two FDA-approved monoclonal antibodies: mogamulizumab/Poteligeo®, employed in the treatment of mycosis fungoides or Sézary syndrome by targeting the CC chemokine receptor 4 (CCK4); and AMG 334/erenumab/Aimovig®, targeting CGRP receptor and prescribed for migraine prophylaxis (193–195). The approval of these two monoclonal antibodies gives promise to the potential of the currently available AM1-, AM2-, and CLR-targeting antibodies with proved tumor growth-inhibitory activity in preclinical models of colon, glioblastoma, PDAC, lung and breast cancer (120, 141, 157, 196). The anti-tumor effects of these antibodies are a direct consequence of their anti-angiogenic capacity. Indeed, treated tumor have been reported to appear pale or translucent, with diminished vasculature, permeability and recruitment of pericytes and macrophages and other myeloid cells (120, 141, 157, 196). Most tellingly, it must be noted that Kaafarani et al. did not observe signs of toxicity associated with long-term therapy (60 days). Histological analysis revealed no abnormalities of physiological vasculature in heart, liver, kidney, lung, and spleen. This could be partially explained by the specificity of the antibodies. In addition, it may mean that tumor angiogenic cells overexpressing AM1 and AM2 would become more susceptible to AM signaling blockade than the quiescent vasculature-associated cell components (141).

Over the years, several process-intrinsic challenges have limited the interest of the pharmaceutical industry in developing monoclonal antibodies against membrane proteins (195). However, the theory suggests that the complex structure of AM (and CGPR) receptors may compensate such restrictions, simultaneously offering encouraging advantages. A key factor in the development of such agents is to get antigens as close to the native conformation as possible, which is not a simple task for those proteins constantly moving immersed in a liquid film of phospholipids, as in the case of GPCRs. In this regard, it is thought that the mutual stabilization of the proteins (CLR and RAMPs) within the heterodimeric structure of AM1 and AM2 could allow them to remain longer in a physiologically relevant conformation. Moreover, the bipartite ECD creates a larger antigenic surface that increases the range of epitopes available to the antibodies, and so the chances of obtaining an appropriate therapeutic candidate (195). In contrast, the individual RAMP accessory proteins are more conventional single-pass receptors, and taken in isolation, represent more attractive targets, as recombinant expression of the extracellular domain is much less technically challenging. The RAMP components themselves represent individual therapeutic targets since they constitute strategic tools to define the pharmacological selectivity. In this sense, although its deficiency affects tumor vasculature and growth, RAMP2 does not appear to be a logical candidate for targeting given its role in preventing metastasis. In contrast, RAMP3 blockade in the context of a healthy AM/AM1 signaling is expected to considerably suppress tumor metastatic capacity (155, 156). Moreover, even when partial, RAMP2 deletion resulted in abnormalities in various vascular endothelial cells, which suggests attention must be paid regarding side effects when considering RAMP2 as the therapeutic target (155). On the other hand, Ramp3-/- mice did not show major phenotypic alterations (48, 110). Therefore, the incorporation of anti-RAMP3 agents in current therapeutic protocols in oncology may represent a promising anti-metastatic approach.

Lastly, a less conventional approach was proposed by Taylor and Samson, which consisted in the design of a catalytically active ribozyme that specifically recognizes and cleaves the preproadrenomedullin mRNA transcript (197). This molecule showed a good enough half-life to observe physiological variations both in vitro, decreasing AM content in cultured vascular smooth muscle cells, and in vivo, where reduction of AM resulted in exaggerated water drinking by rats after overnight water restriction or central administration of angiotensin II. Nevertheless, as an RNA-based molecule, stability, and route of administration are still drawbacks to consider in this strategy.




Discussion

AM and VEGF share common features in that they are both hypoxically regulated, increase vascular permeability and are key pro-angiogenic factors. Indeed, their deficiency causes dysfunctional vascularization, even leading to embryonic lethality in mice when absolute (198, 199). It has been observed that both molecules can interact in an alternate complementary fashion in angiogenesis-involving processes. VE-cadherin is a protein component of endothelial cell-to-cell adherent junctions with a key role in the maintenance of vascular integrity, neovessel assembly and remodeling of pericyte-endothelial cell association. Dr. Ouafik and collaborators have demonstrated that AM blockade, using anti-AM or anti-AM receptor antibodies, increases endothelial cell permeability by inhibiting cell-cell contacts predominantly through disruption of the VE-cadherin/β-catenin/Akt signaling pathway (200). At a molecular level, AM blockade induces phosphorylation of VE-cadherin at the critical residue Tyr731, preventing binding of its cytoplasmic tail with β-catenin and thus disrupting vasculature structure. In contrast, the activation of the VEGF receptor 2 increases the phosphorylation of VE-cadherin VE at Tyr731 inducing loss of cell polarity and lumen formation, consequently allowing VEGF to stimulate endothelial cell proliferation (201). They also interact at the cell signaling level since VEGF activates a number of different intracellular signaling pathways, including ERK’s and PI3K/Akt to ensure endothelial cell survival and proliferation (202), which can be inhibited by AM blockade leading to endothelial cell death by apoptosis (personal communication of Prof. Ouafik’s group).

The general outcome of anti-angiogenesis therapy is still unsatisfactory, principally due to low efficacy and the development of tumor-acquired resistance and adverse effects. Although the causes are not clear, several hypotheses have been posed in order to explain the discrepancy observed in terms of the effectiveness of anti-VEGF treatments amongst (in-mice) preclinical studies and the clinic. One reason may be in the administration of higher doses in animals, that in general are younger and relatively healthier than patients, and for which therapy-related toxic reactions are often omitted (203).

Also, attention must be paid to the fact that anti-VEGF agents do not act directly on tumor cells, but on their supply of nutrients and O2. In this sense, residual hypoxia-resistant cells –usually associated with the cancer stem cell-like subpopulation– would act as a remnant source of VEGF and other factors that combined, would overcome the VEGF signaling blockade (203).

AM meets all the requirements to alternatively bypass VEGF inhibition, including a direct mitogen activity on malignant cells. Indeed, Gao et al. have demonstrated not only that AM expression was significantly (4-fold) increased in sunitinib-resistant renal carcinoma cells, but also that the treatment with AM (22-52)CONH2 markedly reduced the growth of tumors derived from those cells (204). In all, evidence points to AM as an alternative target in tumors resistant to anti-VEGF agents. In this respect, AM also offers a broader front of action within the milieu of solid tumors, being able to act as modulator of endothelial cell interactions with other endothelial cells and/or pericytes, recruiter of different cell types into hypoxic areas and stimulator of cancer cell proliferation. On the other hand, the mitogenic activity of VEGF is mainly restricted to endothelial cells.

However, such multitasking role carries increased risk of adverse effects. In this regard, hypertension and its associated secondary events (i.e., myocardial infarction and stroke) may be the main complication in anti-AM therapy, which is indeed an adverse effect observed in patients undergoing VEGF-inhibiting treatments. In general, however, anti-VEGF agents are well tolerated, especially when compared with chemotherapy; although, undesirable effects can limit their administration in some cases. These include venous and arterial thromboembolism, proteinuria, hemorrhage, gastrointestinal perforation and impaired wound healing (203, 205, 206). Actually, the former has been already reported in anti-AM therapy preclinical models. Mice-based studies indicate that the major adverse effects related to AM-inhibitory treatments may involve development of secondary lymphoedema (207, 208) and altered wound healing capacity (50). Both are of importance for those patients who undergo surgery and/or radiotherapy or might present a genetic susceptibility to the risk of developing secondary lymphoedema (208). However, they are manageable and usually pose a significantly lower risk than the tumors being treated.

One aspect to consider in any therapy is the capacity of identifying prognostic factors. Although in anti-VEGF regimens these types of molecules have remained elusive, VEGF itself has been postulated as general biomarker of angiogenic activity and tumor progression in cancer patients (129, 209). In this respect, increased circulating values of VEGF generally correlate with worse outcome (206, 209). In the case of anti-AM therapy, VEGF should be thought, at least, as the starting prognostic parameter to be evaluated.

We are of the opinion that there is mounting evidence of the potential of anti-AM strategies in oncology, representing more than just an anti-angiogenesis therapy, to merit further investigation. The efforts should be onwards focused on the discussion and development of efficient therapeutic approaches, taking also into account the feasibility of combination therapy with conventional chemotherapy. For example, Li et al. observed a significant potentiation of the tumor growth-inhibitory effect of cisplatin in AM-deficient liver cancer cells (210).

Considering the already described involvement of AM in different physiological activities, the extrapolation of a bevacizumab/Avastin®-like approach (directly targeting the ligand) may, in principle, not be a first option as a therapeutic strategy for AM. Another point to take into account in this respect is the fact that the AM-gly is the major circulating form of this protein. Thus, a potential antibody should be able to discern the AM mature variant in order to avoid the bioavailability-reducing competition with the inactive one, highlighting the AM amidated C-terminal as the antigenic epitope of choice.

As pointed out above, current clinical trials with adrecizumab will be more than interesting in addressing the feasibility of this strategy in oncology. Nevertheless, the blockade of AM receptors might represent a more suitable alternative. Moreover, the recent FDA approval of the CGRP receptor-targeting erenumab/Aimovig® antibody encourages the application of the anti-AM receptors strategy in oncology. One of the key challenges regarding this approach is the ability to selectively target individual components.

Collectively, data discussed in the previous sections suggests that both AM1 and AM2 possess crucial roles within the tumor structure regulating diverse functional aspects of the cell components. In this context, RAMP2 and RAMP3 themselves represent target candidates. However, AM2 blockade could be presented as more advantageous by decreasing the chances of metastasis and having less impact on the physiological angiogenic processes. Furthermore, although it can be said it is a general feature of the AM system, the AM2 signaling pathway in particular appears to be in a physiological dormant state ready to assemble and operate in response to diverse pathological conditions. This could explain the low incidence of adverse effects observed when targeting this receptor in preclinical models.

In the light of the current evidence, AM inhibition is a promising first-in-class therapeutic strategy in oncology and its potential needs to be further explored for the development of selective pharmacological options in cancer patients.
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Necroptosis is a form of programmed cell death (PCD) characterized by RIP3 mediated MLKL activation and increased membrane permeability via MLKL oligomerization. Tumor cell immunogenic cell death (ICD) has been considered to be essential for the anti-tumor response, which is associated with DC recruitment, activation, and maturation. In this study, we found that P. aeruginosa showed its potential to suppress tumor growth and enable long-lasting anti-tumor immunity in vivo. What’s more, phosphorylation- RIP3 and MLKL activation induced by P. aeruginosa infection resulted in tumor cell necrotic cell death and HMGB1 production, indicating that P. aeruginosa can cause immunogenic cell death. The necrotic cell death can further drive a robust anti-tumor response via promoting tumor cell death, inhibiting tumor cell proliferation, and modulating systemic immune responses and local immune microenvironment in tumor. Moreover, dying tumor cells killed by P. aeruginosa can catalyze DC maturation, which enhanced the antigen-presenting ability of DC cells. These findings demonstrate that P. aeruginosa can induce immunogenic cell death and trigger a robust long-lasting anti-tumor response along with reshaping tumor microenvironment.
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Graphical Abstract | Schematic diagram of P. aeruginosa mediated anti-tumor immunity. A single low dose of P. aeruginosa injection not only curbed the growth of treated tumors in situ but also delayed the proliferation of distant tumors. P. aeruginosa active PANoptosis signaling pathways and triggered tumor cells death in a TLR4 dependent manner in vitro. Meanwhile, the necrotic-like dying tumor cells release HMGB1 matured DC cells, resulting in the reshaped tumor microenvironment in anti-tumor immunity.




Highlights

	P. aeruginosa infection triggered necrotic tumor cell death to enhance long-lasting anti-tumor response in vivo.

	P. aeruginosa-induced robust antitumor immunity modulated tumor microenvironment (TME) immune cells infiltration and cytokines production.

	Dying tumor cells orchestrated DC recruitment, activation, and maturation.





Introduction

In the last decades, more research has revealed the potential connection between specific microorganisms and different types of cancer, which was observed by investigation microbiome in cancer patients (1). Microbiota can not only promote tumor cell death but also reshape tumor microenvironment (TME) to turn “cold” tumor into “hot” tumor by increasing the number of immune-effective cells and enhancing the anti-tumor ability, while decreasing the number of immune-suppressive cells and suppressing their tumor-suppressive function (2). Alternatively, bacteria-derived metabolites cause cancer cell autophagy and facilitate anti-tumor immune-surveillance (3). To this end, the bacteria-mediated anti-cancer effects can prominently affect the outcomes of immunotherapy.

The first immunotherapeutic bacteria applied to cancer immunotherapy can be dated back to the late 19th century (4). Up to now, numerous types of bacteria have been identified with robust ability to inhibit tumor growth with low toxicity (5). Although the most well-established studies of the relationship between the microbiota, tumorigenesis, and tumor drug-resistance have been focused on the gut microbiome, the acquisition of the human upper respiratory tract, especially lung microbiome, also plays a crucial role in protecting the host from infection, inflammation, and anti-tumor response (6, 7). The migration, maturation, and activation of innate immune cells in lung tissues require commensal host-microbial interaction.

Pseudomonas aeruginosa parasitized on the skin is an opportunistic Gram-negative pathogen that can also cause diverse infections in the lungs (8). Previous studies have demonstrated that the lipopolysaccharide of P. aeruginosa is essential to inhibit tumor growth as an adjuvant and promote interferon cytokines production (9). In addition, P. aeruginosa–mannose-sensitive hemagglutinin (PA-MSHA) enhances anti-tumor immunity of cord-blood cytokine-induced killer (CB-CIK) cells via IFN-γ release and Toll-like receptor (TLR) activation (10). What’s more, PA-MSHA directly stimulates T cell, migration, and maturation of dendritic cells (DC) via TLR4-dependent manner that elicits antitumor immunity (11). PA-MSHA also directly triggers tumor cell apoptosis, arrests cell cycle, as well as inhibits autophagy via EGFR pathway and/or p62 regulating (12–15). However, other types of cell death that can be triggered by P. aeruginosa, like necroptosis, in antitumor responses have not been comprehensively evaluated. Here, we employed a TC-1 solid tumor model to evaluate the role of P. aeruginosa triggered necroptosis in anti-tumor response.

Necroptosis is a form of programmed cell death that is characterized by RIP3 mediated MLKL activation and can increase cell membrane permeability by MLKL oligomerization (16). Necroptosis also participates in cardiovascular diseases (17), anti-bacteria (18), anti-viral infection (19), and even anti-tumor response (20). It has been reported that Gram-positive bacteria S. aureus-induce lung cancer cell A549 cell death is enhanced by TNF-α, which is associated by RIP3-dependented necroptosis (21). RIP3-mediated CXCL1 promote tumor associated macrophages (TAM)-induced adaptive immune suppression and myeloid-derived suppressor cells (MDSC)-induced adaptive immune suppression in pancreatic ductal adenocarcinoma (PDA) and colitis-associated cancer (CAC) (22, 23). Similarly, MLKL suppresses colon inflammation and tumorigenesis via MEK/ERK activation in DC (24). Intra-tumor therapy with an MLKL-mRNA-based vaccine inhibit CAC growth reshaped the tumor microenvironment inducing systemic antitumor response directed against neo-epitopes (25, 26). In addition, tumor cell immunogenic cell death (ICD) has been considered to be essential for anti-tumor response associated with DC recruitment, activation, and maturation (27, 28). Although chemotherapeutics normally trigger cell death in RIP3-/- or MLKL-/- tumor cell death via caspase-3-dependent apoptosis, it is unable to induce systemic anti-tumor response and inhibit tumor growth in vivo, which indicates necroptosis pathway plays a potential role in ICD (29). Notably, the danger-associated molecular patterns (DAMPs) released by necrotic cell death contribute to hosting immune system activation, particularly HMGB-1 released by the dying cell, which can stimulate DC maturation through TLR4-myD88 pathway (30). However, it is not clear whether bacteria-mediated necrotic cell death is a form of ICD and whether these bacteria-triggered dying cells can induce systemic anti-tumor immunity.

Herein, we identify a beneficial immunotherapeutic role of P. aeruginosa that mediates necrotic tumor cell death in vitro and in vivo, which provides a long-lasting anti-tumor immunity by reshaping systemic and tumor microenvironment. Surprisingly, P. aeruginosa not only inhibited tumor growth in vivo but also activated functions of DC cells, therefore indicating a strategy for designing bacteria-based immunotherapy against the tumor. These beneficial effects occur after co-administration of bacteria in tumor cells simultaneously, indicating that the protective effects are due to bacteria triggered RIP3-MLKL-dependent necroptosis. In conclusion, our findings demonstrate that P. aeruginosa triggers tumor necrotic cell death to promote robust antitumor immunity.



Materials and Methods


Ethics Statement

The Ethics Committee of Animal Care and Welfare of IMBCAMS and PUMC (Permit Number: SYXK (dian)2010-0007) approved all of the animal experiments according to the guidelines of the Institute of the Medical Biology Chinese Academy of Medical Sciences (IMBCAMS) & Perking Union Medical College (PUMC). All efforts were made to minimize animal suffering.



Mice

All mice, six- to eight-week-old female C57BL/6N were purchased from Beijing Vital River Laboratory Animal Technology Co., Ltd. (Beijing, People’s Republic of China), maintained under specific pathogen-free (SPF) conditions and raised in the central animal care services of IMBCAMS. Before bacterial infection or tumor injection, mice were anesthetized with 3% isoflurane in oxygen for 2–5 min until immobile. At the experiment endpoints, mice were first anesthetized and then sacrificed by an increasing CO2 concentration for 5–10 min in a closed chamber until mice pupil dilation, stopped breathing, and stopped heartbeat.



Bacteria Culture and Mice Infection

The clinical isolate P. aeruginosa 1409, which was identified and stored by our own lab, was grown overnight with shaking Luria-Bertani (LB) medium under 37°C. The next day, the bacteria were sub-cultured with fresh LB medium for 4 h. Until the bacterial concentration corresponding to an OD value reaches 0.5, the culture was collected with a centrifuge at 7000 × g for 10 min and washed the bacterial twice with sterile phosphate-buffered saline (PBS). The murine bacteremia model was established with a subcutaneous injection with a 50 μl per mouse total volume solution containing 3 × 106 CFU to 3 × 108 CFU bacterial in Basement Membrane Matrix (BD Bioscience, San Jose, CA, USA). Each group contains 8 mice and continuous monitoring of the bacterial challenged mice survival rate for seven days, considered as the endpoint.



Tumor Model

To establish the tumor cell-grafted model, indicated 1 × 106 cells incubated with- or without- 3 × 106 CFU bacteria were mixed with Basement Membrane Matrix (BD Bioscience, San Jose, CA, USA) and subcutaneously implanted in the left dorsal flank of C57BL/6N mice for the primary tumor model construction. The mice were monitored three times per week for tumor growth using a slide caliper as described previously. Body weight changes were monitored every two days of tumor-bearing mice to identify the bacteria infection induced disadvantages for 15 days, and the survival rates were monitored until all mice were dead in the control group, and then the experimental group were euthanized. After the primary tumor established, tumor-free mice were rechallenged with TC-1 tumor cells in the other side flank of mice (n=5–6). Secondary tumor growth curve was monitored. All tumor volumes were measured with a caliper and calculated as (length × weidth2)/2.



Indirect Immunofluorescence and H & E Staining

At the experiment endpoint, the mice were anesthetized and sacrificed. Tumor tissues were stripped and obtained, frozen in liquid nitrogen, embedded in optimal cutting temperature compound (OCT), and sectioned in 5 µm thickness pieces. The sections were performed for indirect immunofluorescence staining assay. Briefly, the cryo-sections were fixed in 95% alcohol and permeabilized with 2% BSA in 0.1% TritonX-100/PBS overnight at 4°C for 30 min, and then blocked with 5% bovine serum albumin (BSA) for 1 h. After blocking, the sections were incubated with Caspase-3, MLKL, MPO, and Ki67 primary antibody overnight at 4°C, respectively. The bound antibodies were labeled with FITC fluorescent secondary antibodies for 1 h at room temperature. After washing, all cryo-sections were stained with 4′,6-diamidino-2-phenylindole (DAPI) for 15 min at room temperature, and then photographed under a fluorescence microscope. Tumor tissues frozen sections were also stained for histologic examination by staining with hematoxylin and eosin (H & E) kit, according to the manufacturer’s protocol. Areas of positive were measured with software Image J.



Flow Cytometry Assay (FCM)

Lymphocytes cells isolated from the spleen and tumor tissues of tumor-bearing mice were plated into a 96-microwells plate for immune cell profiles assay. Cell surface staining was performed by incubating cells with corresponding antibodies for 20 min on ice. Cells were stained with APC labeled anti mouse CD3 and FITC labeled anti mouse CD4 for CD4 positive T cells; APC labeled anti mouse CD3 and FITC labeled anti mouse CD8 for CD8 positive T cells; APC labeled anti mouse CD3 and PE labeled anti mouse NK1.1 for NK and NKT cells; APC labeled anti mouse CD11b and FITC labeled F4/80 for macrophages; APC labeled anti mouse CD11b and PE labeled Gr-1 for MDSC cells; FITC labeled anti mouse CD4, PE labeled anti mouse CD25 and APC labeled anti mouse Foxp3 for Treg cells. All FCM reagents were purchased from Biolegend, San Diego, CA, USA. After washing, the cells were resuspended in 200 µl staining buffer and analyzed by flow cytometry (CytoFLEX LX, Beckman, USA), and the data were analyzed using CytExpert 2.0 software.



Enzyme-Linked Immunospot Assay (ELISPOT)

For ELISPOT assay, the protocol was the same as previously reported. In brief, splenic lymphocytes and tumor-infiltrating lymphocytes were harvested and extracted by mouse lymphocytes separation kit (BioLedgen, USA), and then washed with fresh RPMI 1640 medium. Next, 1 × 105 cells were seeded into a 96-microwells plate, which was pre-coated with IFN-γ- and IL-2-specific coated antibodies, and then 2 ug/ml HPV 16 E749-57 specific peptides was added into the plates. After 18 h stimulation, the culture medium was gently discarded and fresh pre-cooled water was added for rupturing lymphocytes. Then, incubating IFN-γ- and IL-2- capture secondary antibodies that were labeled with biotin for 1 h at room temperature, followed by avidin-conjugated HRP. After immuno-imaging, spots representing activated lymphocytes were counted by an ELISPOT reader system (AID Diagnostika GmbH, Strabberg, Germany).



LDH Release Assay

Tumor cells were stimulated with 10 MOI P. aeruginosa 1409 for 12 h, cell culture supernatants were gently discarded and incubated with LDH release regent for 1 h, all supernatants were removed to a new cell culture plate and 60 μl LDH working solution was added and then slowly sharking at room temperature for 30 min in the dark environment. Absorbance [A490nm-A620 nm] stands for the quantification of LDH release.



Immunoblotting Assay

For immunoblot assay, TC-1 cells were seeded into 12-well plates, 106 cells per well; the next day before infection, cells were washed with PBS three times and then 500 μl FBS- and antibiotics-free RPMI1640 medium added to each well. To evaluate bacterial infection on TC-1, 10 MOI P. aeruginosa 1409 were added into cell culture for 1 h, 4 h, and 12 h at 37°C in 5% CO2 atmosphere. All cells were washed with PBS three times and lysed in 100 μl RIPA (Tris pH 7.4 50 mmol/L, NaCl 150 mmol/L, NP-40 1%, SDS 0.1%, EDTA 2 mmol/L) buffer containing proteinase and phosphatase cocktail inhibitor. All samples were separated by 12% SDS-PAGE and transfered to polyvinylidene fluoride membranes (PVDF), which were blocked by 5% BSA blocking reagent at room temperature for 2 h. The primary antibodies used: anti-MLKL (CST, 37705), anti-pMLKL (CST, 37333S), anti-RIP3 (CST, 95702), anti-pRIP3 (CST, 57220), anti-LC3B (Abcam; ab51520), anti-HMGB1 (Abcam; ab 18256), anti-β-actin (Abcam; ab6276), anti-GAPDH. The secondary antibodies used HRP-labeled anti-rabbit or mouse antibodies (Abcam). At last, the blotting was developed by the ECL chemiluminescence substrate. Image J software was used to quantify the Western Blot bands grayscale value.



ELISA

The DCs were incubated with bacteria-treated dying tumor cells for 24 h. The cell culture mediums were collected for cytokines quantitation. The IL-1β, IL-6, TNF-α, and MCP-1 were measured by mouse IL-1β, IL-6, TNF-α, and MCP-1 quantikine ELISA kits (R&D systems), respectively, according to the manufacturer’s protocol.



Real-Time Quantitative PCR

Indicated 1 × 106 TC-1 tumor cells were seeded into a 12-well cell culture plates. The next day, 1 × 107 CFU bacteria were added into the cell culture for stimulation for 1 h and 4 h, the medium were discarded, and the dying tumor cells were harvest. Total RNA was isolated using TRIzol (RNAiso, Takara) and purified by the chloroform-phenol extraction kits. cDNA was reverse transcribed with the SureScript First-stand cDNA Synthesis Kit (GeneCopoeia) and then detected by the All-in-One™ miRNA qRT-PCR Detection Kit (GeneCopoeia). Real-time quantitative PCR (RT-qPCR) was performed on a Bio-Rad CFX-96 Touch Real-Time Detection system. Primer sequences are listed in supplemental Table S1.



Statistical Analysis

Graphpad Prism 8.2.1 (Graphpad Software, Inc., La Jolla, CA, USA) was employed for data statistical analysis, which was all presented as mean ± standard error of mean (SEM). Tumor growth curve was performed with two-way ANOVA after Bonferroni correction. One-Way ANOVA and Student’s paired t-test analysis were performed for three or two groups’ comparisons, respectively, and non-parametric log-rank tests were used for survival rates. * indicate P-values ≤ 0.05 was considered significant, ** indicate P-values ≤ 0.01, *** indicate and P-values ≤ 0.001, **** indicate P-values ≤ 0.0001, ns indicate non-significance.




Results


P. aeruginosa Stimulation Significantly Inhibited TC-1 Growth In Vivo

A mouse lung epithelial cell line, TC-1, which was co-transfected with HPV16 E6, E7, and Ras into C57BL/c (H-2b) cell that was broadly used as an HPV tumor model, was performed to establish a subcutaneous solid tumor model to evaluate P. aeruginosa-mediated anti-tumor response in vivo. First, the mouse sepsis model was established by subcutaneous administration with a dose-dependent bacteria injection and the mice survival rate was monitored in a week, and the survival curves indicated that none of the mice in the lowest-dose group was dead (Figure 1A). We chose the lowest dose of 3 × 106 CFU per mouse for further analysis. TC-1 cells were co-injected with bacteria subcutaneously in the right side of the mouse, and tumor growth curve was continuously monitored (Figure 1B). The results of tumor volume in mice showed that the bacteria co-injection group suppressed tumor growth more significantly than that in the control group. Obviously, all tumors were growing well in the control group and only one tumor in bacteria group has a volume less than 100 mm3 at the observation endpoint (Figure 1C). These results demonstrated the robust anti-tumor response resulted from bacteria co-injection that 80% of mice in the bacteria group were tumor-free mice (Figure 1D). Meanwhile, we also monitored the weight of mice after tumor inoculation. After bacteria co-injection, mouse weights recovered after a slight loss of body weight (Figure 1E). All the mice in the bacteria co-injection group survived to the end of the experimental period, demonstrating a 100% protective efficacy, and all mice in the control group were dead in two months (Figure 1F). Altogether, we showed that P. aeruginosa co-injection suppresses tumor growth and prolongs survival in vivo.




Figure 1 | The low sublethal dose of P. aeruginosa co-injection inhibits tumor growth in the mouse TC-1 model. (A) Survival rate of mice subcutaneously challenged by a gradient of P. aeruginosa concentrations (n=8). Mice were continuously monitored for 7 days, which was considered the endpoint. (B) Tumor growth curve shown as average tumor volumes and standard error of the mean per group (n=5). (C) Tumor growth curve of individual mice are shown for control (n=5) and P. aeruginosa (n=5) co-injected groups. Numbers in the panel demonstrated tumor size and the number of mice are still alive at day 40. This experiment was repeated twice. (D) Tumor-free mice percentage. Tumors were grown at early stage in both group, but only one tumor-bearing in P. aeruginosa co-injected group to the endpoint and all mice in control group were tumor-bearing mice. (E) The mice body weight monitor curve. After bacteria-tumor mix injection, all mice weight was continuously monitored for 14 days. The weight of mice in P. aeruginosa co-injected group dropped down at early stage and recovered at day 7. (F) Survival curves of tumor bearing mice (n=5). All mice in control group were dead before day 70 after tumor cells incubation while none of the dead mice appeared in the P. aeruginosa co-injected group. Data are means ± SEM. Paired Student’s t-test was performed for mice body weight comparisons, Two-way ANOVA for tumor growth curve comparisons, and survival curve analysis by Log Rank (Mantel-cox) test. ** indicate P-values ≤ 0.01, *** indicate P-values ≤ 0.001, **** indicate P-values ≤ 0.0001, and ns indicates non-significance.





Rechallenge Tumor Cells Indicated P. aeruginosa-Mediated Long-Lasting Antitumor Immunity

We hypothesized that P. aeruginosa-mediated anti-tumor response could exist in a long-lasting function in vivo. To verify the thought, we rechallenged mice with 1 × 106 TC-1 tumor cells at day 40 in the left side and monitored continuously (Figure 2A). The tumor growth curve showed that the rechallenged tumor growth in bacteria-treated group was significantly suppressed (Figure 2B). Rechallenged tumor growth curve of individual mice suggested that although tumors kept growing in both groups, the tumor growth in the bacteria-treated group was much slower than that in the control group (Figure 2C). At the endpoint of the experiment, all tumor-bearing mice were sacrificed, and tumors and spleen tissues were harvested. Photographs of rechallenged tumor tissues that were stripped from sacrificed mouse indicated that the rechallenged tumor volumes were smaller in the bacteria injection group than that in the control group (Figure 2D). In addition, the weights of tumors and spleen were also significantly lower in the bacteria group (Figure 2E). Consistently, these results suggested that P. aeruginosa mediated a robust long-lasting anti-tumor response in vivo.




Figure 2 | Development of long-lasting antitumor immunity against TC-1 tumor cells following P. aeruginosa co-injection. (A) Schematic diagram of the procedures for tumor rechallenge experiment. Tumor-free mice were rechallenged with 1 × 106 TC-1 tumor cells again at day 40 on the other side of the primary tumor. (B) Rechallenged tumor growth curve shown as average tumor volumes and standard error of the mean per group (n=5–6). Statistical analysis was performed with two-way ANOVA after Bonferroni correction. (C) Rechallenged tumor growth curve of individual mice are shown for control (n=6) and P. aeruginosa (n=5) co-injected groups. Numbers in the panel demonstrated tumor size and the number of mice are still alive at day 40. This experiment was repeated twice. (D) Representative photographs of rechallenged tumor tissues harvested from each group. (E) Tumor and spleen weight of tumor-bearing mice at the end of the experiment. Data are means ± SEM. Paired Student’s t-test was performed for spleen and tumor weight comparisons and two-way ANOVA for tumor growth curve comparisons. * indicate P-values ≤ 0.05 was considered significant, **** indicate P-values ≤ 0.0001, and ns indicates non-significance.





Immunotherapeutic Bacteria P. aeruginosa Activate Multiple Cell Death In Vitro

To explore the molecular mechanisms of P. aeruginosa induced anti-tumor response, we co-cultured P. aeruginosa and TC-1 tumor cells in vitro. As excepted, tumor cells were dead after incubating with bacteria (Figure 3A), which was also confirmed by LDH release (Figure 3B). To examine if necrotic cell death occurred with P. aeruginosa incubation, we performed TC-1 cells infected with P. aeruginosa and examined the cell death pathways. We detected the active, phosphorylated form of RIP3 and MLKL in the lysate cell supernatants of bacteria treated tumor cells, indicating that bacteria were able to induce necrotic cell death activation. Furthermore, we observed that p-RIP3 and p-MLKL were upregulated with bacteria incubation, as well as naive RIP3 and MLKL (Figures 3C, D). In addition, we also detected the active LC3B in treated cell lysate and the ratio of LC3B II/GAPDH were increased, conforming that autophagic cell death is activated in response to bacterial infection (Figures 3C, D). To determine whether P. aeruginosa infection can induce apoptosis, we performed a FCM analysis by 7AAD-Annexin V-PE apoptosis kit. Notably, after bacterial incubation, the percent of apoptotic TC-1 cells was increased and the freeze-thaw tumor cells as a positive control (Figures 3E, F). To understand whether P. aeruginosa induced necrotic cell death drives immunogenic cell death (ICD) in vitro, we tested the release of the ICD marker HMGB1 with or without P. aeruginosa incubation (Figures 3G, H). We also found that TLR4 expression was increased in a time-dependent manner, indicating bacterial-triggered cell death via activated TLR4 signaling pathway (Figure 3I). Taken together, the results indicated P. aeruginosa infection triggered PANoptosis in vitro, including necroptosis, apoptosis, and autophagy. Furthermore, bacteria-mediated necrotic cell death is also a form of ICD in vitro.




Figure 3 | P. aeruginosa incubation triggered PANoptosis in TC-1 tumor cells.1 × 106 tumor cells were infected with 10 MOI P. aeruginosa for 1 h, 4 h, and 12 h, cell culture supernatants were gently removed and tumor cells were photographed and harvested for immunoassay. (A) Representative photographs of tumor cells treated with or without P. aeruginosa. After incubation, tumor cells were swollen and lysed under the microscope. Arrow represented dying cells. (B) Histogram analysis of lactate dehydrogenase (LDH) release. LDH releasements are represented for tumor cell death in vitro. (C) Western blots of RIP3/pRIP3/MLKL/pMLKL and LC3B in TC-1 cells treated with P. aeruginosa. The WB bands intensity was quantified by image J software. (D) Histogram analysis of the ratio of pRIP3/GAPDH, pMLKL/GAPDH, RIP3/GAPDH, MLKL/GAPDH, LC3B II/GAPDH. (E) Represent FCM images of 7AAD-Annexin V-PE assay. Freeze-thawed TC-1 cells were performed as positive control. (F) The results of cell apoptosis assay. (G) Western blots of HMGB1. (H) Histogram analysis of HMGB1 expression. (I) Histogram analysis of TLR4 expression by RT-PCR in a time-dependent manner. Data are means ± SEM. Paired Student’s t-test was performed for two group comparisons and one-way ANOVA for three groups. * indicate P-values ≤ 0.05 was considered significant, ** indicate P-values ≤ 0.01, *** indicate P-values ≤ 0.001, **** indicate P-values ≤ 0.0001, and ns indicates non-significance.





P. aeruginosa Co-Injection Induced Tumor Tissues Cell Death and Inhibited Proliferation

P. aeruginosa co-injection caused long-lasting tumor suppression in mice and induced tumor cell death in vitro. In line with these findings, we observed the hallmarks of cell death expression in tumor tissues; compared to the control group, the immunofluorescence results show that caspase-3, MPO, and MLKL expression in tumor tissues after bacteria treatment were significantly increased (Figure 4A). Quantification analysis confirmed that bacteria co-injection also induced tumor cell death in tissues (Figure 4B). Consistent with this data, we also detected Ki-67 expression levels in tumor tissues, which was considered as a hallmark of cell proliferation. The immunofluorescence results show that Ki-67 was reduced in the bacteria group (Figure 4A). Statistical analysis confirmed that bacterial infection induced antitumor response results in inhibition of tumor cell proliferation (Figure 4B). Additionally, H & E staining analysis shows that more necrotic areas were observed and more inflammatory cells were infiltrated, respectively (Figure 4C). Taken together, our results indicated that P. aeruginosa infection induced anti-tumor response can promote tumor tissues cell death and suppress tumor cells proliferation.




Figure 4 | Immunofluorescence assay for the detection of cell death and proliferation in tumor tissues. (A) Representative images of the immunofluorescence assay for tumor tissue sections. Caspase-3 staining was identified as cell apoptosis; MLKL staining was identified as cell necroptosis; MPO staining was identified as Neutrophils (31); Ki-67 staining was identified as cell proliferation. Cell nuclei were stained with DAPI. (B) Quantitative analysis of FITC positive cells in tumor tissues. All experiments were repeated three times. The area of immunofluorescence intensity was quantified by image J software. (C) H & E staining for tumor tissue sections collected at the experimental end point. Data are means ± SEM. Paired Student’s t-test was performed for comparisons. * indicate P-values ≤ 0.05 was considered significant, *** indicate P-values ≤ 0.001, and ns indicates non-significance.





Pre-Injection With P. aeruginosa-Tumor Cell Mixture Reshape the Tumor Microenvironment

To better understand the function of systemic and tumor microenvironment for antitumor immunity, we assessed the immune cell composition in tumor and splenic lymphocytes. Herein, we used the HPV 16 E749-57 peptide as tumor specific antigen for stimulation, and the immunocytes profiles of tumor-infiltrating and splenic lymphocytes were analyzed via flow cytometry (FCM) assay (Figures 5A, B). FCM analysis showed that percentages of CD4 and CD8 positive T cells were increased in the splenic and tumor lymphocytes. In line with this result, we found that tumor infiltrated CD3-NK1.1+ nature killer cells (NK) exhibited an identical tendency but there was no significant difference in the number of tumor infiltrated CD3+NK1.1+ nature killer T cells (NKT) in microenvironment. In addition, the percentage of CD4+CD25+FoxP3+ labeled Treg cells were decreased in the bacteria-treated group. Analysis of the myeloid compartment showed decreased fractions of CD11b+Gr-1+ labeled MDSCs and CD11b+F4/80+ M2 macrophages (Mar) in the control group than that in the bacteria group. Meanwhile, the ELISPOT results indicated that IFN-γ and IL-2 produced splenic and tumor infiltrating lymphocytes were significantly increased (Figure 5C). Quantification results showed that the number of plots was increased and tumor antigen-specific cellular immune response in tumor-bearing mice were promoted (Figure 5D). In summary, our results suggest that P. aeruginosa infection increased antitumor lymphocytes accumulation and reduced immune-suppressive myeloid cell frequencies during tumor progression, thus inducing remarkable anti-tumor response and promoting antitumor cytokine-producing lymphocytes.




Figure 5 |  P. aeruginosa mediated anti-tumor response remodeled systematic and tumor microenvironment immune cell profiles and promoted lymphocytes activation. Histogram analysis of immune cell profiles in (A) splenic lymphocytes and (B) tumor infiltrating lymphocytes by FCM. CD3+CD4+ staining cells were identified as CD4 T cells; CD3+CD8+ staining cells were identified as CD8 T cells; CD4+CD25+ Foxp3+ staining cells were identified as Treg cells; CD3-NK1.1+ staining cells were identified as NK cells; CD3+NK1.1+ staining cells were identified as NK T cells; CD11b+Gr-1+ staining cells were identified as MDSC cells; CD11b+F4/80+ staining cells were identified as macrophages cells; (C) representative images of ELISPOT assay. Indicated 1 × 105 splenic lymphocytes and tumor infiltrating lymphocytes were stimulated with 2 ug/ml E7 specific peptides. Spots were represented as activated lymphocytes, PMA was performed as positive control. (D) Quantitative analysis of antigen specific IFN-γ- and IL-2-expressing lymphocytes detected by ELISPOT. Data are means ± SEM. Paired Student’s t-test was performed for comparisons. * indicate P-values ≤ 0.05 was considered significant, ** indicate P-values ≤ 0.01, *** indicate P-values ≤ 0.001, **** indicate P-values ≤ 0.0001, and ns indicates non-significance.





P. aeruginosa-Mediated Immunogenic Cell Death Promotes DC Maturation

To investigate whether bacteria-mediated tumor cell immunogenic cell death can active DCs’ function, we incubated DCs with bacteria treated- and none-treated tumor cells in vitro, respectively, and then the DC maturation and cytokines was assessed. We detected the cytokines release for the identification of DCs functional maturation. As expected, DCs responded to bacteria treated tumor cells with significant increase in cytokines secretion, including IL-1β, IL-6, MCP-1, and TNF-α (Figure 6). In line with these results, we also detected the ATP release of TC-1 cells under bacterial treatment. We found that ATP were sharply increased in the first one hour and then maintained a high level after a slight decrease (Figure 1C). Collectively, these results indicate bacteria treated tumor cells induced immunogenic cell death that triggered migration and maturation of DCs.




Figure 6 | Dying tumor cells trigger DC maturation. (A) Schematic diagram of incubation of DC2.4 with dying tumor cells. (B) The concentration of cytokines with IL-1β, IL-6, TNF-α, and MCP-1 in DC supernatant after treatment. (C) Histogram analysis of ATP releasement. One-way ANOVA and paired Student’s t-test was performed for comparisons. * indicate P-values ≤ 0.05 was considered significant, ** indicate P-values ≤ 0.01, and *** indicate P-values ≤ 0.001,  **** indicate P-value ≤ 0.0001.






Discussion

Herein, we have applied the immunotherapeutic role of bacteria P. aeruginosa in cancer therapy in a TC-1 grafted tumor model, which empowered local therapeutic and promoted a long-lasting anti-tumor immunity. Furthermore, we characterized a single, extremely low dose of bacteria incubation that triggered tumor cell PANoptosis not only in primary tumor sites but also suppressed distant untreated tumors. Our data suggest that treating with bacteria P. aeruginosa reshaped the systemic- and tumor-microenvironment, matured DCs, which result in a robust, durable anti-tumor immune response.

Bacteria has shown its anti-tumor propensity in the long history of cancer immunotherapy on the basis of these demonstrated theories: (1) The colonization and growth of bacteria consume oxygen and nutrition in tumor tissues; (2) Bacteria and their metabolites directly promote cell death; (3) The reconstructed tumor microenvironment enhances the capability to kill tumor cells and suppress tumor growth by immune cells. Although surgery is the most used clinical treatment, radiotherapy, chemotherapy, and immune checkpoint therapy also become prevailing for cancer treatment today. However, the high cost, drug resistance, and side-effects of these treatments narrow the clinical therapeutic applicability. Here, we used a single, extremely low dose of bacteria P. aeruginosa as a novel “oncolytic bacteria” to induce tumor necrotic cell death, and thus promote tumor regression at the primary sites and also inhibiting rechallenged tumor growth in the distant sites (Figures 1 and 2). Meanwhile, the theory of oncolytic bacteria has already been proved by other groups (32, 33). Recently, the SLC delivery system in the safe and widely applied programmed probiotics Ecoil Niddle 1917 that constitute produced nanobody antagonist of PD-L1, CTLA-4 (33), or CD475 combined with a controllable lysing mechanism, a minimized of toxicities in tumor tissues. The application of oncolytic bacteria successfully stimulated antitumor immunity, promoted tumor regression directly within the tumor microenvironment in multiple syngeneic mouse models for inhibiting primary tumor growth and distant metastasis colonization, indicating the application prospect of oncolytic bacteria in the further treatment.

Oncolytic bacteria is first identified by Danino T’ group, which possesses some natural advantages for cancer immunotherapeutic: (1) targeting effects, with the growth of tumor tissues, the immune-suppressed, and hypoxia TME provides the hotbed for facultative anaerobic bacteria and anaerobic bacteria colonization; (2) modifiable genome, the bacteria hold a huge genome that could be easily and widely applied for gene editing; (3) easy to grow, multiple cell culture powders have been developed for bacteria growth; (4) cheap, the costs for bacteria growth are cheap; (5) natural adjuvant effects, numerous evidence demonstrate that the bacteria ghosts, flagella, CPG, RNA, and DNA are ligands for TLR or NLR, which activate a natural immune pathway.

We employed P. aeruginosa to identify its potential role in antitumor response as a novel oncolytic bacterial. First, we defined that P. aeruginosa directly trigger tumor cell death in a necrotic-like death by increasing the activate form of phosphorylation- RIP3 and MLKL expression in tumor cells (Figure 3). Pervious works identified that expression of RIP1/3 and MLKL was not only necessary to the necroptosis pathway but also contributes to the immunogenic cell death in TC-1 tumor cells (29). The expression of RIP3 was found down-regulated over half of the test cancer cell lines, suggesting tumor cells evade necrotic cell death, which is an important immune escape mechanism (34, 35). Moreover, the hypoxia TME and promoted methylation also contribute in RIP3 regulation for antitumor response (34). In addition, the expression of MLKL was also found decreased in multiple tumor tissues including ovarian carcinoma, gastric cancer, colon cancers, and so on (36–38). Then, we found that bacteria also triggered high levels of caspase-3-dependent apoptosis and other cell death like necroptosis and NETosis in tumor tissues; in the meantime, cell proliferation was also decreased according to Ki67 detection (Figure 4). Our previous works indicated that no matter HBV virus-like particles- (VLPs) or bacterial outer membrane vesicles (OMVs)-based tumor vaccines, which directly deliver cytokines or tumor associated-antigens (TAAs), can suppress tumor growth and reconstituted the immune-suppressed tumor microenvironment (39–44). At last, our results also indicated oncolytic bacteria P. aeruginosa produced durable tumor regression and reshaped the systemic and tumor-infiltrating immune cells profile changes, especially IFN-γ- and IL-2-producing lymphocytes (Figure 5). More importantly, we found that NK and/or NKT cells were also remodeled by bacteria treatment. In summary, P. aeruginosa is proved to induce TC-1 tumor cell death efficiently as well as educate the host immune system in vitro and in vivo. Future modified and attenuated P. aeruginosa could be used in combination therapy such as surgery, chemotherapy, or radiotherapy for treatment of multiple-malignant tumors. For these tumor tissues that are difficult to remove surgically or have to undergo palliative resection, P. aeruginosa has potential to effectively suppress metastasis via direct intra-tumor injection (45) or spray-on metastases and lymphatic areas.

As one of the most important specific antigen presentation cells in the immune system, DCs perform robust antigen presentation capability. There are many advantages for DCs acting as APCs: (1) overexpression of MHC-II on the cell surface; (2) upregulated expression of antigen uptake and specific transport receptors; (3) effective antigen uptake, processing, and migration to T cell niches; (4) activate naïve T cells and promote T cell proliferation and differentiation; (5) enhance antigen presentation efficiency and activate T cell function. Notably, the expression of chemokine profile change is related to DCs differentiation, maturation, and realization of antigen presentation, which is the most important feature of DCs. It has been reported that chemokine CCR1, CCR2, CCR5, CXCR1, and CXCR2 are expressed on immature DCs, while CCR7 and CXCR4 are expressed on mature DCs. Excessive bacterial infection will definitely cause macrophages and/or DC cell death, but a moderate amount of bacterial infection can effectively activate DCs and help antigens presentation. So in Figure 1 we first evaluated the dose of P. aeruginosa in vivo, and we choose the lowest infection dose that causes minimal damage. Herein, oncolytic P. aeruginosa mediated dying tumor cell co-cultured with DC2.4 enhance cytokines release, representing the maturation of DC cells. The expression of MCP-1, which is a ligand of CCR2, located on DC membranes was upregulated in epithelial cell-derived tumor cells. Mature DCs may be caused by calcium influx and/or PI3K-MAPK single pathway activating, which needs be examined further. After stimulating with E7 peptides, IL-2-producing lymphocytes were increased (Figure 5B), which also could promote DC differentiation and regulate the transition of Th0 cells to Th1 cells. IFN-γ-producing lymphocytes (Figure 5B) from CTL, Th1, and/or NK cells can also directly promote tumor cell death in TME. The dying tumor cells can release HMGB1 (Figures 3G, H) that matured DCs through TLR-4-dependent manner. After matured DCs migrate to regional lymph nodes, tumor associated-antigens will be presented for stimulating T cell immune response. Overall, in our study, we found that the dying tumor cells significantly activated DC maturation.



Conclusion

In this study, we demonstrated P. aeruginosa was utilized as an efficient oncolytic bacterial anticancer therapy, which can modulate TME through activating tumor cell PANoptosis and DC maturation. Given the potency and excellent safety at the clinical level, our study further suggested a promising bacteria treatment within the anti-tumor immunotherapy strategies.
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Despite advances in neoadjuvant chemotherapy, outcomes for patients with osteosarcoma resistant to first-line chemotherapy have been dismal for decades. There is thus an urgent need to develop novel targeted drugs to effectively treat refractory osteosarcoma. Dysregulation in the PI3K/AKT pathway has been observed during the development of osteosarcoma. Herein, we first evaluated p-AKT (Ser473) expression levels in osteosarcoma tissue using high-throughput tissue microarrays. Then, we demonstrated the role of pictilisib, a novel potent PI3K inhibitor, in osteosarcoma and related osteolysis. Functional studies of pictilisib in osteosarcoma cell lines and bone marrow-derived macrophages were performed in vitro. Patient-derived xenografts and orthotopic mouse models were used to assess the effects of pictilisib in vivo. The results showed that positive p-AKT expression levels after neoadjuvant chemotherapy were significantly associated with tumor cell necrosis rate. Pictilisib effectively inhibited the proliferation of osteosarcoma through G0/G1-S phase cell cycle arrest, and enhanced the sensitivity of osteosarcoma to doxorubicin, although it failed to induce cell apoptosis alone. In addition, pictilisib inhibited differentiation of osteoclasts and bone resorption in vitro and tumor-related osteolysis in vivo via inhibition of the PI3K/AKT/GSK3β and NF-κB pathways. Pictilisib combined with conventional chemotherapy drugs represents a potential treatment strategy to suppress tumor growth and bone destruction in p-AKT-positive patients.
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Introduction

Osteosarcoma (OS) is the most frequent primary malignant bone tumor and occurs mainly in the young (1, 2). Currently, the standard therapy for newly diagnosed OS consists of four to six cycles of neoadjuvant chemotherapy with cisplatin, doxorubicin (DOX), methotrexate, and ifosfamide after biopsy. With this combination of drugs, the 5-year survival rate in non-metastatic OS patients has increased to 50–70%. However, the survival rate has not improved since the mid-1980s owing to a lack of targeted drugs (3, 4). Accumulating evidence indicates that activation of the PI3K/AKT pathway has a critical oncogenic role in the initiation and progression of OS (5). Enrichment of mutated genes in the PI3K/AKT pathway in the early and late stages of OS has been demonstrated by next-generation sequencing (6); alterations of genes in this pathway were detected in 24% of OS patients (7). Activation of the PI3K/AKT pathway has also been observed in the majority of OS cell lines by detecting kinome and mRNA expression profiling (8). Moreover, research suggests that the PI3K/AKT pathway contributes to multiple pathological processes of OS, including tumorigenesis, proliferation, invasion, cell cycle progression, lung metastasis, and chemoresistance (5). Ji et al. found that the expression of p-AKT (Ser473) was negatively correlated with tumor cell necrosis rate (TCNR) after chemotherapy (9). Thus, the PI3K/AKT signaling pathway is a potential source of therapeutic targets.

OS is an osteoblastic tumor, but many studies have shown that osteoclasts have a vital role in its progression (10–12). OS tumor cells originating from osteoblasts produce receptor activator of nuclear factor kappa B ligand (RANKL), which regulates the differentiation of bone marrow-derived macrophages (BMMs) into bone-resorbing osteoclasts expressing activator of nuclear factor kappa B (RANK). OS-activated osteoclasts continuously destroy mineralized bone matrix, resulting in the release of growth factors including transforming growth factor-β (TGF-β), insulin like growth factor-1 (IGF-1), fibroblast growth factor (FGF), and bone morphogenetic protein (BMP), and providing a niche microenvironment for OS cells (11). Based on evidence from bone metastasis, a “vicious cycle” involving osteoclasts, osteoblasts, and sarcoma cells has been hypothesized to occur during the development of OS. In a recent study by Francois et al., overexpression of osteoprotegerin, a soluble decoy receptor, in a mouse model of OS did not directly affect proliferation of tumor cells but indirectly decreased tumor growth by blocking the vicious cycle of tumor cell proliferation and bone resorption (13). The formation of osteoclasts is mainly regulated by RANKL and macrophage-colony stimulating factor (M-CSF), both of which initiate the activation of various downstream pathways including the PI3K/AKT and NF-кB signaling pathways. Thus, osteoclasts could be exploited as therapeutic targets (14).

With a greater understanding of the pathogenesis, progression, and microenvironment of OS at a molecular level, targeting the PI3K/AKT pathway may be a promising therapy for OS. The most direct approach to blocking the PI3K/AKT pathway is to target PI3K itself. The catalytic PI3K family consists of three classes (I–III), of which class I PI3Ks are the most relevant to cancers owing to their role in regulating cell proliferation and tumorigenesis (15). Inactivated PI3K cannot convert its substrate phosphatidylinositol 4,5-biphosphate into phosphatidylinositol 3,4,5-triphosphate. Thus, the downstream effector AKT is not phosphorylated. Pictilisib, also known as GDC-0941, inhibits all four class I PI3K p110 isoforms (16, 17) and has been shown to have significant efficacy in preclinical breast cancer and advanced solid tumors, with tolerable side effects (18–20).

In the present study, we investigated the ability of pictilisib to decrease proliferation and related osteolysis in OS cell lines in vitro and in two mouse models in vivo.



Materials and Methods


Human Osteosarcoma Tissue Microarray

A total of 60 tumor samples from 31 individual OS patients at Shanghai Sixth People’s Hospital between 2014 and 2018 were used to construct a high-throughput tissue microarray. These tissue blocks consisted of 29 biopsy samples, 31 resection samples obtained after chemotherapy, and five normal bone marrow tissue samples from patients with OS. Related clinical information was collected for all participants, including sex, age, location, Enneking stage, and chemotherapy response. Five-millimeter paraffin-embedded tissue section slides for tissue microarray were baked for 2 h at 60°C, deparaffinized in xylene, and then transferred through graded ethanol for rehydration. After heat-induced epitope retrieval, the endogenous peroxidase was quenched with 3% hydrogen peroxide. Proteins were incubated with rabbit anti-human p-AKT (Ser473) antibody (#4060, 1:100, Cell Signaling Technology, USA) at 4°C overnight. We next evaluated the expression of p-AKT (Ser473) using immunohistochemistry (IHC). The immunostaining density of p-AKT was classified as follows: 0, no staining; 1+, weak staining; 2+, moderate staining; and 3+, intense staining. No specific staining with p-AKT was observed in ordinary bone tissue. The project was approved by the ethics committee of Shanghai Sixth People’s Hospital.



Drugs, Cell Lines, and Culture Conditions

Pictilisib (C23H27N7O3S2; MW, 513.64; purity, ≥99%) Doxorubicin hydrochloride (C27H29NO11*HCl; MW, 579.99; purity, 99.37%), and dimethyl sulfoxide (DMSO) were purchased from TargetMol (Shanghai, China) and stored at −20°C. Four OS cell lines (MG-63, U2OS, Saos2, and 143B) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% penicillin/streptomycin. Primary BMMs were isolated from C57BL/6 mice and cultured in α-modified Eagle’s medium supplemented with 1% penicillin/streptomycin, 10% FBS, and 30 ng/ml M-CSF at 37°C and 5% CO2 (21). Recombinant murine M-CSF and RANKL were obtained from R&D Systems (Minneapolis, MN, USA).



Cell Viability Assay

The cell viability assay was performed as previously described (22). BMMs and OS cells were seeded in 96-well plates in DMEM (1 × 103cells/well) in triplicate. Half-maximal inhibitory concentration (IC50) values were determined using a Cell Counting Kit-8 (Dojindo, Japan) on OS cell lines after treatment with escalating doses of pictilisib (from 0 to 10 μM) at time points from 24 to 72 h. Absorbance was measured at 450 nm on an ELx800 microplate reader (Bio-Tek Instruments, USA). The IC50 of pictilisib was calculated using the Prism v.5.0c software (GraphPad, San Diego, CA).



Cell Cycle Analysis

Tumor cells were seeded in six-well dishes and incubated with a range of concentrations of pictilisib (from 0 to 5 μM) for 24 h. Floating and adherent cells were collected by trypsinization and washed with phosphate-buffered saline (PBS). Cells were incubated in 70% ethanol at −4°C overnight, treated with RNase A, then stained with propidium iodide (PI). Cell cycle distribution was determined using flow cytometry (CytoFLEX, Beckman Coulter, USA) and DNA cell cycle analysis software (ModFit LT, USA).



Detection of Apoptotic Cells

Apoptosis of MG-63 and U2OS cells treated with pictilisib and/or DOX at various concentrations was assessed using a FITC Annexin V Apoptosis Detection Kit I (Becton Dickinson, USA) according to the manufacturer’s instructions. Treated cells were resuspended at a density of 1 × 106 cells/ml in 100 μl binding buffer, then incubated with 5 μl PI and 5 μl Annexin V-FITC for 15 min at room temperature. Detection of apoptotic cells was performed using a flow cytometer (CytoFLEX, Beckman Coulter, USA).



Osteoclast Differentiation and Resorptive Function Assay In Vitro

To assess osteoclast differentiation, BMMs were seeded at a density of 1 × 104 cells/well in 96-well plates, stimulated with 30 ng/ml M-CSF and 50 ng/ml RANKL, and treated with the appropriate concentrations of pictilisib for approximately 7 days. Fresh media containing these two factors were changed every other day until multinucleated osteoclasts had formed in the RANKL-only control wells. After fixed with 4% paraformaldehyde for 30 min, cells were stained using a tartrate-resistant acid phosphatase (TRAP) kit. Digital images were captured with an optical light microscope (Olympus, Tokyo, Japan). The ImageJ software (NIH, Bethesda, MD, USA) was used to analyze the numbers and area of TRAP-positive osteoclasts with at least three nuclei.

For the bone resorption assay, BMMs were seeded in six-well plates and cultured with 30 ng/ml M-CSF and 50 ng/ml RANKL until small osteoclasts were observed. Then, the cells were reseeded in phosphate-coated Osteo Assay Stripwell Plates (Corning, NY, USA) in triplicate. Cells were incubated in media containing various concentrations of pictilisib (0, 0.5, 1, 2 μM) together with 30 ng/ml M-CSF and 50 ng/ml RANKL until day 7, when mature osteoclasts were observed. Osteoclasts were removed using 10% sodium hypochlorite solution. Subsequently, resorption pits were imaged under a light microscope (Leica, Wetzlar, Germany). The resorption pit area was analyzed with ImageJ software (NIH, Bethesda, MD, USA).



Western Blotting

Treated cells were lysed with radio-immunoprecipitation assay and a phosphatase inhibitor (Sigma, MO, USA). Total protein extracts were separated by sodium dodecyl polyacrylamide gel electrophoresis and then transferred to polyvinylidene fluoride membranes for western blotting. The membranes were blocked with 5% skimmed milk for 1 h at room temperature, incubated with primary antibody (1:1,000) overnight at 4°C, and then with secondary antibodies (1:5,000) for 1 h. Finally, membranes were developed using an enhanced chemiluminescence substrate. Detailed information about antibodies is available in the supplemental files.



Establishment of Patient-Derived Xenograft Model

Four-week-old female BALB/c nude mice were purchased from Shanghai Laboratory Animal Research Center (Shanghai, China). Three fresh surgical specimens with p-AKT-positive staining were obtained from different individuals with OS and cut into 1–3mm3 fragments under sterile conditions. Subsequently, they were implanted subcutaneously into three nude mice within 2 h. Only one tumor specimen, from a 15 year-old girl with chemotherapy-resistant OS, was successfully used to generate an experimental patient-derived xenograft (PDX) model. When the subcutaneously implanted tumors grew to approximately 1,000 mm3, they were dissected and passaged to other mice in preparation for subsequent studies. When tumors grew to approximately 100 mm3, they were randomly separated into four groups (n = 5) and treated with PBS [intragastric (i.g.) administration, every other day]; 50 mg/kg pictilisib (i.g. administration, every other day); 2 mg/kg DOX [2-day continuous intraperitoneal (i.p.) injection per week]; or 50 mg/kg pictilisib and 2 mg/kg DOX (i.g. administration, every other day and 2-day continuous i.p. injection per week). Tumor volumes were calculated every 7 days by the following standard formula: (length × width2)/2. After 28 days of treatment, all the mice were sacrificed, and the tumors were harvested and weighed. The animal study was approved by the Animal Ethics Committee of Shanghai Sixth People’s Hospital (Shanghai, China).



Cell-Derived Orthotopic Mouse Model

An orthotopic mouse model was established using 143B-luc to evaluate the effects of pictilisib on tumor progression and bone absorption in vivo. Initially, 1 × 106 cells were suspended in 100 μl BD Matrigel TM Matrix (Becton, USA) and subcutaneously injected into the back of one mouse. Three weeks later, the tumor sample was cut into 1 × 1 × 1 mm3 pieces. The left posterior limb of each nude mouse, anesthetized by chloral hydrate, was cut in the proximal part of the tibia, and one tumor fragment was inserted on the surface of tibia. After 2 weeks, the mice were randomly divided into four groups (n = 5) and treated as follows: 143B with PBS (i.g. administration), 143B with pictilisib (50 mg/kg, i.g. administration, every other day), 143B with pictilisib (100 mg/kg, i.g. administration, every other day), or 143B with pictilisib (50 mg/kg, i.g. administration, every other day) and DOX (2 mg/kg, 2-day continuous i.p. injection per week). Body weight of mice was measured at 1-week intervals for 4 weeks. In vivo bioluminescence imaging was performed to observe the progression of tumors at days 0, 14, and 28. After sacrifice, the left posterior limb of each nude mouse in each group was weighed.



Micro-Scanning and Radiological Analyses

Destruction of fixed tibiae mediated by tumors was analyzed using a high-resolution micro-CT scanner (μCT-100; SCANCO, Bröttisellen, Switzerland). Parameters were set to an isometric resolution of 1–10 mm and X-ray energy settings of 70 kV and 200 μA. After reconstruction, the bone volume to total volume (BV/TV) ratio was measured in the region of interest.



Immunohistochemistry, Ki67, and Hematoxylin and Eosin Staining

Fresh tumor samples and primary organs were fixed in 10% formalin and embedded in paraffin before sectioning and staining. Tumor specimens were stained with anti-human p-AKT (Ser473) antibody (#4060, 1:100, Cell Signaling Technology, USA) and anti-human cleaved caspase-3 (Asp175) (#9661, 1:400, Cell Signaling Technology, USA) antibody. Ki67 staining was performed to evaluate the proliferation of tumors with anti-ki-67 antibody (1 μg/ml, Abcam, Cambridge, MA). H&E staining was performed to assess the toxic effects of pictilisib on the heart, lung, liver, and kidney.



Statistical Analysis

Statistical analysis was performed using SPSS version 18.0 software (IBM Corporation, Chicago). Data are shown as the mean ± SD of three independent experiments. Differences between experimental and control groups were calculated by two-tailed student’s t-tests. Correlations between p-AKT (Ser473) and expression levels and pathological features of patients with OS were analyzed by both χ2-test and student’s t-test. P <0.05 was regarded as significant for all statistical analyses.




Results


p-AKT Is Partly Positive in Human Osteosarcoma Tissues and Negatively Correlated With Tumor Cell Necrosis Rate After Chemotherapy

Tissue microarray analysis with 60 OS samples and five normal bone marrow samples was conducted to assess the expression levels of p-AKT (Ser473) using IHC. Clinical information of OS patients is shown in Table 1. Positive staining for p-AKT proteins manifested as purple particles in the cytoplasm, ranging from no staining (0, 28/60, 46.7%), weak staining (1+, 17/60, 28.3%), and moderate staining (2+, 10/60, 16.7%) to intense staining (3+, 5/60, 8.3%). Normal bone marrow tissue was used as a negative control group with no staining (Figure 1A). Subsequently, the correlations between p-AKT (Ser473) expression levels in biopsy samples and specimens after chemotherapy were analyzed. The p-AKT-positive rate in biopsy samples was significantly higher than that in specimens after chemotherapy (75.9 vs 32.2%, P = 0.002) (Figure 1B). Our results also confirmed that p-AKT (Ser473) had a significant correlation with TCNR after chemotherapy (χ2 = 11.487, P = 0.002) (Figure 1D), that is, positive p-AKT after chemotherapy was considered to be a sign of poor response to chemotherapy (TCNR <90%). By contrast, there was no significant difference between expression levels of p-AKT in biopsy samples and TCNR (χ2 = 0.758, P = 0.954) (Figure 1C) (Table 2).


Table 1 | Demographic data for patients with OS.






Figure 1 | Immunohistochemistry staining of p-AKT (Ser473) in human OS tissue microarray and correlations between expression levels of p-AKT and drug resistance at different stages. (A) Representative images of different intensities of p-AKT staining in tissue microarray: 0, no staining; 1+, weak staining; 2+, moderate staining; 3+, intense staining. Bone marrow tissue was used as a negative control. (B) Comparison of p-AKT staining scores in biopsy and OS specimens. (C) Comparison of p-AKT staining scores between chemotherapy-resistant and chemotherapy-sensitive groups in biopsy samples (D) Comparison of p-AKT staining scores in post-chemotherapy specimens between chemotherapy-resistant and chemotherapy-sensitive groups ***P < 0.001; ns, no significance.




Table 2 | Correlations between p-AKT (Ser473) expression level and chemotherapy response.





Inhibitory Effect of Pictilisib Against Osteosarcoma Depends on the Induction of Cell Cycle Arrest, and Pictilisib Enhances the Sensitivity to Chemotherapy

To determine the effects of pictilisib (Figure 2A) on cultured OS cells, a CCK8 assay was performed on a panel of OS cell lines (MG-63, U2OS, Saos2, and 143B). The results showed that pictilisib dose-dependently inhibited OS cell proliferation for 24, 48, and 72 h (Figure 2B). At least 48 h was required for pictilisib to exert a significant inhibitory effect on OS cells, and MG-63 cells showed a strong response with the lowest IC50. Among the four OS cell lines, 143B was the least sensitive to pictilisib (Figure 2C). Next, cell cycle and apoptosis assays were performed to investigate how pictilisib inhibited proliferation of OS cells. We found that the majority of tumor cells were arrested in G0/G1-S phase by stepwise concentrations of pictilisib, in contrast to untreated cells (Figures 2D, E). The apoptosis assays revealed no significant difference over a range of concentrations of pictilisib (0–2 μM) (Supplemental Figures 1A, B). Thus, pictilisib exerted its inhibitory effect against OS via cell cycle arrest rather than induction of apoptosis. Considering the correlation between p-AKT expression levels and chemotherapy resistance in OS, we investigated whether pictilisib sensitized OS cells to chemotherapy. The results of the CCK8 assays indicated that pictilisib at a low concentration (1 μM) failed to affect the viability of more than 90% of  OS cells. However, this low concentration increased the rate of inhibition of OS cell proliferation by DOX (0.5 μg/ml) by approximately 20% (Figure 3A). In addition, flow cytometry showed that pictilisib alone had no effect on apoptosis of OS cells on concentrations ranging from 0 to 2 μM (Supplemental Figure 1A). However, we found 1 μM pictilisib increased DOX-mediated apoptosis by at least ten percentage ponits although it did not induce apoptosis of tumor cells over 24 h alone (Figures 3B, C).




Figure 2 | Pictilisib inhibited cell proliferation by inducing cell cycle arrest. (A) Chemical structure of pictilisib. (B, C) OS cell lines were treated with pictilisib at the indicated concentrations for 24, 48, and 72 h. IC50 values for the four OS cell lines were determined by CCK8 assays and are reported in the table. (D, E) Cells treated with pictilisib at the indicated concentrations for 24 h were stained with PI for flow cytometric analysis and analyzed by ModFit. Percentages of G0/G1, S, and G2 phase cells after treatment with the indicated concentrations of pictilisib. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001, ns, no significance.






Figure 3 | Low-dose pictilisib failed to induce cell apoptosis but enhanced sensitivity of OS cells to DOX. (A) Cells were treated with 1 μM pictilisib with or without 0.5 μg/ml DOX, and CCK8 assays were performed to evaluate cell viability. (B, C) Percentages of apoptotic cells treated with 1 μM pictilisib with or without 0.5 μg/ml DOX for 24 h were detected by using a flow cytometry. *P < 0.05, **P < 0.01, ***P < 0.001, ns: no significance.





Pictilisib Impairs Receptor Activator Of Nuclear Factor Kappa B Ligand-Induced Osteoclast Differentiation and Osteoclastic Bone Resorption In Vitro

To examine the effects of pictilisib on osteoclast differentiation, BMMs were induced by 30 ng/ml M-CSF and 50 ng/ml RANKL with various doses of pictilisib (0, 0.5, 1, and 2 μM). The cellular morphology of BMMs was captured under a microscope after TRAP staining on day 7. The control group formed typical well-spread “pancake-shaped” multinucleated osteoclasts with positive TRAP staining. The inhibitory effect of pictilisib was enhanced with increasing concentration. The progression from RANKL-dependent BMMs to mature osteoclasts was totally blocked by 2 μM pictilisib (Figure 4A). TRAP-positive cell numbers and areas of osteoclasts per well were calculated and analyzed (Figure 4B). Next, a phosphate-coated bone plate was prepared to examine osteoclastic bone resorption. In the control groups without pictilisib, osteoclasts extensively eroded the calcium coating of the bone-mimicking plates. However, the bone absorption function was attenuated by pictilisib in a dose-dependent manner. With 2 μM pictilisib, bone resorption was almost completely abolished in osteoclasts (Figures 4C, D). Overall, the results demonstrated that pictilisib could inhibit RANKL-induced osteoclast differentiation and osteoclastic bone resorption in vitro. In addition, a CCK-8 assay was performed to evaluate the cell viability of BMMs cultured with pictilisib at a range of concentrations. Pictilisib exhibited no cytotoxicity to BMMs at concentrations below 10 µM for 48, 72, and 96 h (Figure 4E).




Figure 4 | Pictilisib inhibited formation and bone absorption of RANKL-induced osteoclasts in vitro. (A) Representative images of TRAP-stained multinucleated osteoclasts following treatment with a range of concentrations of pictilisib, 30 ng/ml M-CSF, and 50 ng/ml RANKL for 6 days. (B) The number and area of TRAP-positive osteoclasts with at least three nuclei were measured. (C, D) BMMs were seeded on a phosphate-coated bone plate in the presence of pictilisib at various concentrations, 30 ng/ml M-CSF, and 50 ng/ml RANKL. At day 7, the resorption pit area was analyzed with ImageJ. (E) The proliferation and viability of BMMs treated with a range of concentrations of pictilisib were measured by CCK-8 assay at 48, 72, and 96 h. *P < 0.05, **P < 0.01, ***P < 0.001,  ns: no significance.





Pictilisib Inhibits AKT Phosphorylation and Its Downstream Effectors

Initially, pictilisib was designed to suppress tumor proliferation and overcome resistance to antiestrogen therapy in breast cancer via inhibition of all four class I PI3K isoforms (20). The most important downstream effector of PI3K activation is thought to be AKT. Thus, we detected p-AKT expression levels in OS cell lines after treatment with pictilisib. The western blotting results indicated that AKT activation, as evidenced by a reduction in phosphorylation at Ser-473, was inhibited by pictilisib in a dose- and time-dependent manner. Next, we analyzed the expression of downstream genes related to the cell cycle and apoptosis. cyclin D1, cyclin E, and CDK4 were significantly down-regulated in the pictilisib groups compared with the negative control groups (Figures 5A, B). These genes encode key proteins involved in the G0/G1-S transition of the cell cycle. There were no significant changes in the expression of cleaved poly(ADP ribose) polymerase (PARP) and cleaved caspase-3 over a range of concentrations of pictilisib (Supplemental Figure 1C), but the addition of pictilisib enhanced their expression (Figures 5C, D). Together, these results demonstrate that pictilisib inhibited the proliferation of OS cell lines via inducing cell cycle arrest at G0/G1 phase and increased their sensitivity to DOX.




Figure 5 | Pictilisib inhibited the phosphorylation of AKT and downstream signaling pathways. (A) Western blot analysis was performed to detect total AKT and phosphorylation of AKT in OS cells treated with 2.5μM pictilisib at 0, 6, 12, and 24 h, and with different pictilisib concentrations (0, 1.25, 2.5, and 5 μM) over 24 h. Proteins related to regulation of the cell cycle were detected by western blotting; these included cyclin D1, CDK4, P21, and cyclin E1. (B) Quantitative densitometric analysis of p-AKT compared with t-AKT; cyclin D1 and P21 were normalized to GAPDH. (C) Total protein extracted from cells treated with 1 μM pictilisib with or without 0.5 μg/ml DOX for 24 h. Apoptosis was evaluated by detection of cleaved PARP and caspase-3 by western blotting. (D) Quantitative densitometric analysis of p-AKT compared with t-AKT; cyclin D1 and P21 were normalized to β-actin *P < 0.05, **P < 0.01, ***P < 0.001.



The AKT/GSK3β pathway is known to be associated with regulation of NFATc1 during osteoclast differentiation (23). Our results showed that pictilisib effectively inhibited the expression of p-AKT (Ser473) and p-GSK3β (Ser9) compared with their total protein contents in BMMs (Figures 6A, C). To confirm that the downstream NF-κB pathway was also inhibited by pictilisib, the expression levels of p65 and p-p65 (Ser563) were measured by western blotting. In control groups, we observed that NF-κB p-65 (Ser563) was rapidly phosphorylated by RANKL stimulation (Figures 6A, C). Therefore, the target genes NFATc1 and c-fos were upregulated; these genes encode key transcription factors required for osteoclast differentiation. However, this process was attenuated by the addition of pictilisib (Figures 6B, D). Thus, the inhibitory effect of pictilisib on osteoclast differentiation may involve modulation of the AKT/GSK3β and NF-κB signaling pathways.




Figure 6 | Pictilisib treatment impaired RANKL-induced activation of AKT/GSK3β  and NF-кB signaling pathways, leading to down-regulation of NFATc1 and c-Fos expression. (A) Total cellular proteins were extracted from BMMs stimulated with 50 ng/ml RANKL with or without 2 μM pictilisib for 0, 5, 10, 20, 30, and 60 min and subjected to immunoblotting analysis against total and phosphorylated forms of AkT, GSK3β, and NF-кB p65. (B) Quantitative densitometric analysis of p-AkT, p-GSK3β, and p-p65 compared with total protein, respectively. (C) BMMs were cultured with 30 ng/ml M-CSF and 50 ng/ml RANKL with or without 2 μM pictilisib for 0, 1, 3, and 5 days, and protein levels of c-Fos and NFATc1 normalized to that of GAPDH were measured. (D) Quantitative densitometric analysis of c-Fos and NFATc1 normalized to GAPDH. *P < 0.05, **P < 0.01, ***P < 0.001.





Pictilisib Enhances the Sensitivity of Osteosarcoma to Doxorubicin in Patient-Derived Xenograft Models

In recent years, PDX technology has offered more accurate and reliable preclinical models of cancer. Tumor fragments from established models were subcutaneously implanted in the dorsal flanks of BALB/c nude mice. A low dose of pictilisib (50 mg/kg) alone failed to significantly suppress tumor growth compared with the control, but 50 mg/kg pictilisib combined with 2 mg/kg DOX effectively reduced tumor volumes to the size smaller than the initial one over a period of 28 days (Figures 7A, B). Tumor weight following treatment with the combination of drugs were lower than those following treatment with either pictilisib or DOX alone (Figure 7C). Next, we determined the protein levels of p-AKT (Ser475) and cleaved caspase-3 (Asp175) to test whether pictilisib could enhance the antitumor effects of DOX by downregulating phosphorylation of AKT and upregulating cleaved caspase-3 (Asp175). The results from the PDX model showed that 50 mg/kg pictilisib combined with 2 mg/kg DOX inhibited almost phosphorylation of AKT and significantly elevated the expression of cleaved caspase-3 protein. In addition, Ki-67 staining demonstrated that this combination of pictilisib and DOX reduced the cell population in the proliferative phase compared with single drug treatment (Figure 7D). Finally, sections of organs including heart, liver, and kidney were stained with H&E to examine their morphology and assess the toxic effects of treatment (Supplemental Figure 2A).




Figure 7 | Pictilisib suppressed tumor growth and enhanced sensitivity of chemotherapy in PDX animals. Surgical specimens from a girl with OS were subcutaneously implanted in the abdominal walls of BALB/c-nu mice (n = 5 per group). After 3 weeks, mice were treated with 50 mg/kg pictilisib and/or 2 mg/kg DOX. (A) Gross view of tumor specimens from different treatment groups. (B) Tumor volumes were calculated once a week following a standard formula: (length × width2)/2. (C) Tumor sections were weighed on day 28. (D) IHC and ki-67 staining were used to measure p-AKT (Ser473) and cleaved-caspase3 (c-caspase3) expression and the degree of proliferation in samples from different groups. *P < 0.05, **P < 0.01, ***P < 0.001.





Pictilisib Slows Tumor Growth in an Orthotopic Model and Reduces Tumor-Induced Osteolysis

The therapeutic value of pictilisib was studied in an orthotopic mouse model of OS using the 143B-luc cell line. Tumors of 1 × 1 × 1 mm3 in size were implanted on the surfaces of the left tibiae of mice. The mice received treatment of 50 or 100 mg/kg pictilisib and/or 2 mg/kg DOX for 4 weeks. Mice treated with the low or high dose of pictilisib showed slower tumor growth compared with control mice. Besides, the combination treatment with pictilisib and DOX significantly reduced tumor sizes (Figures 8A, B). Nevertheless, weight of mice was not significantly affected by pictilisib (Figure 8C). Luciferase imaging was performed on days 0, 14, and 28 to observe changes in tumor size (Figure 8D). Next, the role of pictilisib in tumor-induced osteolysis was assessed by X-ray analysis and high-resolution micro-CT. In control groups, pathological fracture was induced by severe osteolysis. Treatment with pictilisib at a dose of 100mg/kg reduced OS-mediated bone destruction (Figure 8E). Quantitative analyses of bone morphometric parameters demonstrated that pictilisib markedly increased BV/TV in the region of interest (Figure 8F).




Figure 8 | Pictilisib inhibited the growth of tumors and OS-induced osteolysis in orthotopic mouse models. 143B cells expressing luciferase were injected into the backs of mice, then 1 × 1 mm pieces from tumors were embedded into a site adjacent to the left proximal tibia. Mice were treated with PBS, 50 mg/kg pictilisib, 100 mg/kg pictilisib, or 50 mg/kg pictilisib + 2 mg/kg DOX for 28 days. (A) Representative photos of left posterior limb from each group after sacrifice. (B) The weights of left legs with tumors were measured on day 28. (C) Changes in weight of each group on average after treatment. (D) Tumor growth was monitored by measuring luciferase activity in tumor-bearing mice after treatment on days 0, 14 and 28. (E) Tumor-induced osteolysis was measured by X-ray and micro-CT on day 28. Typical X-ray and three-dimensional reconstructed images are shown. (F) Quantitative analyses of BV/TV in the region of interest. **P < 0.01, ***P < 0.001.






Discussion

OS is the most common primary malignant bone tumor and occurs mainly in children and adolescents. The introduction of neoadjuvant chemotherapy in the 1970s led to a dramatic increase in overall survival rates from 20 to 50–70%, but many novel therapeutic approaches developed over the past 40 years have failed to achieve higher cure rates (3). Targeted therapies have achieved great success in some malignant bone and soft-tissue sarcomas (24–26), there is now a critical need to develop new targeted drugs to improve clinical outcomes in OS. Targeting PI3K represents a potential strategy to treat OS (27). Here, we found that 75.9% patients who provided biopsy samples were p-AKT positive; this was significantly higher than the 32.2% of patients after multi-drug chemotherapy. Our findings confirmed that positive expression of p-AKT after chemotherapy was associated with lower TCNR (<90%). This indicated that neoadjuvant chemotherapy effectively eliminated the majority of tumor cells owing to strong proliferation signals in most patients. The remaining p-AKT-positive patients showed a poor response to chemotherapy. TCNR following chemotherapy is well known to have a strong influence on patient survival and prognosis. Thus, molecular inhibition of the PI3K/AKT pathway may be an alternative strategy for treatment of patients with positive expression of p-AKT before or after surgery.

Pictilisib, a selective and potent oral inhibitor of class I PI3K, was initially developed for the treatment of advanced breast cancer in combination with bevacizumab, trastuzumab, or letrozole (20). Here, we found that the proliferation of several different OS cell lines could be inhibited by pictilisib to varying degrees; it had the most powerful effect on MG-63 cells, whereas 143B cells were slightly inhibited. In another study, 143B cells harboring an oncogenic KRAS transformation did not show any response to MK-2206, an AKT inhibitor, at concentrations below 5 μM. Kuijjer proposed that insensitivity to inhibition of the AKT pathway was mainly caused by activation of the Ras/Raf/ERK pathway, based on differences in kinome profiles of 143B cells treated with or without MK-2206 (8). Next, we demonstrated that the inhibition of OS depended on cell cycle arrest in G0/G phase in vitro. Cyclin D1 is known to have a key role in G1 to S phase transition and to act as a downstream target of p-AKT. In addition, overexpression and amplification of cyclin D1 have been detected in 22 and 4% of OS samples, respectively (28). However, according to the flow cytometry and western blotting analyses, pictilisib did not affect apoptosis rates in OS cell lines. Another study showed that NVP-BEZ235, a dual PI3K/mTOR inhibitor, was also unable to induce apoptosis of OC cell lines (29). This may have been because of the activation of the MEK/Erk pathway (30). Pictilisib showed a stronger inhibitory effect when combined with DOX, indicating that pictilisib may improve sensitivity to chemotherapy by reducing the occurrence of drug-resistant cells.

Further, the “seed and soil” theory of cancer is widely accepted, and the OS microenvironment is composed of bone matrix including osteoclasts, osteoblastomas, fibrocytes, and endothelial cells. Previous studies have suggested that osteoclasts provide “nutrition” for OS but increase the risk of lung metastasis if they are inhibited at a late stage (31). In our research, TRAP-positive osteoclasts were efficiently inhibited by pictilisib in vitro via down-regulation of the AKT/GSK3β/NFATc1 and NF-κB pathways. We tested the efficiency of pictilisib in inhibition of tumor growth and tumor-induced osteolysis in orthotopic mice models. In other studies, zoledronic acid alone or combined with ifosfamide showed good results (32, 33). However, we failed to observe lung metastasis in any group, so it was unclear whether pictilisib had an effect on lung metastasis (Supplemental Figure 2B). In our study, lipopolysaccharide (LPS)-induced osteolysis was also inhibited by pictilisib in a mouse calvaria model (Supplemental Figures 3A–F). Inflammation-induced osteolysis and tumor-mediated bone destruction have shared downstream pathways involving interaction between RANKL and RANK in activation of osteoclasts (Figure 9). These include the AKT/GSK3β/NFATc1 and NF-κB pathways, which are the main regulators of differentiation and activation of osteoclasts (34, 35). A limitation of pictilisib is its lack of a cytotoxic effect; thus, it is necessary to combine it with other cytotoxic drugs.




Figure 9 | Schematic of the effects of pictilisib on OS cells and osteoclasts in the tumor microenvironment. In brief, pictilisib inhibited proliferation of OS via cell cycle arrest rather than induction of cell apoptosis. In addition, pictilisib enhanced the sensitivity of OS cells to DOX. Further, tumor-induced osteolysis was effectively prevented by pictilisib.



Overall, our findings indicate that pictilisib combined with standard chemotherapy may be an efficient treatment for patients with positive p-AKT (Ser473) expression.
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Supplementary Figure 1 | Low-dose pictilisib failed to induce apoptosis of OS cells (MG-63, U2OS). (A, B) Apoptotic cells induced with a range of concentrations of pictilisib were detected by flow cytometry. Proportions of apoptotic cells were compared among the four groups. (C) Expression of cleaved PARP and caspase-3 was evaluated by western blotting. *P < 0.05. ns, no significance.

Supplementary Figure 2 | H&E staining of organs was performed to assess the toxicity of pictilisib in PDX models and lung metastasis in orthotopic models. (A) H&E staining of sections of heart, lung and kidney in the four groups. (B) H&E staining of sections of lung samples from orthotopic models.

Supplementary Figure 3 | Pictilisib reduced osteolysis caused by LPS-induced inflammation in vivo. Collagen sponges soaked with PBS (control) or 10 mg/kg LPS were implanted over murine calvarias, and mice received subcutaneous injection of PBS or pictilisib (20 nM or 2 μM) over the sagittal middle suture of the calvaria for 10 days. (A) Representative three-dimensional micro-CT reconstructed images of mice calvaria. (B–E) Quantitative morphometric analyses of BV/TV (%), number of pores, bone mineral density(BMD) (mg/cc), and porosity as a percentage. (F) Representative images of H&E (×50 and ×100) and TRAP (×100 and ×200) staining in control and treatment groups. *P < 0.05, **P < 0.01, ***P < 0.001.
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An association between acute-phase proteins (APPs) and cancer has long been established and there are numerous reports correlating altered levels and/or molecular forms of APPs with different types of cancers. Many authors have shown a positive correlation between high levels of APPs, like alpha1-antitrypsin (AAT), and unfavorable clinical outcome in cancers. Conversely, others proposed that high levels of APPs are probably just a part of nonspecific inflammatory response to cancer development. However, this might not be always true, because many cancerous cells produce or take up exogenous APPs. What is the biological significance of this and what benefit do cancer cells have from these proteins remains largely unknown. Recent data revealed that some APPs, including AAT, are able to enhance cancer cell resistance against anticancer drug-induced apoptosis and autophagy. In this review, we specifically discuss our own findings and controversies in the literature regarding the role of AAT in cancer.




Keywords: cancer cells, alpha1-antitrypsin, acute phase proteins, apoptosis, autophagy, cancer microenvironment



Introduction

The relationship between inflammation, immunity and cancer is widely accepted. The cancer-related inflammatory responses can occur due to the chemotherapy as well as due to the tumor cell migration, invasion, activation of anti-apoptotic signaling pathways, and metastasis (1). Cancer-caused inflammation may result in the activation of transcription factors like nuclear factor-κB, signal transducer and activator of transcription 3, and hypoxia-inducible factor 1α, which further enhances inflammatory response. Accordingly, markers of systemic inflammation, including C-reactive protein (CRP), albumin, neutrophils, lymphocytes, neutrophil-to-lymphocyte ratio, platelet-to-lymphocyte ratio, and cytokines have been shown to be altered in patients with various cancers (2). These changes in local and systemic inflammatory mediators can induce epigenetic changes that favor tumor initiation, and create a milieu to either enhance or suppress cancer development (3).

The hallmarks of cancer-related environment include immune cells, stromal cells (including myofibroblasts), and inflammatory mediators, tissue remodeling and angiogenesis factors, similar like those seen in chronic inflammatory conditions or in tissue repair. Under the influence of cytokines and chemokines, liver but also other cells, like endothelial and epithelial cells, produce acute phase proteins (APPs). Experimental observations suggest that various cytokine combinations may have additive, synergistic, or inhibitory effects on the production of individual APPs (4). On the other hand, APPs per se modulate inflammatory reaction, as can be illustrated by the CRP example. First, pro-inflammatory cytokines/chemokines, like IL-6, TNFα, and IL-8 induce the production and release of CRP (5), but thereafter CRP itself increases the release of these pro-inflammatory mediators. In line, the infusion of recombinant human CRP into healthy volunteers was found to result in a significant induction of serum levels of the IL-6 and IL-8 as well as amyloid A, phospholipase A, and coagulation markers (6). These observations support a notion that CRP, but also other APPs, are not only markers of inflammation. The functions of APPs are important in trapping of microorganisms and their products, in activating the complement system, in neutralizing enzymes, scavenging free hemoglobin and radicals, and in modulating the host’s immune response. Thus, APPs actively participate in the development and resolution of inflammation, and the overall profiles of APPs seem to depend on the nature of the initial inflammatory event, and how this event induces a systemic protein/cytokine response.

Elevated levels of APPs in patients with a variety of cancers were suggested to serve as prognostic or diagnostic markers in the context of clinical examinations. Interestingly, many types of cancer can express but also take up exogenous APPs, which may influence drug resistance, cancer progression and metastasis (7). For example, recent data have shown that the property of cancer cells to produce serum amyloid A enhances their resistance to T-cell immunity due to the activation of immunosuppressive granulocytes (8, 9).

The relationship between tumorigenesis and altered levels of circulating or tumor-associated APPs, such as haptoglobin, ceruloplasmin, CRP, alpha-2 macroglobulin, alpha-1-acid glycoprotein, plasminogen activator inhibitor-1 and alpha-1-antitrypsin has been reported (Table 1).


Table 1 | Acute phase proteins in cancer.




Single APPs are used as biomarkers, especially for cancer prognosis and diagnosis of complications to anticancer treatments. However, clinical studies show that the inflammatory phenotype (i.e., the APPs/cytokine profile) differs between patients not only with different malignancies but also with the same malignant disease (53). Therefore, we and other scientists think that APPs may become more valuable biomarkers if used in combinations or used with other acute phase markers, as a part of an acute phase profile. So far, the most commonly investigated prognostic markers were CRP, albumin, and the CRP: albumin ratio.

Regarding single APPs, an extensive literature supports the pro-tumorigenic activity of plasminogen activator inhibitor 1 (PAI-1, Serpin E1) (54). Clinical studies have shown that higher expression of PAI-1 positively correlates with a poor clinical outcome in patients with breast, ovarian, bladder, colon and non-small cell lung cancers (NSCLC) (26). A number of experimental studies described PAI-1 as an anti-apoptotic protein and a stimulator of angiogenesis (27, 28). On the other hand, employment of small molecule or antibody inhibitors of PAI-1 so far provided no evidence that inhibition of PAI-1 could have any therapeutic effect in cancer patients (29, 30). Likewise, another protease inhibitor, alpha1-antitrypsin (AAT, Serpin A1) has been identified as a prognostic marker of tumor recurrence and prognosis. Our recent results obtained from more than 300 patients with NSCLC revealed that higher serum levels of AAT are prognostic for the patient’s worse outcome (36). Nevertheless, studies regarding the role of AAT in lung cancer are contradictory. Some demonstrate a direct relationship between high levels of AAT and the risk of lung cancer (36, 37) while opposite, others associate genetic AAT deficiency with an increased risk of lung cancer development (55). In this review, we specifically discuss our own findings and controversies in the literature regarding the role of AAT in lung cancer. Insights gained into the action of AAT towards lung cancer cells could be exploited for the future understanding of APPs’ role in tumorigenesis.



Overexpression or Deficiency of Human AAT, Which One Is Related to Tumorigenesis


AAT Functions Beyond Serine Protease Inhibition

Human alpha1-antitrypsin (AAT), a member of the serpin (serine protease inhibitor) superfamily, is an acute phase glycoprotein and the best recognized inhibitor of neutrophil elastase. Various studies show that AAT also inhibits the activity of metalloproteases and caspases that play an essential role in cell apoptosis. AAT is a product of SERPINA1 gene mainly expressed by hepatocytes and monocytes/macrophages. Its expression is regulated by interleukin 6-type cytokines. Both genetic and environmental factors influence an individual’s basal level of AAT, and thus circulating AAT in apparently healthy people can vary from 1 to 2 g/L (56).

Experimental and clinical studies provide evidence that AAT expresses broad anti-inflammatory and immunomodulatory properties, some of which unrelated to protease inhibition. For example, AAT interacts and builds complexes with various inflammation-related ligands including chemokines IL-8 and LTB4, complement factors, and heat-shock proteins (57–60). Moreover, AAT regulates cellular adhesion, chemotaxis, and wound healing and modulates signaling pathways to promote cell proliferation and angiogenesis (61).



AAT Favors Cancer Development

During chronic inflammation, which is a driving force in cancer development, increased levels and functional activity of AAT can rescue not only normal but also cancer cells. Indeed, AAT seems to be involved in the metastatic outgrowth of various cancer types including ovarian, cervical, colorectal, breast, and lung adenocarcinomas (38–42). Elevated plasma levels of AAT have been reported in patients with Hodgkin’s lymphoma, pancreas, prostate, cervix, ovary, breast, larynx, colorectal, and other carcinomas, and proposed to be useful as prognostic factors (43–52). In breast cancer a high level of AAT has been associated with poor clinical prognosis (62). Furthermore, AAT seems to be directly involved in metastasis of ovarian, cervical, colorectal, breast, and lung adenocarcinomas (39, 40). Given an increasing body of research in this area, with pro-tumorigenic claims about AAT, we and others raised the hypothesis that individuals with inherited AAT deficiency might have a lower risk of developing cancer.



AAT Deficiency—Protects or Predisposes to Cancer Development

The deficiency, defined as an AAT blood level less than 35% of the mean expected value, is usually associated with Z allele (point mutation Lys342Glu), and less frequently with combinations of S (Lys264Val) or null alleles (63). Severe AAT deficiency predisposes to early onset of chronic obstructive pulmonary disease with emphysema, to liver cirrhosis at any age, neutrophilic panniculitis, systemic vasculitis, and possibly other inflammatory disease risks (64, 65). Severe AAT deficiency is a risk factor of developing hepatocellular carcinomas because of the damage of hepatocytes caused by retained intracellular polymers of mutant AAT protein, and an inappropriate hepatocellular regeneration. Data from the Swedish National AAT Deficiency Register revealed hepatocellular cancer diagnosis in 32 (2%) out of 1,595 individuals with ZZ AAT deficiency (66). Nevertheless, a risk of hepatocellular carcinoma in AAT deficiency is difficult to quantify because of a global variation in AAT genetics and the incidences of liver cancer (67).

In contrast, there are other reports showing that AAT deficiency people have lower or no increase in risk of developing lung and probably other types of cancers. For example, results from a cross-sectional survey study conducted among 720 AAT deficient people of the Alpha-1 Foundation Research Registry at the Medical University of South Carolina have shown that only 8 (1.1%) of participants have a diagnosis of lung cancer. In line, the comparison of 1585 ZZ AAT deficient subjects from Swedish AAT Deficiency Register and 5,999 population-based controls showed that death due to cancer in general was lower among ZZ individuals compared to the controls, i.e. 11% versus 33%. Pulmonary carcinoma accounted for 1% of the causes of death in ZZ individuals and 4% in the controls (68). There are ongoing clinical studies designed to downregulate endogenous AAT expression within hepatocytes by using small-interfering RNA (siRNA) based drugs (69–71). These studies aim to cure/prevent liver disease in individuals with inherited AAT deficiency caused by intrahepatic accumulation of mutant AAT (63). Hypothetically, this approach of a temporal elimination of AAT protein synthesis might be helpful in the field of cancer and warrants further investigations.



Therapy With Human Plasma AAT Shows No Risk for Cancer Development

It is important to point out that the therapy with human plasma AAT used for over three decades to treat patients with inherited AAT deficiency-related emphysema does not rise tumor development rates. In fact, if untreated, individuals with inherited AAT deficiency seem to have higher risk of developing lung (72), gastrointestinal (73), and liver cancers (74). Likewise, few studies in patients with colorectal and gastric cancer found less AAT in both tissues and serum than in normal counterparts (75, 76). Therefore, one needs carefully consider differences between non-tumor and tumor-related environmental settings. The involvement of AAT in tumorigenesis may strongly depend on cancer cell properties as well as on the concentration and molecular forms of AAT, which are influenced by genetic and microenvironmental factors. For example in the B16-F10 lung metastasis mice model, Guttman and co-authors provided experimental evidence that NK cell-sensitive tumors are unaffected whereas CD8+ T cell-sensitive tumors can be significantly inhibited by the treatment with human AAT (77). It is also important to notify, that during inflammatory conditions AAT can undergo post-translational modifications like S-nitrosylation on its single surface cysteine residue, forming S-NO-AAT, a reducer of tumor cell viability (78).



Role of AAT in Non-Small Cell Lung Cancer

Non-small cell lung cancer (NSCLC) is one of the most common lung cancers worldwide, and about 70% of patients with this cancer present with advanced or metastatic disease at the time of diagnosis (79). Hitherto, there are only limited studies addressing the role of AAT in lung cancer (36, 37, 55). Therefore, to gain further insights into this matter, Schwarz et al. investigated the effects of extracellular AAT on NSCLC cell behavior, in vitro (80). By comparing cancer cells grown in a regular medium versus medium supplemented with AAT, authors found that in the presence of physiological concentrations (0.5–1 mg/ml) of AAT cells acquire better pro-tumorigenic properties, and second that AAT strongly enhances cancer cell resistance against staurosporine-induced toxicity (80).

Staurosporine is a nonspecific protein kinase inhibitor derived from Streptomyces staurosporeus that can trigger cancer cell death through activation of both, apoptosis and autophagy pathways. Several lines of evidence indicate a cross-talk or mutual function between autophagy and apoptosis (81). As an inducer of apoptosis, staurosporine specifically acts through the activation of the mitochondrial apoptotic pathway, which is mainly controlled by Bak and Bax proteins (82, 83). When activated, these proteins can form pores on the mitochondrial outer membrane causing cytochrome c release that binds to apoptotic protease activating factor 1 (Apaf-1) and induces its oligomerization, known as the apoptosome formation. The apoptosome promotes cleavage of procaspase-9 into active caspase-9 which in turn activates caspases-3 and -7 to execute the final steps of apoptosis (84) (Figure 1).




Figure 1 | Hypothetical model showing how alpha1-antitrypsin (AAT) may affect staurosporine (STS)-induced apoptosis and autophagy in NSCLC cells. Intracellular entry of AAT occurs constitutively based on lipid raft independent pathways, namely clathrin-mediated, or lipid rafts-dependent, which include caveolae- and flotilin-dependent endocytosis. The AAT could be sequestered into clathrin-coated pits by binding to LRP1 (low-density lipoprotein receptor related protein 1) and SR-BI (scavenger receptor class b type I). Alternatively, AAT can associate with caveolin or flotilin 1/2-postive lipid rafts. All entry pathways might generate AAT-containing vesicles fusing with early endosomes and lysosomes from which—by unknown mechanisms - AAT escapes into the cytoplasm (green structure). There, AAT could affect cancer cell responses to cytotoxic drugs, like STS (staurosporine). STS activates autophagy by inhibiting mTOR (mammalian target of rapamycin), which allows Beclin-1/PI 3-kinase complex formation, increases LC3-II/LC3-I ratio, p62 degradation in autolysosomes and downregulation of Fli I (Flightless I), a controller of p62-LC3 interaction. Indeed, AAT seems to block different steps required for STS to induce autophagy. Potentially, AAT may also interfere with Atg5-Atg12 complex required for the formation of autophagosomes or recruitment of LC-3 to autophagosomes (green structures). As an inducer of apoptosis, STS acts through the activation of the mitochondrial apoptotic pathway. STS causes the aggregation of Bax/Bak and the release of cytochrome c that binds to Apaf-1 (apoptotic protease-activating factor 1) allowing apoptosome assembly and the recruitment of procaspase-9 to the apoptosome. In this scenario AAT might inhibit activation of procaspases-8, -9, -3 preventing Beclin-1/Atg5 degradation and activation of CAD (caspase-activated DNase). A crosstalk between STS-induced autophagy and apoptosis is in part mediated by p62 and beclin-1. Finding that AAT by itself strongly reduces p62 levels but prevents p62 reduction in STS-treated cells suggests that cancer cells utilize AAT to regulate apoptosis and autophagy dependent on the situation. Under basal conditions, AAT as a reducer of p62 protein levels (also important for the activation of procaspase-8), might activate autophagy as a cytoprotective pathway. In the setting when cancer cells face pro-apoptotic activation, autophagy inhibition may become a strategy to escape apoptosis.






AAT Inhibits Staurosporine-Induced NSCLC Cell Apoptosis

According to the results from Schwarz et al., staurosporine-induced NSCLC cell apoptosis was completely hampered in the presence of AAT. More detailed investigations revealed that AAT prevented the cleavage of procaspase-3, a precursor of caspase-3 which is one of the most deleterious executioner caspases in apoptosis pathway (80). As yet, the anti-apoptotic effects of AAT have been mostly attributed to the direct inhibition of caspase-3 activity. Investigators reported that exogenous AAT reduces the activity of caspase-3 in ß-cells, lung endothelial and epithelial cells, cardiomyocytes and neutrophils (85–88), and that AAT inhibits active caspase-3 by forming an AAT-caspase-3-complex (89). In cell-free assays, AAT was also demonstrated to inhibit other executioner caspases, especially caspases-6 and -7, but not the initiator caspases, like caspase-9 (90). However, the results presented by Schwarz et al., indicate that protective effects of AAT against staurosporine-induced NSCLC cells apoptosis might be earlier in the apoptosis pathway than the inhibition of executioner caspases. In concordance, a recent study has shown that AAT significantly suppresses cytokine-induced cleavage of procaspase-9 in human islets (91).



Crosstalk Between Apoptosis and Autophagy

Several autophagy proteins are substrates for caspase-induced apoptosis. For example, caspase-3 and -9-mediated cleavage of Atg5 (E2-like enzyme is required for the formation of autophagosomes) and beclin-1 (implicated in the autophagic programmed cell death) switches autophagy to apoptosis (92). Atg5 has also been found to be cleaved by calpain and translocate to the mitochondria to contribute to the release of cytochrome c. Previous finding that AAT inhibits calpain activity in human neutrophils (93) allows speculating that AAT may protect cancer cells via inhibition of other proteases than caspases.



AAT Inhibits Staurosporine-Induced Autophagy in NSCLC Cells

The mechanism(s) by which AAT helps lung cancer cells to acquire resistance towards staurosporine-induced apoptosis can also involve a shift of the balance towards anti-apoptotic proteins. As a matter of fact, the overexpression of AAT protein in lung cancer cell lines resulted in increased Bcl-2 and decreased beclin-1 levels (94). Thus, AAT may promote cancer cell survival by increasing Bcl-2, an anti-apoptotic, membrane associated protein (95) and by inhibiting beclin-1-dependent autophagy and apoptosis (96–99).

As already mentioned above, similarly to other anticancer agents, staurosporine can induce cancer cell death by simultaneous activation of apoptosis and autophagy (100). Autophagy may serve as a backup process for apoptosis—to enhance and/or contribute to the apoptosis (101–103). Autophagy involves the formation of double-membraned structures known as autophagosomes responsible for the engulfment of cargoes that are subsequently degraded after fusion with lysosomes (104). Autophagosome formation involves a set of proteins named Atg (autophagy-related) that orchestrate autophagosome initiation and biogenesis. Currently, the light chain 3 (LC3) is considered as one of the best autophagosome markers because the amount of LC3-II reflects the number of autophagosomes (105). Again, the LC3-II amount as well as LC3-II/LC3-I ratio not necessarily mirrors the autophagic activity, since the amount of LC3-II might increase not only due to autophagy activation but also due to the inhibition of autophagosome degradation. Therefore, for monitoring autophagic activity is used p62 (known as sequestosome-1), autophagic substrate receptor that is constantly being degraded by autophagy (106, 107). The reduced phosphorylation of mTOR is one more factor well reflecting the activation of autophagic flux (108). Results by Schwarz et al. confirmed that staurosporine added to NSCLC cells activates autophagy as measured by increase in LC3-II/LC3-I ratio, reduced mTOR activity as shown by dephosphorylated/less phosphorylated ribosomal protein S6 (RP-S6), degradation of p62 and downregulation of Flightless I, controlling the binding activity of p62 to LC3 (80). Clearly, in the presence of AAT all above mentioned markers of autophagy activation were unaffected by staurosporine.



Potential Pro-Tumorigenic Functions of AAT

Because autophagy can promote caspase-independent or caspase-dependent cell death (109–112), a major remaining question is whether effect of AAT on autophagy is independent or dependent of apoptosis. We would like to pay particular attention to the finding that, although AAT significantly prevented the reduction in p62 levels in staurosporine-treated NSCLC cancer cells, AAT by itself strongly reduced p62 protein levels as compared to non-treated controls. p62 is a regulator of selective autophagy (113) and recruiter of caspase-8 on autophagic membranes, which establishes a crosstalk between autophagy and apoptosis (114). Thus, the way by which cancer cells utilize AAT to regulate apoptosis and autophagy, probably is a context dependent. Under basal conditions, autophagy as a cyto-protective pathway can be activated by exogenous AAT whereas in the setting when cancer cells face pro-apoptotic activation, autophagy inhibition by AAT may become a strategy to enhance survival. In fact, earlier Shapira et al. reported that intracellularly synthesized AAT prevents autophagic cell death and that exogenous AAT added to the cells prior to the induction of autophagy by tamoxifen reduces autophagy and cell death (115).

One cannot exclude that AAT may also facilitate cell survival through other mechanisms than modulation of autophagy. For example, study by Seung-Hee Chang et al., found that in AAT-overexpressing L132 cancer cells, the expression of manganese superoxide dismutase (SOD2), a tumor suppressive protein acting via inhibition of cell proliferation and induction of apoptosis (116), was markedly reduced.



Discussion

Taken together, current findings promote a notion that higher levels of AAT either due to the increased intracellular expression or external entry can prevent cancer cell death. In fact, intracellular entry of AAT occurs constitutively in all mammalian cells, including cancer cells. The intracellular endocytosis of AAT may depend on the pathways non-involving lipid rafts, namely clathrin-mediated endocytosis, or pathways that take place in lipid rafts, which include caveolae-mediated endocytosis and flotillin-dependent endocytosis (91, 117, 118) (Figure 1). We and other investigators have previously found that cellular uptake of AAT takes place in lipid rafts (108, 118). We hypothesize that the uptake and subcellular trafficking of AAT might strongly depend on its concentration and the activation status of the cells. The uptake of high concentrations of AAT may involve clathrin-mediated endocytosis whereas lower concentrations of AAT may enter via caveolae pathway. Caveolae, in contrast to clathrin-coated pits, are very heterogeneous and the alterations in caveolae are not only important in tumor heterogeneity but also have a prognostic value (119). Hence, to better understand the role of AAT in tumorigenesis, intracellular entry and processing of AAT, but also other APPs, by cancer cells cannot be denied and warrants more detailed investigations.

Finally, it is important to keep in mind that AAT can modulate activities of different cells acting within tumor microenvironment. For example, fibroblasts are one of the important components of the tumor microenvironment, which participate in remodeling and a crosstalk between cancer cells and infiltrating leukocytes (120). Previously, it has been reported that AAT stimulates fibroblast proliferation and extracellular matrix production (120, 121). Remarkably, decreased p62 expression seems to be crucial for myofibroblast differentiation to support fibrosis and tumor growth (122–124). In line, findings by Schwarz and co-authors show that AAT suppresses p62 levels in lung cancer cells. AAT is also reported to affect leukocyte profiles associated with inflammatory resolution and tissue regeneration (125, 126) and to promote macrophage polarization towards the pro-tumorigenic M2-like profile (126, 127). Unfortunately, the possible influence of AAT on the interactions between tumor and tumor-associated cells, which are of critical importance in tumorigenesis, has been only minimally addressed.

Based on the current knowledge, one can conclude that the involvement of AAT as well as other APPs in cancers can be direct (on cancer cells) or indirect (via cancer associated cells), and dependent on protein concentration, molecular form and tumor microenvironment. APPs may form pro- or anti-cancer host defense response, which needs to be taken into consideration for designing cancer treatments. Future work will have to determine whether some of the APPs contribute to and/or reflect cancer development, therefore representing potential therapeutic targets and/or biomarkers in tumorigenesis.
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High levels of microvessel density (MVD) indicate poor prognosis in patients with malignant glioma. Leucine-rich repeats and immunoglobulin-like domains (LRIG) 3, a potential tumor suppressor, plays an important role in tumor progression and may serve as a biomarker in many human cancers. However, its role and underlying mechanism of action in glioma angiogenesis remain unclear. In the present study, we used loss- and gain-of-function assays to show that LRIG3 significantly suppressed glioma-induced angiogenesis, both in vitro and in vivo. Mechanistically, LRIG3 inhibited activation of the PI3K/AKT signaling pathway, downregulating vascular endothelial growth factor A (VEGFA) in glioma cells, thereby inhibiting angiogenesis. Notably, LRIG3 had a significant negative correlation with VEGFA expression in glioma tissues. Taken together, our results suggest that LRIG3 is a novel regulator of glioma angiogenesis and may be a promising option for developing anti-angiogenic therapy.
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Introduction

Currently, glioblastoma (GBM) represents the most common primary brain tumor in adults and carries a particularly poor prognosis (1). Despite the use of multimodal treatments, such as maximal surgical resection, chemotherapy, and radiotherapy, the average survival time of GBM patients, following diagnosis, is only 12 to 15 months (2, 3). This poor prognosis is mainly attributed to aberrant angiogenesis, high invasiveness, and therapeutic resistance.

Angiogenesis, a process in which new blood vessels develop from the existing vasculature, has been implicated in various physiological and pathological changes, such as tumor, development, and wound healing (4). Additionally, abnormal angiogenesis reportedly leads to proliferation, survival, and metastasis of tumors. High tumor microvessel density (MVD) has been shown to be a hallmark of GBM, with higher MVD levels associated with worse prognosis in patients (5, 6). Glioma angiogenesis entails the coordination of multiple pro- and anti-angiogenic molecules, such as vascular endothelial growth factor (VEGF) family, endostatin, and angiostatin (7). An imbalance among these factors results in abnormal angiogenesis. To date, the precise mechanisms underlying the regulation of these angiogenesis-related factors are not fully understood.

The human leucine-rich repeats and immunoglobulin-like domains (LRIG) gene family comprises LRIG1, LRIG2, and LRIG3, which encode single-pass transmembrane proteins. LRIG genes are clinically relevant prognostic indicators in several human cancers and play various roles in tumor cell proliferation, migration, invasion, apoptosis, and chemosensitivity (8, 9). LRIG3 was the last gene to be discovered in this family and is frequently downregulated in human cancers (10–12). In fact, LRIG3 acts as a tumor suppressor in GBM, where it modulates proliferation, migration, and invasion of glioma cells by targeting the EGFR and MET signaling pathways (13, 14). Moreover, LRIG3 expression is significantly higher in low-grade gliomas than in high-grade gliomas (grades III and IV), and LRIG3 upregulation suggests a better prognosis in malignant glioma patients (14). However, the actual molecular mechanisms underlying LRIG3’s role in angiogenesis are poorly understood.

In this study, we demonstrated that LRIG3 acted as an anti-angiogenic gene, inhibiting VEGFA via the PI3K/AKT signaling pathway. Our results suggested that LRIG3 is a potential target for the future development of therapeutic strategies against glioma angiogenesis.



Materials and Methods


Cell Culture and Reagents

Human glioma cell lines, U87 and U251, were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA). The Human umbilical vein endothelial cell (HUVEC) line was purchased from the Cell Bank at the Shanghai Branch of Chinese Academy of Sciences (Shanghai, China). Glioma cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco), supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% penicillin/streptomycin. HUVECs were cultured in Endothelial Cell Growth Medium-2 (EBM-2) Bulletkit (Lonza, Walkersville, MD, USA). All cells were maintained in a humidified incubator at 37 °C and 5% CO2. PI3K inhibitor LY294002 (Cat #S1105) and MEK inhibitor PD98059 (Cat #S1177) were purchased from Selleck (Houston, TX, USA).



Sample Collection and Study Approval

Twenty-eight glioma tissue samples were postoperatively obtained from patients at the Department of Neurosurgery, Tongji Hospital. Histological features of all specimens were confirmed by pathologists, according to the WHO criteria. A summary of patient characteristics is shown in Supplementary Table S1. This study was reviewed and approved by the Research Ethics Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology. Written informed consent was obtained from all participants before inclusion.



Conditioned Medium (CM)

Glioma cells were routinely cultured for 48 h, confluent cultures washed twice with serum-free medium, then incubated in serum-free EBM-2 medium for 24 h. The supernatant was harvested after conditioning, centrifuged at 2,000g at 4°C for 15 min, filtered through 0.22 μm Millipore filters, then supplemented with 0.5% serum and 1 ng/ml bFGF. The contents were frozen at −20°C until required.



Construction and Transduction of Lentiviral Vector

Lentiviral vectors were produced as previously described (15). Briefly, pLVX-DsRed-LRIG3 was constructed and transduced into U87 and U251 together with empty vector pLVX-DsRed, using Clontech’s Lenti-X™ high-titer lentiviral packaging systems (Clontech Company, USA). The generated constructs were named LRIG3 and vector control groups, respectively.



siRNA Transfection

We adopted a siRNA-based approach to downregulate LRIG3. Summarily, three siRNA duplexes were designed to target LRIG3 and synthesized by GenePharma (Shanghai, China): siLRIG3-1 (sense (5′-3′): CCUUGAAACUUUGGACCUUTT; antisense (5′-3′): AAGGUCCAAAGUUUCAAGGTT), siLRIG3-2 (sense (5′-3′): GCUGGACCAUAACAACCUATT; antisense (5′-3′): UAGGUUGUUAUGGUCCAGCTT), siLRIG3-3 (sense (5′-3′): GGAGUAUACCACCAUCCUUTT; antisense (5′-3′): AAGGAUGGUGGUAUACUCCTT). Cells were transiently transfected with the three siRNA duplexes (each 25 pmol) using Lipofectamine RNAiMAX transfection reagent (Thermo Fisher Scientific, USA) according to the manufacturer’s instructions. After 48 h, RNA and proteins were isolated from the cells, then used to determine gene and protein expression via qRT-PCR and western blot assay, respectively.



Tube Formation Assay

Matrigel (10 mg/ml; 200 µl; BD Biosciences, CA, USA) was added into wells of a 24-well plate and polymerized for 30 min at 37°C. Thereafter, HUVECs were suspended in the CM, at a density of 1×105/ml, then 200 µl of the cell suspension was added to each well followed by a 12-h incubation at 37°C and 5% CO2. Capillary tube structures were observed, and representative images were photographed under a microscope (Carl Zeiss, Jena, Germany) at ×100 final magnification. The degree of tube formation was verified relative to the formation of tube length.



Transwell Migration Assay

Migration assays were performed using transwell chambers according to the manufacturer’s protocol (Corning, USA). Briefly, CM was added to the lower chamber well to stimulate migration, homogeneous single-cell suspensions (2 × 104/well) added to the upper chambers, then incubated for 24 h. Non-migrating cells were removed from the top well using a cotton swab, bottom cells fixed with 4% paraformaldehyde, and stained with 0.1% crystal violet. The migration rates were quantified under a microscope by counting migrated cells in five random fields per well (×100 magnification). All assays were performed in sextuplicate and repeated at least three times.



Wound Healing Assay

Approximately 3×105 HUVECs were first seeded in 6-well dishes. When the monolayer culture reached about 90% confluency, a scratch wound was marked using a 200-μl pipette tip, and all floating cells were washed off using PBS. Cells were cultured in CM at 37°C with 5% CO2, then wound areas captured under a microscope (Carl Zeiss, Jena, Germany) at different time points to record the wound width.



3-(4, 5-Dimethyl-2-thiazolyl)-2, 5-diphenyl-2-H-tetrazolium Bromide (MTT) Assay

HUVECs growth and responsiveness to CM were determined using MTT assays. Summarily, cells (2×103/well) were seeded into 96-well plates and cultured with CM for 24, 48, 72, 96, and 120 h. 20 μl MTT reagent (5 mg/ml; Beyotime, Shanghai, China) was added to each well at the respective time point, and the plates incubated for 4 h at 37°C. Thereafter, the medium was replaced with 150 μl of dimethyl sulfoxide (Sigma-Aldrich, USA), and absorbance was measured at 570 nm, with 630 nm used as the reference wavelength. All assays were performed in sextuplicate and repeated at least three times.



Western Blot Assay

Western blot assay was performed as previously described (16). Briefly, cells were first lysed in RIPA buffer, then equal amounts of protein separated on an 8 or 10% SDS-PAGE followed by electrotransfer onto a polyvinylidene difluoride membrane (Millipore, USA). The membranes were blocked, for 2 h, with 5% nonfat milk and immunoblotted with primary antibodies. After incubation with the appropriate secondary antibody, the membranes were visualized using the enhanced chemiluminescence detection system (BIO-RAD, USA). Immunoreactive bands were quantified using the densitometric analysis software (ImageJ, USA). Primary antibodies against LRIG3 (Cat #AF3495, R&D Systems), AKT (Cat #2920, Cell Signaling Technology), p-AKT (Ser473) (Cat #4060, Cell Signaling Technology), ERK (Cat #4696, Cell Signaling Technology), p-ERK (Thr202/Tyr204) (Cat #4370, Cell Signaling Technology), VEGFA (Cat #66828-1-Ig, Proteintech, Wuhan, China), and GAPDH (Cat #ab8245, Abcam) were uses for Western blot assay. GAPDH was used as an internal control.



RNA Extraction and Quantitative Real−Time PCR (qRT-PCR)

Total RNA was extracted using the TRIzol reagent (Takara, Japan), then reverse transcribed to cDNA according to the instructions of the PrimeScript reverse transcriptase kit (Takara, Japan). qRT-PCR was performed using the TB Green™ Premix Ex Taq™ II (Takara, Japan) on an ABI 7500 real-time PCR system (Applied Biosystems, Foster City, CA, USA). Relative expression of target genes was calculated by 2−ΔΔCt method, with GAPDH included as the reference gene. Experiments were performed in triplicate. All primer sequences are listed in Supplementary Table S2.



Enzyme-Linked Immunosorbent Assay (ELISA)

VEGFA concentrations in CM were measured according to the manufacturer’s instructions of a commercial ELISA kit (Cat #DVE00) from R&D Systems.



Intradermal Angiogenesis Assay

Intradermal angiogenesis assay was performed as previously described (17). Briefly, male BALB/c nude mice (4–5 weeks old; n = 6/group) were intradermally injected at the ventral skin surface with 1 × 106 tumor cells in 100 μl PBS supplemented with 2% serum. The mice were sacrificed five days after tumor cell injection, then tumor-inoculated skin dissected and photographed using a digital camera. Tumor-directed capillaries were quantified by counting the number of newly formed blood vessels around the tumor-inoculated site.



Orthotopic Xenograft Models

Orthotopic xenograft models were established as previously described (16). Summarily, cells stably expressing LRIG3 or control cells (5 × 105) were first intracranially injected into male BALB/c nude mice (4–5 weeks old) (n = 6/group), then kinetics of tumor formation estimated by T2-weighted MRI after every five days. PET/CT scanning was performed to evaluate blood flow changes in orthotopic tumors, when tumor growth was angiogenesis dependent corresponding to tumor volumes of 8 to 12 mm3 (18, 19). Thereafter, mice were anesthetized and perfused with 4% PFA, their brains harvested and embedded in paraffin. Quantification of MVD was performed as previously described (20). Briefly, areas of highest microvascular density were examined and counted under a microscope at ×100 magnification. Results were expressed as the mean number of vessels ± standard deviations (SD) per high power field (×100). All animal experiments were conducted in accordance with the guidelines of the Institutional Animal Care and Use Committee. All animal protocols used in this study were approved by the Ethical Committee of Tongji Hospital, Tongji Medical College, Huazhong University of Science and Technology.



Magnetic Resonance Imaging (MRI) of Orthotopic Mouse Tumors

MRI was performed on a 7 T horizontal bore Bruker small animal scanner. Summarily, mice were anesthetized using 2.5% isoflurane in 100% O2, and maintained with 1% to 1.5% isoflurane in 100% O2 delivered via a nose cone. Images were obtained using a T2-3D-RARE sequence (effective TE = 72 ms). Tumor sizes were determined using Amira v5.6.0 (FEI, USA).



PET/CT Scanning and Data Acquisition

PET/CT scanning was performed as previously described (21). Briefly, mice were anesthetized with 2% isoflurane, then intravenously injected with approximately 200 ± 10 μCi 13N-ammonia (13N-NH3·H2O). After 5 min of 13N-NH3·H2O uptake, the mice were anesthetized with 2% isoflurane and placed on a scanning bed. PET/CT images were obtained with the static mode for 5 min, followed by CT scan on the fast mode by the TransPET Discoverist 180 system (Raycan Technology Co., Ltd, Suzhou, China). The PET images were reconstructed using the three-dimensional (3D) OSEM method with a voxel size of 0.5×0.5×0.5 mm3, whereas CT images were reconstructed using the FDK algorithm with 256×256×256 matrix. Images were displayed using the Pmod (Pmod Technologies LLC, Switzerland) Software, and their mean standardized uptake value (SUV) was calculated using the following formula: mean pixel value with the decay-corrected region-of-interest activity (μCi/kg)/(injected dose [μCi]/weight [kg]).



Immunohistochemistry (IHC)

Immunohistochemical assays were performed on glioma and mouse xenograft tumor tissues as previously described (14). Expression levels of labeling were stratified and scored according to the following grading system: staining extensity was categorized as 1 (≤ 10% positive cells), 2 (< 10% and ≤ 30% positive cells), 3 (< 30 and ≤ 50% positive cells) or 4 (> 50% positive cells), whereas staining intensity was categorized as 0 (negative), 1 (weak), 2 (moderate) or 3 (strong). An overall score (0–12) was calculated for each case by multiplying the staining extensity with intensity score. Each sample was separately examined, then scored by two pathologists. In case of discrepancies in the scores, a discussion was held to reach a consensus.



Statistical Analysis

All data, from at least three independent experiments, were expressed as means ± SD. Comparisons between groups were performed using a Student’s t-test. The relationship between LRIG3 levels and VEGFA expression was analyzed using a Pearson’s correlation analysis. All statistical analyses were performed using SPSS 18.0 statistical software package (IBM Corp, USA), with data followed by p < 0.05 considered statistically significant.




Results


Ectopic Expression of LRIG3 Represses Glioma Cell-Promoted Angiogenesis In Vitro

To validate the effect of LRIG3 on angiogenesis, we performed in vitro gain-of-function analysis by overexpressing LRIG3 with a lentiviral vector in U87 and U251 cells. Western blots confirmed altered LRIG3 expression in glioma cells (Figure 1A). The wound healing assays and transwell assays revealed that ectopic expression of LRIG3 in U87 and U251 significantly suppressed the migration of HUVECs (Figures 1B, C). In addition, tube formation assay revealed that CM derived from LRIG3 overexpressed cells significantly inhibited HUVECs tube formation relative to CM from vector control-infected cells (Figure 1D). Furthermore, MTT proliferation assay revealed significantly lower cell viability of HUVEC following treatment with CM derived from LRIG3 overexpressed glioma cells (Figure 1E). Collectively, these results suggest that overexpressing LRIG3 suppresses glioma cell-promoted angiogenesis in vitro.




Figure 1 | Ectopic expression of LRIG3 reduces the pro-angiogenic activity of glioma cells in vitro. (A) Western blots showing levels of LRIG3 expression in the vector control and LRIG3-transduced glioma cells. GAPDH was used as an internal control. (B) Representative images (left) and quantification (right) of wound healing assays in HUVECs treated with CM derived from the vector control or LRIG3-transduced glioma cells. (C) Representative images (left) and quantification (right) of transwell migration assays of HUVECs treated with the indicated CM. (D) Representative images (left) and quantification (right) of HUVECs formed tube-like structures on Matrigel-coated plates with CM derived from the vector control or LRIG3-transduced glioma cells. (E) HUVEC viability was determined using the MTT assay. HUVECs were treated with CM derived from the indicated cells for the specific number of days. Data are means ± SD of 3 replicates. *p < 0.05; **p < 0.01; ***p < 0.001. CM, conditioned medium.





LRIG3 Knockdown Enhances Pro-angiogenic Activity of Glioma Cells In Vitro

Since gain-of-LRIG3 could inhibit glioma cell-induced angiogenesis, we hypothesized that loss of LRIG3 could enhance the pro-angiogenic activity of glioma cells. Consequently, we transfected U87 and U251 cells with LRIG3 or control siRNAs (Figure 2A). Results indicated that CM derived from LRIG3 knockdown cells significantly increased the migration (Figures 2B, C), tube formation (Figure 2D), and cell viability (Figure 2E) of HUVECs relative to CM from siRNAs control infected cells. Taken together, these findings indicate that silencing LRIG3 enhances the pro-angiogenic activity of glioma cells in vitro.




Figure 2 | Downregulation of LRIG3 enhances the pro-angiogenic activity of glioma cells in vitro. (A) Western blot analysis of LRIG3 expression in the siRNA control and LRIG3-silenced glioma cells. GAPDH was used as an internal control. (B) Representative images (left) and quantification (right) of wound healing assays of HUVECs treated with CM derived from the siRNA control or LRIG3-silenced glioma cells. (C) Representative images (left) and quantification (right) of transwell migration assays in HUVECs treated with the indicated CM. (D) Representative images (left) and quantification (right) of HUVECs formed tube-like structures on Matrigel-coated plates with CM derived from the siRNA control cells or LRIG3-silenced glioma cells. (E) HUVEC viability was determined using the MTT assay. HUVECs were treated with CM derived from the indicated cells for the specific number of days. Data are presented as means ± SD of 3 independent replicates. *p < 0.05; **p < 0.01. CM, conditioned medium.





LRIG3 Inhibits the Ability of Gliomas to Induce Angiogenesis In Vivo

We further investigated the role of LRIG3 in regulating the angiogenesis of glioma in vivo using intradermal angiogenesis assays and found that U87 cells stably overexpressing LRIG3 exhibited a significantly lower number of tumor-directed capillaries relative to cells transfected with the control vector (Figures 3A, B). Conversely, siLRIG3-transfected U87 cells attracted significantly more blood vessels compared to cells transfected with control siRNAs (Figures 3A, B). Parallel experiments performed in U251 cells revealed a similar trend. Next, we used intracranial xenograft mice to assess the effect of LRIG3 on angiogenesis and monitored tumor progression using MRI (Figure 3C). A 13N-NH3·H2O PET scan performed on day 14 after tumor cell inoculation revealed that xenografts carrying LRIG3-overexpressing U87 cells exhibited a significantly lower 13N-NH3·H2O uptake tumor/reference (T/R) ratio relative to the xenografts carrying control infected cells (Figures 3C, D). Parallel histological analysis of orthotopic xenograft tumors revealed significantly lower MVD in tumors formed by LRIG3-overexpressing U87 cells (Figures 3E, F). These results strongly indicate that LRIG3 overexpression suppresses glioma angiogenesis in vivo.




Figure 3 | LRIG3 affects the ability of gliomas to induce angiogenesis in vivo. Representative images (A) and quantification graphs (B) of the intradermal glioma tumors showing tumor-directed capillaries under different conditions: U87 and U251 cells transfected with the control vector and LRIG3; U87 and U251 cells transfected with the control and LRIG3 siRNAs. Dashed circles within the images show the tumor location. (C) Representative MRI and 13NH3 PET scan images of intracranial xenografts bearing LRIG3-overexpressing U87 cells or control cells, 14 days after tumor cell inoculation. (D) SUV ratio for the tumor to reference region (T/R) was used to determine the value for angiogenesis in the tumor, n = 6/group. (E) IHC analysis of LRIG3 and CD31 expression in intracranial xenografts generated from LRIG3-overexpressed U87 or control cells. (F) Quantification of CD31+ microvessel density in intracranial xenografts generated from LRIG3-overexpressed U87 or control cells. Data are means ± SD of 3 independent replicates. *p < 0.05; ***p < 0.001. MVD, microvessel density; PET, positron emission tomography; SUV, standardized uptake value; T/R, tumor/reference.





LRIG3 Modulates VEGFA Expression via the PI3K/AKT Signaling Pathway

To investigate the underlying mechanism, we performed qRT-PCR to quantify levels of mRNAs for angiogenesis-related factors in the glioma cells following LRIG3 knockdown or overexpression. Results showed that LRIG3 knockdown significantly elevated levels of VEGFA in U87 and U251 cells, whereas its overexpression significantly repressed these levels (Figure 4A, Supplementary Figures 1A–C). Moreover, western blots and ELISA results indicated that levels VEGFA protein were consistently upregulated and downregulated in LRIG3-knockdown and LRIG3-overexpressing glioma cells, respectively, compared to control cells (Figures 4B–D). These results indicate that VEGFA plays a critical effector role in LRIG3-regulated angiogenesis.




Figure 4 | LRIG3 inhibited glioma angiogenesis by regulating VEGFA expression. (A) qRT-PCR analysis targeting angiogenic factors in glioma cells transduced with LRIG3 and control siRNAs. (B) Western blot analysis of VEGFA, LRIG3, and GAPDH. (C) Integrated density of the bands was normalized to GAPDH in LRIG3 knockdown or overexpression glioma cells. (D) Levels of VEGFA protein in the CM from glioma cells with LRIG3 knockdown or overexpression were detected by ELISA. Data are means ± SD of 3 independent replicates. *p < 0.05; **p < 0.01; ***p < 0.001. CM, conditioned medium.



Our previous study has shown that LRIG3 functions as a tumor suppressor by attenuating phosphorylation of the ERK and AKT signaling pathways (13). Moreover, activation of these pathways has been associated with increased expression levels of angiogenic factors, such as ANGPT2, COX2, and VEGFA, in glioma (22). To ascertain the pathway responsible for LRIG3-mediated VEGFA expression, we used the specific inhibitors of the ERK (PD98059) and AKT (LY292004) pathways to block their activation in glioma cells following LRIG3 knockdown. As shown in Figures 5A-C, there was no difference in basal ERK levels in U87 and U251 when PD98059 was added. However, the increased p-ERK level upon LRIG3 silencing was reduced on PD98059 addition. Besides, the decrease in p-Akt after LY294002 treatment was more pronounced in U87 as compared to U251. Moreover, the results indicated that inhibition of the AKT, not the ERK pathway, caused changes in VEGFA expression. Correspondingly, results from functional tests of HUVECs incubated with the indicated CM showed consistent results (Figures 5D–F). Taken together, these results affirm that LRIG3 modulates VEGFA expression via the PI3K/AKT signaling pathway.




Figure 5 | LRIG3 modulates VEGFA expression via the PI3K/AKT signaling pathway. Western blots showing LRIG3, p-AKT, AKT, p-ERK, ERK, and VEGFA (A) alongside GAPDH (B) in the indicated glioma cells treated with the pathway inhibitors LY294002 (25μM), PD98059 (10μM), or DMSO vehicle for 24 h. (C) Levels of VEGFA protein in the CM from the indicated glioma cells were detected by ELISA. (D) Transwell migration assays in HUVECs treated with the indicated CM. (E) HUVECs formed tube-like structures with the indicated CM. (F) Cell viability of HUVECs was determined using the MTT assay. HUVECs were treated with the CM derived from the indicated cells for the specific number of days. Data are means ± SD of 3 independent replicates. *p < 0.05; **p < 0.01; ***p < 0.001; #p < 0.05, siLRIG3 + LY294002 versus siLRIG3 + vehicle and siLRIG3 + PD98059; ##p < 0.01, siLRIG3 + LY294002 versus siLRIG3 + vehicle and siLRIG3 + PD98059. CM, conditioned medium.





Clinical Relevance of LRIG3, p-AKT, and VEGFA Expression in Gliomas

Finally, we validated the association between LRIG3 with p-AKT, and VEGFA in patients using IHC staining of these proteins in 28 glioblastoma specimens. Results revealed a significant correlation between LRIG3 and other proteins across these specimens. Specifically, tumors with high LRIG3 levels tended to express low levels of p-AKT and VEGFA, whereas the reverse was true for tumors with low LRIG3 levels (Figures 6A, B). Western blots corroborated the IHC results, with LRIG3 levels also strongly correlating with those of VEGFA in 10 freshly collected clinical glioma samples (Figure 6C). Together, these results affirmed the clinical relevance of the LRIG3/PI3K/AKT/VEGFA axis and confirmed these proteins play a vital role in the regulation of glioblastoma angiogenesis.




Figure 6 | Clinical relevance of LRIG3, p-AKT, and VEGFA expression in gliomas. (A) IHC staining targeting LRIG3, p-AKT, and VEGFA in two representative GBM specimens. Brown staining, positive immunoreactivity. (B) Relative levels of LRIG3, p-AKT, and VEGFA proteins in GBM specimens (with low and high LRIG3 expression levels in 28 GBM patients). (C) Expression analysis (left) and correlation (right) between LRIG3 and VEGFA expression in 10 freshly collected human glioma samples. Data are means ± SD of 3 independent replicates. ***p < 0.001.






Discussion

GBM, the most malignant brain tumor, is characterized by extensive neovascularization (23). Abnormal angiogenesis in glioma is considered an essential factor for metastasis and resistance of chemoradiotherapy (24, 25). Previously, we demonstrated that LRIG3 is a critical tumor suppressor in glioma (13). However, its role in glioma angiogenesis remains unclear. Herein, we identified an anti-angiogenic signature for LRIG3 and showed that its presence downregulates VEGFA both in vitro and in vivo. Stepwise investigations revealed that the PI3K/AKT pathway has a major effect on the LRIG3-mediated VEGFA expression.

The LRIG gene family was discovered in a research on EGFR, which plays a critical role in cancer progression (26). The human LRIG proteins have similar structures: a signal peptide, 15 tandem leucine-rich repeats (LRRs), three immunoglobulin-like domains, a transmembrane segment, and an intracellular domain (27). Despite their structural similarity, they may have different biological functions. LRIG1 binds to EGFR with its LRRs and immunoglobulin-like domains, then increases ligand-induced receptor ubiquitination, inhibiting the EGFR signaling pathway (28). On the contrary, LRIG2 interacts with EGFR directly and promotes activation of the downstream signaling pathway (29). Besides, LRIG3 can inhibit activation of the Ras/ERK and PI3K/AKT pathways in glioma, indicating that LRIG3, similar to LRIG1, may have an antagonistic effect against LRIG2 (13, 14). Moreover, Zeng et al. showed that LRIG3 is required for the interaction between Dual-specificity phosphatase 6 (DUSP6) and ERK in colorectal cancer. In the absence of LRIG3, DUSP6 could hardly dephosphorylate ERK, suggesting that LRIG3 has potentially more complex biological functions (10). Recently, Yang et al. reported that LRIG2 promotes glioma angiogenesis through the EGFR/VEGFA pathway (30). In this study, our findings reveal the anti-angiogenic role of LRIG3 and affirm that LRIG3 has a functionally antagonistic relationship with LRIG2 in glioma angiogenesis.

Angiogenesis is a complex process regulated by a series of molecules. Among these cytokines, VEGFA is one of the most potent pro-angiogenic molecules. It is also a critical regulator of tumor angiogenesis and is highly expressed in malignant gliomas (31). High VEGFA levels in GBM are associated with increased tumor aggressiveness and poor survival rates (32). Functionally, VEGFA primarily interacts with the VEGFR1 and VEGFR2 receptors, activating downstream signaling pathways and promoting endothelial cells migration, proliferation, and tube formation (33). VEGFA-mediated angiogenesis has been a hallmark in glioblastoma, indicating the potential value of VEGFA-targeted treatments. However, bevacizumab, a humanized antibody targeting secreted VEGFA, did not significantly improve the overall survival of patients with GBM (34). Tamura et al. suggested that the alternative pro-angiogenic mechanisms, such as vascular co-option, vasculogenesis, and vasculogenic mimicry, are induced in the development of resistance to anti-VEGFA therapy (35). Moreover, the salvage angiogenic pathways, including c-MET and STAT3, are activated in the setting of bevacizumab treatment failure (36). In this study, we screened a panel of soluble angiogenic factors involved in vascular development. We found stable up-regulation of VEGFA mRNA and protein upon depletion of LRIG3, suggesting that VEGFA is the downstream target gene for LRIG3. Furthermore, our results demonstrated their clinical relevance in glioma specimens. As mentioned above, high levels of LRIG3 is associated with the downregulation of EGFR and MET signaling in malignant gliomas, supporting the idea that LRIG3 may be a novel target for anti-angiogenic therapy.

Multiple signaling pathways, including the ERK, AKT, STAT3, and JNK pathways, have been shown to modulate VEGFA expression (37). Previously, we demonstrated that LRIG3 functions as a tumor suppressor by inactivating the ERK and AKT signaling pathways (13). To further ascertain the most important pathway, we used specific inhibitors to suppress AKT and ERK phosphorylation and found that the AKT, and not the ERK pathway, plays a major role in the LRIG3-modulated VEGFA expression. Activation of the PI3K/AKT pathway in glioma cells can increase VEGFA secretion, both via hypoxia-inducible factor 1 (HIF-1) dependent and independent mechanisms (25, 38). Additionally, the PI3K/AKT pathway’s hyperactivation affects numerous biological processes in glioma, including angiogenesis, cytoskeletal rearrangement, cell proliferation, and vasculogenic mimicry formation (39, 40). Apart from these, VEGFA binding to VEGFR1 enhances a variety of signaling pathways, including the ERK and AKT pathways, leading to tumor invasion and migration (41). Whether LRIG3 has an inhibitory effect on this positive feedback loop warrants further investigation. Based on the results above, it is evident that LRIG3 represents a promising therapeutic target for developing anti-angiogenic strategies against gliomas.

Our study had several limitations. On the one hand, we only analyzed a series of classical angiogenesis-related factors, limiting the study’s comprehensiveness. On the other, this was a single-center study with a small sample size. Multicenter data using larger clinical sample sizes are needed to validate our results. Further investigations are still required to identify the specific interactions between LRIG3 protein and the PI3K/AKT signaling pathway, as well as other relevant signaling pathways that might play potential roles in glioma angiogenesis.

In summary, we have demonstrated that LRIG3 inhibits angiogenesis in glioma. Specifically, our results show that LRIG3 suppresses expression and secretion of VEGFA, both in vitro and in vivo, by inactivating the PI3K/AKT signaling pathway. This novel LRIG3/PI3K/AKT/VEGFA axis provides new insights into the underlying mechanisms of glioma angiogenesis. This axis may be a potential target for developing therapeutic approaches for treating patients with malignant gliomas.
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Recent studies have reported that cancer associated fibroblasts (CAFs) and glioma stem-like cells (GSCs) played active roles in glioma progression in tumor microenvironment (TME). Long non-coding RNAs (lncRNAs) have been found to be closely associated with glioma development in recent years, however, their molecular regulatory mechanisms on CAFs in GSCs remodeled TME kept largely unelucidated. Our study found that GSCs could induce malignant transformation of fibroblasts (t-FBs) based on dual-color fluorescence tracing orthotopic model. Associated with poor prognosis, Lnc HOXA transcript antisense RNA, myeloid-specific 1 (HOTAIRM1) was highly expressed in high-grade gliomas and t-FBs. Depleting HOTAIRM1 inhibited the proliferation, invasion, migration, and even tumorigenicity of t-FB. Conversely, overexpression of HOTAIRM1 promoted malignancy phenotype of t-FB. Mechanistically, HOTAIRM1 directly bound with miR-133b-3p, and negatively regulated the latter. MiR-133b-3p partly decreased the promotion effect of HOTAIRM1 on t-FBs. Furthermore, transforming growth factor-β (TGFβ) was verified to be a direct target of miR-133b-3p. HOTAIRM1 can modulate TGFβ via competing with miR-133b-3p. Collectively, HOTAIRM1/miR-133b-3p/TGFβ axis was involved in modulating t-FBs malignancy in TME remodeled by GSCs, which had the potential to serve as a target against gliomas.
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Introduction

Gliomas are the most prevalent primary intrinsic tumors in the central nervous system, and glioblastoma multiforme (GBM) accounts for nearly half of gliomas (1–3). Although the treatment is constantly optimized (4), GBM is regarded as one of the most malignant and aggressive cancer, which is characterized of poor prognosis and low overall survival. Recently, some studies have focused on the interactions between GSCs and stromal cells in TME, which is regarded as crucial element for glioma progression recently (5).

Among the stromal cells in TME, fibroblasts are key components involved in progression and metastasis of various malignancies (6, 7). Chronic activation of peri-tumor fibroblasts by cancer cells leads to formation of a subgroup of cells generally known as cancer associated fibroblasts (CAFs) (8). As a significant crosstalk mediator between cancer and stroma in TME, fully exploring the roles of CAFs may help to develop new possible therapeutic approaches against gliomas (9). Local accumulation of CAFs in TME is related with poor prognosis (10, 11), CAFs can promote the proliferation and metastasis of breast cancer (12), endometrial cancer (13), adenocarcinoma of esophagogastric junction (14), melanoma (15), gastric cancer (16), etc. However, the roles of fibroblasts in gliomas TME, and their interactions or crosstalk with GSCs have not been fully elucidated up to now.

LncRNAs are a group of non-coding RNAs with over 200 nucleotides in length (17), which could activate/silence target gene on the level of transcription and/or post-transcription level (18). Emerging studies have declared that aberrant expression of lncRNAs is ubiquitous and relevant with multiple malignant phenotypes of tumors (19–21). LncRNA HOTAIRM1 is located in the HOX gene cluster and regulates the family of HOXA genes (22), which is associated with tumor progression, including colorectal (23), gastric (24), lung cancers (25), and pancreatic cancer (26), et al. However, the role of HOTAIRM1 played in interactions between GSCs and stromal cells in glioma microenvironment has never been reported previously.

Based on the findings that in vivo malignant transformation of fibroblasts with HOTAIRM1 upregulation after interaction with GSCs, further exploration the roles of HOTAIRM1 initiated molecular regulatory pathway on proliferation, invasion, migration, and tumorigenicity of t-FBs, will provide new experimental references for potential treatment strategy targeting on t-FBs in glioma microenvironment.



Material and Methods


Tumor Specimens, Experimental Animals, and Cell Culture

Surgical specimen from glioma patients were collected from the Department of Neurosurgery, the Second Affiliated Hospital of Soochow University with informed consent. The whole process obeyed the rules of the Ethics Committee of the Second Affiliated Hospital of Soochow University.

Balb/c nude mice expressing green fluorescent protein (GFP) were bred in specific pathogen free (SPF) experimental animal center in Soochow University (27). All of the animal studies adhered to the rules of the Ethics Committee of the Second Affiliated Hospital of Soochow University.

The GSCs-SU3 cells derived from surgical specimen of glioma patient (28) and were cultured in DMEM/F12 medium favored for neural stem cell growth (Gibco, USA) including 1x B27 Supplement (Gibco, USA), 20 ng/ml epidermal growth factor (EGF) (Gibco, USA), and 20 ng/ml basic fibroblast growth factor (bFGF) (Gibco, USA). The normal human astrocyte cells (NHA), glioma cell lines (SNB19, A172, U343) were cultured in DMEM (Hyclone, USA) containing 10% fetal bovine serum (FBS) (BI, Israel). All cells were cultured in the incubator (SANYO, JP) at 37°C with 5% CO2.



Establishment of Dual-Color Fluorescence Tracing Orthotopic GSCs Model

Human GSCs-SU3 cells (28) with red fluorescence protein (RFP) stable expression via lentivirus transfection (SU3-RFP) (Supplementary Figures 1A, B). GSCs-SU3RFP cells (1 × 106) were injected slowly into the caput nuclei caudate of 4 weeks old GFP Balb/c nude mice (15–20 g) with stereotaxic techniques (Supplementary Figure 1C). All mice were sacrificed 4 weeks later under general anesthesia, and the xenografts were harvested, fine minced, and digested with trypsin to prepare single-cell suspension. GSCs derived tumor cells (RFP+) and host derived tumor stromal cells (GFP+) in the xenograft parenchyma can be distinguished under fluorescence microscopic view (Supplementary Figures 1D–F). GFP+ cells with high proliferative capacity were mono-cloned with micro-pipetting techniques (Supplementary Figures 1G, H), and continued subculturing (Supplementary Figures 1I, J). Two of the mono-cloned GFP+ cells (positive for fibroblast makers α-SMA, vimentin, and S100A4) with unlimited proliferation ability (Supplementary Figures 1K–M), were named after transformed fibroblasts t-FB1 and t-FB2, respectively.



CCK8 Assay

Cells were seeded into 96-well plates at a density of 3,000 cells/well in 100 µl DMEM. Ten µl CCK8 reagent (Dojindo, Japan) was added into each well every 24 h and incubated for another 2 h at 37°C. Absorbance value at 450 nm was recorded with a spectrophotometer (Tecan, Switzerland).



Immunocytochemical Staining

Transformed fibroblasts were fixed with methanol for 20 min, then permeabilized with 0.25% Triton X-100 (Beyotime, China), and incubated in blocking solution for 1 h. The primary antibodies of α-SMA, vimentin, and S100A4 (CST, USA) were applied for 1 h, respectively. After washing with PBS for three times, the second antibody (Beyotime, China) was applied for 30 min. Finally, the cells were stained with diaminobenzidine (DAB) and hematoxylin, observed under fluorescence microscope (Zeiss, Germany) at a magnification of 200×.



Vector Construction and Cell Transfection

The short hairpin RNA (shRNA) targeting HOTAIRM1 (shHOTAIRM1-1 and shHOTAIRM1-2), the overexpression vector of HOTAIRM1, TGF-β, and the corresponding negative control, the miR-133b-3p mimics, inhibitors, and corresponding negative control, were all designed by GenePharma (Shanghai, China). The corresponding vectors and their controls were transfected into transformed fibroblasts according to the manufacturer’s protocol.



Quantitative Real-Time Reverse Transcription PCR (qRT-PCR)

Total RNA was extracted with TRIzol (Invitrogen, USA). qRT-PCR was performed to evaluate the expression levels of HOTAIRM1, miR-133b-3p, and TGF-β. The expression of U6 and GAPDH was applied as control. The expression level was analyzed with 2−ΔΔCt method.



5-Ethynyl-20-Deoxyuridine (EdU) Assay

Cells (5 × 104) were seeded in 24-well plates and cultured overnight. Then 300 µl EdU (50 µM)(RiboBio, China) was added in each well and incubated for 2 h. Then cells were fixed by 4% paraformaldehyde for 20 min and permeabilized by 0.5% TritonX-100 (Beyotime, China) for 20 min, dyed in 300 µl Apollo dye solution (RiboBio, China) for 25 min. Cell nuclei were dyed with Hoechst (RiboBio, China) for 10–30 min. Cells were observed under an inverted fluorescence microscope (Zeiss, Germany) at a magnification of 200×. And then proportion of EdU positive cells was calculated.



Invasion Assay

Transwell chambers (Corning, USA) were coated with Matrigel (dilution 1:8; BD, USA). Then 120 μl serum-free medium containing 5 × 104 cells was added in the upper chamber, 600 μl complete medium containing 10% FBS was added in the lower chamber, then cultured for 24 h at 37°C. The cells on the upper surface were erased with cotton swabs. The cells on the lower surface were fixed with methanol for 30 min and stained with 0.1% crystal violet, cell images were captured with an inverted microscope (AMG, USA) at a magnification of 200×.



Wound Healing Assay

Cells were seeded on six-well plate and cultured at 37°C overnight. A 200 μl pipette tip was applied to make wounds on monolayer cells. Cells were washed by PBS and cultured in DMEM without FBS. The cells were imaged with an inverted microscope (AMG, USA) at a magnification of 100×. Images of the wound area were analyzed via Image J software after 24 h (NIH, Bethesda, USA).



Luciferase Reporter Assay

The HOTAIRM1 fragment with the miRNAs binding sequences were inserted into the pMIR-REPORT vectors. Similarly, the 3′-UTR fragments of TGF-β with the miRNAs binding sequence were also inserted into pMIR-REPORT vectors. Transformed fibroblasts were transfected with the corresponding miRNAs and the reporter vectors. The mutated vectors were used as control. The duration of transfection was 36 h. Luciferase activity was evaluated by the Dual Luciferase Reporter Assay System (Promega, USA).



Western Blot

Total cell proteins were extracted with RIPA buffer (Beyotime Biotechnology, China). Twenty μg total proteins were separated by 10% SDS-PAGE and transferred to PVDF membrane, then incubated with the primary antibodies against TGF-β (1:1,000, CST, USA) and GAPDH (1:5,000, CST, USA) overnight. Then the membrane was incubated with the secondary antibody for 1 h. ECL method was used for visualization for quantitative analysis.



Enzyme Linked Immunosorbent Assay (ELISA)

Sample and the diluent buffer were added to the wells of the 96-well plate which was pre-coated with anti-TGF-β antibody (Abnova, USA), then shake the plate gently to mix thoroughly, and incubate at 37°C for 30 min. Discard the solution in the plate and fill each well completely with Wash Buffer (1×) and vortex gently on the shaker for 2 min. Repeat this procedure four more times, 50 μl HRP conjugated anti-TGF-β antibody was added into each well. Incubate at 37°C for 30 min, then wash the plate for three times, following with adding 50 μl TMB chromogenic reagent A and B, vortexing gently the plate on the shaker for 30 s, and incubating in dark at 37°C for 15 min, finally adding 50 μl Stop solution into each well and mix thoroughly. The absorbance at 450 nm was detected with a spectrophotometer (Tecan, Switzerland).



Tumorigenicity Assay

Athymic Balb/c nude mice (4 weeks old, 15–20 g) were bred in the SPF animal center. Then 1 × 106 transformed fibroblasts with up/downregulation of HOTAIRM1 and the corresponding negative control were injected subcutaneously into the right flank of each mouse, respectively. After 5 weeks, all mice were sacrificed under general anesthesia, and the tumors were excised and weighed.



Statistical Analysis

All data were expressed as mean ± SD and analyzed with t-test, one-way ANOVA, or two-way ANOVA using the software of Prism 7.0 (GraphPad Software, USA). P-value <0.05 was considered statistically significant (*p < 0.05; **p < 0.01; ***p < 0.001; **** p < 0.0001).




Results


Overexpression of LncRNA HOTAIRM1 in Glioma Tissue/Cell Lines and Malignant Transformed Fibroblasts

HOTAIRM1 expression in gliomas was evaluated in The Cancer Genome Atlas (TCGA) database, indicating HOTAIRM1 upregulation in gliomas compared with adjacent normal brain tissue (Figure 1A). TCGA survival curve analysis of gliomas showed that the survival of patients with high HOTAIRM1 expression decreased significantly (Figure 1B). Clinical glioma samples (n = 10) were collected to further verify HOTAIRM1 expression, which was in accordance with the TCGA results (Figure 1C). RNA fluorescence in situ hybridization (FISH) demonstrated that HOTAIRM1 expression was positive correlated with glioma malignancy grades in tissues sections of clinical specimens (Figure 1D). In addition, HOTAIRM1 expression was detected in the malignant transformed fibroblasts (t-FB1 and t-FB2), normal fibroblasts, glioma cell lines (SNB19, A172, U343), GSCs-SU3, and normal human astrocytes (NHAs), which disclosed HOTAIRM1 upregulation in glioma cell lines, GSCs, and transformed fibroblasts, when compared with NHAs and normal fibroblasts (Figure 1E).




Figure 1 | Expression of HOTAIRM1 in malignant transformed fibroblasts (t-FBs) and glioma surgical specimens and cell lines. (A) HOTAIRM1 expression level between glioma and normal brain tissue in TCGA. *p < 0.05, Student’s t test. (B) Overall survival rate of glioma patients in low HOTAIRM1 group and high HOTAIRM1 group. (C) HOTAIRM1 expression level in clinical glioma specimen (n = 10) and paired normal brain tissue (n = 10). **p < 0.01, Student’s t test. (D) HOTAIRM1 expression level in clinical specimen with different malignancy grade by RNA FISH assay. (E) HOTAIRM1 expression level in malignant transformed fibroblasts (t-FB), normal fibroblasts, glioma cell lines, and GSCs. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA.





HOTAIRM1 Downregulation Inhibited Proliferation, Invasion, Migration, and Tumorigenesis of Malignant Transformed Fibroblasts

After transfected with an shRNA targeting HOTAIRM1 (shHOTAIRM1-1 and shHOTAIRM1-2) in t-FB1 and t-FB2 cells, the transfection efficiency was validated by qRT-PCR (Figure 2A). EdU assay indicated that HOTAIRM1 downregulation decreased the proliferation ability of t-FB1 and t-FB2 cells (Figures 2B–D). Transwell assay showed that knock-down HOTAIRM1 expression resulted in significant decline of invasion ability of t-FB1 and t-FB2 cells (Figures 2E, F). Downregulation of HOTAIRM1 also remarkably weakened migration ability of t-FB1 and t-FB2 cells (Figures 2G–J), as shown in wound healing assay. Tumorigenicity assay indicated that HOTAIRM1 downregulation of transformed fibroblasts led to obvious decrease in both tumor volume and weight of subcutaneous implanted HOTAIRM1 knocking-down t-FB1/2 cells decreased obviously, compared with the control group (Figures 2K–P). To further investigate the effect of HOTAIRM1 down-regulation in t-FB1 and t-FB2 cells on tumorigenicity ability of GSCs, in vivo combined inoculation of GSCs-SU3 and HOTAIRM1 downregulated t-FB1/2 cells was performed, the transplanted tumor volume and weight were significantly decreased, compared with the control group (Supplementary Figures 2A–F).




Figure 2 | HOTAIRM1 downregulation resulted in inhibition on proliferation, invasion, and migration abilities of malignant transformed fibroblasts. (A) HOTAIRM1 expression was analyzed by qRT-PCR in t-FB1/2 transfected with shNC, shHOTAIRM1-1, or shHOTAIRM1-2. **p < 0.01, one-way ANOVA. (B–D) Proliferation ability was evaluated after HOTAIRM1 downregulation in t-FB1/2 using EdU assay. *p < 0.05, **p < 0.01, one-way ANOVA. (E, F) Invasion capacity was measured after HOTAIRM1 downregulation in t-FB1/2 by transwell assay. *p < 0.05, **p < 0.01, one-way ANOVA. (G–J) Migration capacity was detected after downregulation of HOTAIRM1 in t-FB1/2 by wound healing assay. **p < 0.01, one-way ANOVA. (K, N) Tumorigenicity assay performed in nude mice by subcutaneous inoculation of t-FB1/2 cells transfected with shNC, shHOTAIRM1-1, or shHOTAIRM1-2, respectively. (L, M, O, P) Tumor growth curve and tumor weight of shNC, shHOTAIRM1-1, and shHOTAIRM1-2 group. ****p < 0.0001, two-way ANOVA; *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA.





HOTAIRM1 Upregulation Promoted Proliferation, Invasion, Migration, and Tumorigenesis of Malignant Transformed Fibroblasts

To further validate the biological function of HOTAIRM1 in the malignant transformed fibroblasts, overexpression of HOTAIRM1in t-FB1 and t-FB2 cells was achieved via transfection of HOTAIRM1, and verified by qRT-PCR (Figure 3A). EdU assay showed HOTAIRM1 upregulation enhanced the proliferation capacity of t-FB1 and t-FB2 cells in vitro (Figures 3B, C). The results of Transwell assays indicated that overexpression of HOTAIRM1promoted the invasion of t-FB1 and t-FB2 cells (Figures 3D, E). Wound healing assay suggested that overexpression of HOTAIRM1 significantly increased the migration of t-FB1 and t-FB2 cells (Figures 3F, G). In vivo tumorigenicity assay also showed that overexpression of HOTAIRM1 in t-FB1/2 cells led to higher tumor volume and weight, compared with the control group (Figures 3H–M). To further investigate the effect of HOTAIRM1 overexpression of transformed fibroblasts on tumorigenicity of GSCs, in vivo combined inoculation of GSCs-SU3 and HOTAIRM1 upregulated t-FB1/2 cells was performed, tumor volume and weight were increased, compared with the control group (Supplementary Figures 2G–L).




Figure 3 | HOTAIRM1 upregulation promoted proliferation, invasion, and migration of malignant transformed fibroblasts. (A) HOTAIRM1 expression was analyzed with qRT-PCR in t-FB1/2 transfected with HOTAIRM1 or NC. **p < 0.01, Student’s t test. (B, C) Proliferation ability was evaluated after HOTAIRM1 upregulation in t-FB1/2 using EdU assay. *p < 0.05, Student’s t test. (D, E) Invasion capacity was assessed after HOTAIRM1 upregulation in t-FB1/2 by transwell assay. *p < 0.05, **p < 0.01, Student’s t test. (F, G) Migration ability was evaluated in t-FB1/2 with HOTAIRM1 overexpression by wound healing assay. **p < 0.01, Student’s t test. (H, K) Tumorigenicity was compared in murine subcutaneous tumor model between t-FB1/2 with NC or HOTAIRM1 transfection. (I, J, L, M) Tumor growth curve and tumor weight of NC and HOTAIRM1 transfection group. ****p < 0.0001, two-way ANOVA; **p < 0.01, one-way ANOVA.





MiR-133b-3p Was a Direct Target of HOTAIRM1

To explore the role of competing endogenous RNA (ceRNA) on regulating biological activities of malignant transformed fibroblasts, the online database starBase (http://starbase.sysu.edu.cn/) was applied to identify the possible miRNA targets of HOTAIRM1. Potential binding sites between HOTAIRM1 and miR-133b-3p (Figure 4A) were predicted with bioinformatic analysis via starBase. Further verification with qRT-PCR found dramatic downregulation of miR-133b-3p expression in t-FB1/2 and glioma cell lines, compared with normal fibroblasts and NHAs (Figure 4B). Specifically, miR-133b-3p was negatively regulated by HOTAIRM1 in t-FB1/2 cells (Figures 4C, D). In order to clarify the direct interaction between miR-133b-3p and HOTAIRM1, wild type (WT) and mutant type (MUT) vector of HOTAIRM1 were constructed for luciferase activity assay, which showed that miR-133b-3p significantly inhibited the luciferase activity of HOTAIRM1-WT (Figures 4E, F), indicating that miR-133b-3p was the direct target of HOTAIRM1.




Figure 4 | MiR-133b-3p was verified to be a direct target of HOTAIRM1. (A) the binding site between miR-133b-3p and HOTAIRM1. Wild type (WT) and mutant type (MT) vector of HOTAIRM1 were constructed for luciferase activity assay. (B) MiR-133b-3p expression level was evaluated by qRT-PCR in t-FB1/2 and glioma cell lines. *p < 0.05, **p < 0.01, one-way ANOVA. (C, D) qRT-PCR assay showed miR-133b-3p was negatively regulated by HOTAIRM1 in t-FB1/2. **p < 0.01, ***p < 0.001, one-way ANOVA; **p < 0.01, ***p < 0.001, Student’s t test. (E, F) Luciferase reporter assay suggested that miR-133b-3p weakened the luciferase activity of HOTAIRM1-WT. **p < 0.01, Student’s t test.





MiR-133b-3p Inhibited Proliferation, Invasion, and Migration of Malignant Transformed Fibroblasts by Targeting TGFβ

TGFβ was one of the predicted downstream targets of miR-133b-3p according to bioinformatic analysis (Figures 5A). To further verify the direct bonding between miR-133b-3p and TGFβ, TGFβ-WT and TGFβ-MUT vectors constructed for further luciferase activity assay (Figure 5A), which revealed that miR-133b-3p significantly weakened luciferase activity of TGFβ-WT, compared with TGFβ-MUT (Figures 5B, C). TGFβ expression level was also detected with qRT-PCR in both glioma cell lines and t-FB1/2 cells, which showed TGFβ was overexpressed in both glioma cell lines and transformed fibroblasts (Figure 5D).




Figure 5 | Upregulation of miR-133b-3p can inhibit proliferation, invasion, and migration of transformed fibroblasts by targeting TGFβ. (A) The vector of TGFβ-WT and TGFβ-MUT were constructed for luciferase activity assay. (B, C) Luciferase reporter assay testified that miR-133b-3p significantly weakened the luciferase activity of TGFβ-WT. *p < 0.05, Student’s t test. (D) TGFβ expression level in t-FB1/2 and glioma cell lines. *p < 0.05, **p < 0.01, one-way ANOVA. (E–G) qRT-PCR and western blot analysis of TGFβ expression in t-FB1/2 transfected with miR-133b-3p or miR-133b-3p together with TGFβ. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA. (H–J) proliferation was analyzed in t-FB1/2 cells transfected with miR-133b-3p or TGFβ by EdU assay. *p < 0.05, one-way ANOVA. (K, L) Invasion was evaluated in t-FB1/2 cells transfected with miR-133b-3p or TGFβ via transwell assay. *p < 0.05, **p < 0.01, one-way ANOVA. (M–P) Migration was determined in t-FB1/2 transfected with miR-133b-3p or TGFβ by wound healing assays. **p < 0.01, one-way ANOVA.



To further explore the regulatory relationship between miR-133b-3p and TGFβ, both of miR-133b-3p mimics and TGFβ plasmid were transfected into t-FB1/2 cells. QRT-PCR, western blot assay, and ELISA showed that miR-133b-3p can inhibit TGFβ expression, and this inhibition effect can be partially offset by TGFβ plasmid transfection (Figures 5E–G; Supplementary Figures 3A, B). In addition, EdU assay showed miR-133b-3p decreased t-FB1/2 cells proliferation, and can be reversed by TGFβ overexpression (Figures 5H–J). Meanwhile, the weakened invasion and migration of t-FB1/2 cells induced by miR-133b-3p upregulation were partially offset by TGFβ overexpression (Figures 5K–P).



HOTAIRM1 Facilitated Progression of Malignant Transformed Fibroblasts by Regulating miR-133b-3p/TGFβ Axis

To elucidate the mechanism which HOTAIRM1 promoted malignancy of transformed fibroblasts via regulating miR-133b-3p/TGFβ axis, t-FB1 and t-FB2 cells were transfected with shHOTAIRM1 or shHOTAIRM1 together with miR-133b-3p inhibitors. qRT-PCR, western blot assay, and ELISA suggested that shHOTAIRM1 can inhibit TGFβ expression, which was partly offset by miR-133b-3p inhibitors (Figures 6A–C; Supplementary Figures 3C, D). Besides, EdU assay indicated shHOTAIRM1 decreased the proliferation of t-FB1/2 cells, which could be reversed by miR-133b-3p inhibitors (Figures 6D–F). Consistent with results of EdU assay, the weakened invasion and migration of t-FB1/2 cells induced by shHOTAIRM1 were partly rescued by miR-133b-3p inhibitors as well (Figures 6G–L).




Figure 6 | HOTAIRM1 facilitated malignant transformed fibroblasts progression via regulating miR-133b-3p/TGFβ axis. (A–C) qRT-PCR and western blot analysis of TGFβ expression in t-FB1/2 cells transfected with shHOTAIRM1 or shHOTAIRM1 together with miR-133b-3p inhibitors. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA. (D–F) EdU assay was performed to evaluate the proliferation of t-FB1/2 cells transfected with shHOTAIRM1 or shHOTAIRM1 together with miR-133b-3p inhibitors. *p < 0.05, **p < 0.01, one-way ANOVA. (G, H) Invasion was evaluated in t-FB1/2 cells transfected with shHOTAIRM1 or shHOTAIRM1 together with miR-133b-3p inhibitors by transwell assay. *p < 0.05, **p < 0.01, ***p < 0.001, one-way ANOVA. (I–L) Migration was assessed in t-FB1/2 cells transfected with shHOTAIRM1 together with miR-133b-3p inhibitors by wound healing assay. **p < 0.01, one-way ANOVA.






Discussion

In this study, glioma associated fibroblasts were found undergoing malignant transformation in GSCs remodeled tumor microenvironment. The role of lncHOTAIRM1 was highly associated with the pro-tumor abilities of transformed fibroblasts, including promoting proliferation, invasion, migration, and tumorigenesis on t-FBs. Further mechanistical studies suggested that HOTAIRM1 competitively bound miR-133b-3p to regulate the expression of TGF-β, thus producing obvious pro-tumor effect.

Most studies attributed treatment resistance and high recurrence of glioma to GSCs (29–31), which based on their infinite self-renewal capacity, persistent proliferation, and strong remodeling of TME (32–34). Despite the key roles of GSCs in tumor initiation, glioma microenvironment, including the relevant various stromal cells, interacted actively with GSCs, and played vital roles on GSCs initiated tissue remodeling processes. Various glioma biological processes were largely affected by TME (35), and targeting on TME has been the potential treatment strategy in recent years (36). Among stromal cells in glioma microenvironment, fibroblasts were essential for regulating glioma development (37–39). Normal fibroblasts maintained homeostasis, which was characterized of inertness and low levels of synthetic properties if they were not under any local microenvironment stress (40). When the intrinsic crosstalk between normal fibroblasts (NFs) and stroma changed due to education by cancer stem cells, NFs may acquire modified phenotypes and can converted into CAFs (41). Recent studies revealed that CAFs were main cancer-promoting components in TME, which were involved in carcinogenesis, proliferation, invasion, and chemoresistance (42–45), and the existence of CAFs implied poor prognosis in ovarian and breast cancer (43, 44). Yes-associated protein 1 (YAP1) was responsible for converting NFs into CAFs, thus facilitating prostate cancer development (46). However, the role of fibroblasts in glioma microenvironment and how they interacted with GSCs kept largely unknown. In vitro studies showed CAFs were associated with glioma cell migration (38). Fibroblasts can differentiate from mesenchymal cells (47, 48), which can be recruited into glioma microenvironment. Our results verified malignant transformation of fibroblasts in glioma microenvironment induced by GSCs, and further disclosed that HOTAIRM1 played active roles on malignancy phenotype of t-FBs, which could be a potential target against gliomas.

Long non-coding RNAs were pivotal in molecular dysregulation of gliomas, including the aberrant expression profile of gliomas (49–51). Previous studies reported that Lnc HOTAIRM1 can act as promoter or suppressor in tumor development: HOTAIRM1 exerted its tumor inhibitory effect through competitive combination with endogenous RNA in gastric cancer (24), head and neck tumor (52), it also can suppress tumor cell proliferation and promote cell apoptosis in hepatocellular carcinoma via inhibiting Wnt pathway (53). Besides, HOTAIRM1 can promote glioma progression through certain ceRNA networks (54–57). The role of HOTAIRM1 in transformation and malignant phenotype of fibroblasts in glioma microenvironment was explored in the current studies, which also disclosed that miR-133b-3p was the target of HOTAIRM1 and can inhibit biological behaviors of t-FBs. MiR-133b played tumor suppressing roles in several malignancies through regulating in gastric cancer (58), targeting Sox9 in breast cancer (59), negatively regulating EMP2 in glioma (60), targeting methyltransferase DOT1L in colorectal cancer (61), and targeting EGFR in esophageal squamous cell carcinoma (62). Our results supported that TGFβ was the functional target of miR-133b-3p, miR-133b-3p can inhibit t-FBs via targeting TGFβ.

In summary, the current studies showed that HOTAIRM1 was upregulated in t-FB and gliomas, it can promote malignant biological phenotype of t-FBs by regulating TGFβ via miR-133b-3p. Therefore, the HOTAIRM1/miR-133b-3p/TGFβ signal axis may serve as the potential therapeutic target against t-FBs in glioma microenvironment. However, our results were mainly based on an orthotopic xenograft tumor model, which may not fully reflect the real TME of glioma patients, which needs to be verified through high throughput single cell sequencing of glioma surgical specimens to confirm the molecular mechanisms regulating CAFs in glioma microenvironment.
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Supplementary Figure 1 | Glioma stem cells can induce malignant transformation of fibroblasts. (A) Patient-derived GSCs-SU3 cells had typical sphere-like cell clusters. (B) SU3 cells had stable RFP expression after RFP transfection. (C) Orthotopic tumor formation after SU3-RFP cells inoculated in transgenic GFP BALB/c athymic nude mice. (D–F) Primary culture of the xenograft tumor cells and observation under the fluorescence microscope. (G, H) GFP+ cells with high proliferation ability were mono-cloned in 96-well plates. (I, J) Subculture of the mono-cloned GFP+ cells. (K, L) the unlimited proliferation ability of GFP+ cells was measured by CCK8 assay. (M) GFP+ cells with high proliferation ability were positive for fibroblasts makers (α-SMA, vimentin, and S100A4).

Supplementary Figure 2 | Tumorigenicity assay by subcutaneous inoculation of GSCs-SU3 cells, and t-FB1/2 cells with HOTAIRM1 down-regulation or overexpression. (A, D) Tumorigenicity was compared in GSCs subcutaneous tumor model after simultaneous inoculation of t-FB1/2 cells with shNC, shHOTAIRM1-1, or shHOTAIRM1-2 transfection. (B, C, E, F) Tumor growth curve and tumor weight of shNC, shHOTAIRM1-1, and shHOTAIRM1-2 group. ****p < 0.0001, two-way ANOVA; **p < 0.01, one-way ANOVA. (G, J) Tumorigenicity was compared in GSCs subcutaneous tumor model after simultaneous inoculation of t-FB1/2 cells with NC or HOTAIRM1 transfection. (H, I, K, L) Tumor growth curve and tumor weight of NC and HOTAIRM1 transfection group. ****p < 0.0001, two-way ANOVA; ***p < 0.001, Student’s t test.

Supplementary Figure 3 | ELISA to detect TGFβ secretion. (A, B) Secretion of TGFβ by t-FB1/2 cells which were transfected with miR-133b-3p or miR-133b-3p together with TGFβ. (C, D) Secretion of TGFβ by t-FB1/2 cells which were transfected with shHOTAIRM1 or shHOTAIRM1 together with miR-133b-3p inhibitors. *p < 0.05, **p < 0.01, one-way ANOVA.
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Background

YTH N6-methyladenosine RNA binding protein 1 (YTHDF1) has been indicated proven to participate in the cross-presentation of tumor antigens in dendritic cells and the cross-priming of CD8+ T cells. However, the role of YTHDF1 in prognosis and immunology in human cancers remains largely unknown.



Methods

All original data were downloaded from TCGA and GEO databases and integrated via R 3.2.2. YTHDF1 expression was explored with the Oncomine, TIMER, GEPIA, and BioGPS databases. The effect of YTHDF1 on prognosis was analyzed via GEPIA, Kaplan-Meier plotter, and the PrognoScan database. The TISIDB database was used to determine YTHDF1 expression in different immune and molecular subtypes of human cancers. The correlations between YTHDF1 expression and immune checkpoints (ICP), tumor mutational burden (TMB), microsatellite instability (MSI), and neoantigens in human cancers were analyzed via the SangerBox database. The relationships between YTHDF1 expression and tumor-infiltrated immune cells were analyzed via the TIMER and GEPIA databases. The relationships between YTHDF1 and marker genes of tumor-infiltrated immune cells in urogenital cancers were analyzed for confirmation. The genomic alterations of YTHDF1 were investigated with the c-BioPortal database. The differential expression of YTHDF1 in urogenital cancers with different clinical characteristics was analyzed with the UALCAN database. YTHDF1 coexpression networks were studied by the LinkedOmics database.



Results

In general, YTHDF1 expression was higher in tumors than in paired normal tissue in human cancers. YTHDF1 expression had strong relationships with prognosis, ICP, TMB, MSI, and neoantigens. YTHDF1 plays an essential role in the tumor microenvironment (TME) and participates in immune regulation. Furthermore, significant strong correlations between YTHDF1 expression and tumor immune-infiltrated cells (TILs) existed in human cancers, and marker genes of TILs were significantly related to YTHDF expression in urogenital cancers. TYHDF1 coexpression networks mostly participated in the regulation of immune response and antigen processing and presentation.



Conclusion

YTHDF1 may serve as a potential prognostic and immunological pan-cancer biomarker. Moreover, YTHDF1 could be a novel target for tumor immunotherapy.





Keywords: YTHDF1, prognosis, tumor microenvironment, immune infiltration, immunotherapy, human cancer



Introduction

N6-methyladenine (m6A), occurring in the N6-position of adenosine, is the most abundant modification of mRNA and noncoding RNAs in mammals (1–3). Moreover, it plays an essential role in RNA nucleation, RNA-protein interaction, mRNA metabolism, mRNA stability and splicing, and mRNA translation (4, 5). Under normal conditions, m6A molecules modify the processing of RNA by serving as “writers”, “erasers”, and “readers” (6, 7). However, abnormal expression of m6A molecules has been proven to promote tumorigenesis by affecting oncogene expression (8–10). Recent evidence reveals that m6A produces a marked effect on cancer development, such as proliferation, migration, and invasion (11), which means that m6A molecules may be promising prognostic biomarkers and therapeutic targets.

YTH N6-methyladenosine RNA binding protein 1 (YTHDF1) belongs to the YTH domain family, and acts as a “reader” of m6A-modified mRNAs. In the cytosol, YTHDF1 plays an essential role in RNA translation initiation by binding to initiation factors (4). Previous studies proved that tumor neoantigens could cause spontaneous antitumor immune responses and predict the response to cancer immunotherapies (12, 13). Recent studies have demonstrated that YTHDF1 plays a crucial role in cancer development and durable neoantigen-specific antitumor immunity (4). For example, YTHDF1 promotes the progression of lung cancer by participating in the m6A demethylase the ALKBH5 pathway (14). In colorectal cancer, YTHDF1 is regarded as an oncogene (15); In breast cancer, overexpression of YTHDF1 predicts worse survival (16). Furthermore, YTHDF1 inhibits the function of antitumor immune cells in the tumor microenvironment (TME) by acting on the infiltrated level of CD8+ T cells and natural killer cells. Blocking the YTHDF1 reactivates the inhibited antitumor immunity and synergistically improves the therapeutic efficacy of anti-PD-L1 inhibitors (17). All of the above studies indicate that YTHDF1 might be a promising prognostic and therapeutic pan-cancer biomarker.

However, the role of YTHDF1 in prognosis and immunology in human cancers has seldomly been analyzed systematically. In this study, the role of YTHDF1 in prognosis and immunology in human cancers was comprehensively analyzed. Furthermore, the potential association between YTHDF1 expression and immune subtypes, molecular subtypes of different cancer types, promising immune biomarkers and tumor-infiltrating lymphocytes (TILs) in the TME was analyzed. In addition, we explored the effect of YTHDF1 expression in urogenital cancers to verify the results in human cancers. This study aimed to explore the potential of YTHDF1 in anticancer immunotherapy in human cancer, thus offering insight to a new antitumor strategy.



Methods


Data and Software Availability

All original data were downloaded from The Cancer Genome Atlas (TCGA) (https://cancergenome.nih.gov/) and Gene Expression Omnibus (GEO) (https://www.ncbi.nlm.nih.gov/geo/) databases. Detailed information on human cancers and corresponding individual sample sizes is displayed in Supplementary Table 1. R 3.2.3 was used to integrate the original data and verify the results analyzed by the website database. All applied online web tools were introduced below.



Four Databases to Analyze YTHDF1 Expression in Human Cancers

The Oncomine database (https://www.oncomine.org/resource/login.html), TIMER database (https://cistrome.shinyapps.io/timer/), and GEPIA database (http://gepia2.cancer-pku.cn/#analysis) were used to compare YTHDF1 expression between human cancers and paired normal tissue (18–20). The BioGPS database (http://biogps.org) was used to analyze the expression profiles of YTHDF1 in different cancer and paired normal cell lines (21). In the Oncomine database, we set the thresholds to 0.001 for P-value and 1.5 for the fold change.



Three Databases to Analyze the Prognostic Value of YTHDF1 in Human Cancers

The GEPIA database (http://gepia2.cancer-pku.cn/#analysis), Kaplan-Meier Plotter database (http://kmplot.com/analysis/), and PrognoScan databases (http://dna00.bio.kyutech.ac.jp/PrognoScan/index.html) were used to explore the prognostic value of YTHDF1 expression in human cancers (20, 22, 23). The GEPIA database is an online website, and its analyzed tumor and normal tissue data were from the TCGA database. We used the GEPIA database to explore the correlation between YTHDF1 expression and overall survival (OS) and disease-free survival (DFS) in 33 cancer types. In the GEPIA database, the median YTHDF1 expression was used as a cutoff value to classify groups. The Kaplan-Meier Plotter database classifies groups by calculating an optimal cutoff value automatically. By using the Kaplan-Meier Plotter database, we identified the association between YTHDF1 expression and OS and relapse-free survival (RFS) in 21 cancer types. Hazard ratios (HRs) with corresponding 95% confidence intervals (CIs) and log-rank P-values were calculated. Data on the PrognoScan website were also collected from the TCGA and GEO database. The prognostic value was considered statistically significant when the P-value was less than 0.05.



Database Applied to Analyze YTHDF1 Expression in Immune and Molecular Subtypes of Human Cancers

The TISIDB database (http://cis.hku.hk/TISIDB/index.php) is an online integrated repository portal collecting abundant human cancer datasets from the TCGA database (24). The correlations between YTHDF1 expression and immune or molecular subtypes of different cancer types were explored via the TISIDB database. Differences with a P-value < 0.05 were considered to be statistically significant.



Database Used to Analyze the Correlation Between YTHDF1 Expression and Immune Checkpoint (ICP) Genes, Tumor Mutational Burden (TMB), Microsatellite Instability (MSI), Neoantigen, and ESTIMATE of the TME in Human Cancers

The relationship between YTHDF1 expression and immune checkpoint (ICP) genes, biomarkers and ESTIMATE score in the TME was explored via the SangerBox website (http://sangerbox.com/Tool), which is a useful online platform for TCGA data analysis (25). Immune checkpoint (ICP) genes were selected according to a previous study (26). Tumor mutational burden (TMB), microsatellite instability (MSI), and neoantigens have been proved to be important biomarkers of the TME (27–29). ESTIMATE (Estimation of Stromal and Immune cells in Malignant Tumor tissues using Expression data) was an algorithm designed by Yoshihara et al. for predicting tumor purity in TME, and this algorithm included stromal score (that captures the presence of stroma 136 in tumor tissue), immune score (that represents the infiltration of immune cells in tumor 137 tissue), and estimate score (that infers tumor purity) (30). Correlations between YTHDF1 expression and the above TME biomarkers were explored via the SangerBox website. Differences with a P-value < 0.05 were considered to be statistically significant.



Three Databases Used to Analyze the Correlation Between YTHDF1 Expression and Immune Infiltration Cells and Their Marker Genes

We first explored the correlation between YTHDF1 expression and six immune cells (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells) in the TME of 31 human cancers via the SangerBox website. Then, the correlation between YTHDF1 expression and ten immune cells in the TME was explored in six urogenital cancers by the SangerBox website. These ten immune cells included B cells lineage, CB8+ T cells, cytotoxic lymphocytes, endothelial cells, fibroblasts, monocytic cells, myeloid dendritic cells, neutrophils, natural killer cells, and T cells. We reanalyzed the correlation between YTHDF1 expression and tumor infiltrating lymphocytes (TILs) via the TIMER and GEPIA databases to verify the above results. The TIMER database (https://cistrome.shinyapps.io/timer/), which collected 10897 samples across 32 cancer types from TCGA, was created to analyze the level of tumor-associated immune cell infiltration in the TME (19, 31). Then, we verified the correlation between YTHDF1 expression and 24 tumor-infiltrating lymphocytes (TILs) in six urogenital cancers via the GEPIA database (20). These 24 tumor-infiltrating lymphocytes (TILs) were selected from a previous study (32), and detailed information is displayed in Supplementary Table 2. Finally, the TIMER database was used to explore the relationship between YTHDF1 expression and marker genes of the main immune cells, including B cells, CD8+ T cells, follicular helper T cells (Tfh), T-helper 1 (Th1) cells, T-helper 2 (Th2) cells, T-helper 9 (Th9) cells, T-helper 17 (Th17) cells, T-helper 22 (Th22) cells, Tregs cells, exhausted T cells, M1 macrophages, M2 macrophages, tumor-associated macrophages, monocytes, natural killer (NK) cells, neutrophils and dendritic cells (33–35). The difference at a P-value < 0.05 was considered to be statistically significant.



Database Used to Explore YTHDF1 Genomic Alterations in Six Urogenital Cancers

cBio Cancer Genomics Portal (c-BioPortal) (http://cbioportal.org) collected a multidimensional cancer genomics data set (36). Therefore, the c-BioPortal database was applied to explore YTHDF1 genomic alterations in six urogenital cancers.



Database Used to Explore YTHDF1 Expression in Different Clinical Subgroups of Six Urogenital Cancers

The UALCAN database (http://ualcan.path.uab.edu) collected RNA-seq and clinical data of 31 cancer types from TCGA (37), and it offered a useful platform to analyze gene expression in tumor and normal tissues. This database was used to analyze the relationship between individual gene expression and clinicopathological features in human cancers.



Database Used to Explore YTHDF1 Coexpression Networks

The LinkedOmics database (http://www.linkedomics.org/login.php) is a visual platform and is used to explore the gene expression profile (38). We used LinkedOmics to determine the YTHDF1 coexpression genes by using Pearson’s correlation coefficient and showed the results via heat maps, and volcano plots. Then, we explored the Gene Ontology biological process (GO_BP), and KEGG pathways of YTHDF1 and its coexpression genes by using gene set enrichment analysis (GSEA).




Results


YTHDF1 Is Significantly Differentially Expressed Between Tumors and Normal Tissues in Human Cancers

The Oncomine database showed that YTHDF1 mRNA levels were significantly higher in most human cancers, such as bladder, brain and CNS, breast, cervical, colorectal, esophageal, head and neck, kidney, liver, lung, ovarian, pancreatic, prostate cancer, leukemia, melanoma, sarcoma, and other cancer types compared to the corresponding normal tissues. In contrast, YTHDF1 expression was significantly lower only in lymphoma (Figure 1A). The results from the TIMER database showed that YTHDF1 expression was significantly higher in BLCA (bladder urothelial carcinoma), BRCA (breast invasive carcinoma), CHOL(cholangiocarcinoma), COAD (colon adenocarcinoma), ESCA(esophageal carcinoma), HNSC (head and neck cancer), KICH (kidney chromophobe), KIRP (kidney renal papillary carcinoma), LIHC (liver hepatocellular carcinoma), LUAD (lung adenocarcinoma), LUSC (lung squamous cell carcinoma), PRAD (prostate adenocarcinoma), STAD (stomach adenocarcinoma) and UCEC (uterine corpus endometrial carcinoma) than in adjacent normal tissue. However, YTHDF1 mRNA expression was low only in THCA (thyroid carcinoma) (Figure 1B). The results of the GEPIA database analysis are displayed as supplementary results of cancers without paired normal tissues in the TIMER database. Furthermore, the results showed that YTHDF1 mRNA expression was significantly high among most cancer types except LAML (acute myeloid leukemia), which was consistent with the Oncomine database results (Figure 1C). The expression of YTHDF1 in different cancer cell lines and normal tissues was investigated via the BioGPS database, and we found that YTHDF1 had a high expression level in almost all cancer cell lines. Ten cancer cell lines with the highest YTHDF1 expression level are displayed in Figure 1D. In normal cells, the YTHDF1 expression level in immune cells was the highest (Figure 1E). Detailed information is shown in Supplementary Figure 1. The above results suggested that YTHDF1 was overexpressed in cancer tissues and might participate in the process of immune regulation.




Figure 1 | YTHDF1 expression levels in human cancers. (A) YTHDF1 expression in different cancers and paired normal tissue in the Oncomine database. (B) YTHDF1 expression levels in different cancer types from the TCGA database analyzed by the TIMER database. (*P < 0.05, **P < 0.01, ***P < 0.001). (C) YTHDF1 expression in several cancers and paired normal tissue in the GEPIA database. (D) the expression of YTHDF1 in different cancer cell lines analyzed by the BioGPS database. (E) the expression of YTHDF1 in normal tissue analyzed by the BioGPS database.





YTHDF1 Is a Prognostic Pan-Cancer Biomarker

The prognostic value of YTHDF1 expression in human cancers was analyzed by several databases. In GEPIA, we found that higher YHTDF1 expression was associated with poorer overall survival (OS) and disease-free survival (DFS) in LIHC (n = 364, OS: HR = 1.8, P = 0.0015; n = 364, DFS: HR = 1.6, P = 0.0018; Figures 2A, B), and UVM (uveal melanoma) (n = 78, OS: HR = 3.1, P = 0.027; n = 78, DFS: HR = 2.7, P = 0.034; Figures 2C, D). In addition, patients with higher YTHDF1 expression had poorer OS in mesothelioma (MESO) (n = 82, HR = 1.6, P = 0.049; Figure 2E) and uterine carcinosarcoma (UCS) (n = 740, HR = 2.2, P = 0.00097; Figure 2F), and also had poor DFS in BLCA (n = 400, HR = 1.5, P = 0.025; Figure 2G) and adrenocortical carcinoma (ACC) (n = 76, HR = 2, P = 0.046; Figure 2H). However, higher YTHDF1 expression was related to better OS and DFS in KIRC (kidney renal papillary cell carcinoma) (n = 516, OS: HR = 0.71, P = 0.031; n = 516, DFS: HR = 0.55, P = 0.0015; Figures 2I, J). In the Kaplan-Meier plotter database, higher YTHDF1 expression was associated with poorer RFS in TGCT (testicular germ cell tumors) (n = 105, HR = 5.37, P = 0.011; Figure 2K) and KIRP (n = 183, HR = 3.56, P = 0.027; Figure 2L). More details of the relationship between YTHDF1 and OS or relapse-free survival (RFS) analyzed by the Kaplan-Meier plotter database are shown in Supplementary Figure 2. Furthermore, the correlation between YTHDF1 expression and survival in GEO datasets was evaluated by PrognoScan. Higher expression of YTHDF1 showed worse survival in breast, soft tissue, bladder, lung and brain cancer. Details are shown in Supplementary Table 3. The above results proved that YTHDF1 expression closely related to the prognosis of various cancer types.




Figure 2 | Kaplan-Meier survival curve of human cancers with high and low YTHDF1 expression analyzed by the GEPAI database (A–J) and the Kaplan-Meier plotter database (K, L). (A–D) High YTHDF1 expression was related to worse OS and DFS in LIHC (n = 364) and UVM cohorts (n = 78). (E, F) High YTHDF1 expression was related to worse OS in MESO (n = 82) and UCS cohorts (n = 740). (G, H) High YTHDF1 expression was related to worse DFS in BLCA (n = 400) and ACC cohorts (n = 76). (I, J) High YTHDF1 expression was related to better OS and DFS in KIRC cohorts (n = 316). (K, L) higher YTHDF1 expression was related to poorer RFS in TGCT (n = 105) and KIRP (n = 183). OS, overall survival; DFS, disease free survival; RFS, relapse-free survival.





YTHDF1 Expression Is Related to Immune and Molecular Subtypes in Human Cancers

Next, the role of YTHDF1 expression on immune and molecular subtypes among human cancers was explored with the TISIDB website. Immune subtypes were classified into six types, including C1 (wound healing), C2 (IFN-gamma dominant), C3 (inflammatory), C4 (lymphocyte depleted), C5 (immunologically quiet) and C6 (TGF-b dominant). The results showed that YTHDF1 expression was related to different immune subtypes in BRCA, COAD, HNSC, KIRC, LGG (brain lower grade glioma), LUAD, LUSC, OV (ovarian serous cystadenocarcinoma), PRAD, SKCM (skin cutaneous melanoma), STAD, and UCEC (Figure 3). Additionally, YTHDF1 expression differed in different immune subtypes of one cancer type. Taking KIRC as an example, YTHDF1 showed high expression in C1 and C5 types and low expression in C2 types. For different molecular subtypes of cancers, a significant connection with YTHDF1 expression existed in BRCA, COAD, ESCA, HNSC, KIRP, LGG, LUSC, OV, PCPG (Pheochromocytoma and Paraganglioma), READ (rectum adenocarcinoma), STAD and UCEC (Figure 4). YTHDF1 expression in different immune and molecular subtypes of other cancers is shown in Supplementary Figures 3, 4. Based on the above results, we concluded that YTHDF1 expression differs in immune subtypes and molecular subtypes of various human cancer types.




Figure 3 | The relationship between YTHDF1 expression and pan-cancer immune subtypes. (A) in BRCA, (B) in COAD, (C) in HNSC, (D) in KIRC, (E) in LGG, (F) in LUAD, (G) in LUSC, (H) in OV, (I) in PRAD, (J) in SKCM, (K) in STAD, (L) in UCEC.






Figure 4 | The relationship between YTHDF1 expression and pan-cancer molecular subtypes. (A) in BRCA, (B) in COAD, (C) in ESCA, (D) in HNSC, (E) in KIRP, (F) in LGG, (G) in LUSC, (H) in OV, (I) in PCPG, (J) in READ, (K) in STAD, (L) in UCEC.





YTHDF1 Expression Is Related to Immune Checkpoint (ICP) Genes in Human Cancers

Studies have proven that immune checkpoint (ICP) genes have a great influence on immune cell infiltration and immunotherapy (39). Subsequently, we explored the associations between YTHDF1 expression and ICP genes in human cancers to explore the potential of YTHDF1 in immunotherapy. Among 47 ICP genes, strong relationships with YTHDF1 expression were found in many types of cancer, such as GBM (glioblastoma multiforme), OV, LUSC, PRAD, UCEC, TGCT, KIRP, LIHC, BRCA, COAD, KIRC, THCA, LAML, LGG, KICH, and UVM (Figure 5). In OV, PRAD, UCEC, KIRP, LIHC, KIRC, LAML, LGG, KICH, and UVM, YTHDF1 expression was positively related to immune checkpoint genes, especially in LIHC, in which 32 of 47 immune checkpoint genes had connections with YTHDF1 expression. This suggests that YTHDF1 might coordinate the activity of these ICP genes in different signal transduction pathways, and potentially serve as an ideal immunotherapy target. And high YTHDF1 expression might predict good therapeutic efficacy of immunotherapy targeting ICP genes. In GBM, LUSC, TGCT, BRCA, COAD and THCA, YTHDF1 is negatively related with ICP genes, which means that high YTHDF1 expression might predict unsatisfying immunotherapy outcomes when targeting ICP genes. On the other hand, YTHDF1 inhibitors might be potential alternative treatments. Thus, we hypothesized that YTHDF1, working as a potential pan-cancer biomarker or as a new immunotherapy target, may predict the immunotherapy response or achieve a promising therapeutic outcome, respectively.




Figure 5 | The relationship between YTHDF1 expression and pan-cancer immune checkpoint genes. *P < 0.05; **P < 0.01; ***P < 0.001.





YTHDF1 Expression Is Related to Tumor Mutational Burden (TMB), Microsatellite Instability (MSI), Neoantigen, and ESTIMATE

To explore the role of YTHDF1 in the immune mechanism and immune response of the tumor microenvironment (TME), we analyzed the correlations between YTHDF1 expression and TMB, MSI, and neoantigens. TMB, MSI, and neoantigens in tumor microenvironment are related to antitumor immunity and could predict the therapeutic efficacy of tumor immunotherapy (13, 40–42). Our results showed that YTHDF1 expression had significant positive associations with TMB in LUAD, LUSC, BLCA, PAAD (pancreatic adenocarcinoma), SARC (sarcoma), BRCA, STAD, LGG, and ACC and negative relations in COAD and THCA (Figure 6A). For MSI, there were positive correlations with YTHDF1 expression in LUAD, LUSC, UCEC, BLCA, ESCA, and KIRC and negative correlations with in PRAD, COAD, and DLBC (lymphoid neoplasm diffuse large B-cell lymphoma) (Figure 6B). Analyzing the relationships between YTHDF1 expression and neoantigens, we found that YTHDF1 expression was positively related to neoantigens in LUAD, BRCA, HNSC, LIHC, and LGG and negatively related to neoantigens in COAD (Figure 6C). Then, we explored the associations between YTHDF1 expression and three kinds of ESTIMATE (Figure 6D). The results indicated that there were strong positive correlations with YTHDF1 expression in LGG and negative correlations in ACC, PCPG, GBM, OV, LUAD, LUSC, UCEC, BLCA, TGCT, PAAD, KIRP, CESC, BRCA, COAD, STAD, SKCM, KIRC, THCA, HNSC, READ, and UCS. The above results further verified our conjecture that YTHDF1 may influence antitumor immunity by regulating the composition and immune mechanism in the TME.




Figure 6 | The relationship between YTHDF1 expression and TMB (A), MSI (B), neoantigen (C) and ESTIMATE score (D) in human cancers. TMB, tumor mutational burden; MSI, microsatellite instability; MMR genes, mismatch repair genes; ESTIMATE, Estimation of Stromal and Immune cells in Malignant Tumor tissues using Expression data.





YTHDF1 Correlates With Immune Cell Infiltration in the TME in Human Cancers

After proving the differential YTHDF1 expression in different immune subtypes, we explored the potential correlation between YTHDF1 expression and immune cell infiltration in human cancers, and the results indicated that there was significant correlation in 31 cancer types. YTHDF1 expression had a strong relationship with dendritic cell in 12 cancer types, macrophage in 9 cancer types, neutrophil in 8 cancer types, CD8+ T cells in 13 cancer types, B cells in 10 cancer types and CD4+ T cells in 6 cancer types (Figure 7A). The TIMER database’s results consisted of the above results, and all details are shown on Supplementary Table 4.




Figure 7 | The relationship between YTHDF1 expression and infiltrating immune cells of human cancers and urogenital cancers. (A) the relationship between YTHDF1 expression level and infiltrating levels of B cells, CD4+ T cells, CB8+ T cells, macrophages, neutrophils, dendritic cell in human cancers. (B) the relationship between YTHDF1 expression level and infiltrating levels of B cell lineages, CB8+ T cells, cytotoxic lymphocytes, endothelial cells, fibroblasts, monocytic cell lineages, myeloid dendritic cells, neutrophils, natural killer cells, T cells in six urogenital cancers. *P < 0.05; **P < 0.01; ***P < 0.001.





YTHDF1 Correlates With Immune Cell Infiltration and Their Gene Markers in TME in Urogenital Cancers

Next, we thoroughly analyze the connection between YTHDF1 expression and immune cell infiltration in six urogenital cancers. The results showed that YTHDF1 expression was correlated with the infiltration levels of neutrophils in BLCA, CD8+ T cells, fibroblasts, monocytic cell lineage, myeloid dendritic cells, and neutrophils in KICH; endothelial cells, fibroblasts, monocytic cell lineage, and neutrophils in PRAD; B cell lineage, CB8+ T cells, fibroblasts, myeloid dendritic cells, neutrophils, and T cells in TGCT; endothelial cells, fibroblasts, monocytic cell lineage, neutrophils, and T cells in KIRP and endothelial cells, fibroblasts, monocytic cell lineage, myeloid dendritic cells and neutrophils in KIRC (Figure 7B). Next, we verified the above relationship via GEPIA and TIMER, and most results from those 2 databases were consistent with the above results. YTHDF1 expression was positively related to immune cells in all urogenital cancers except TGCT. Detailed information on the relationship between YTHDF1 expression and TILs in the GEPIA and TIMER databases is shown in Supplementary Figures 5–10. In general, the above results strongly identified that YTHDF1 expression influenced immune cell infiltration in urogenital cancers.

Then, we used the TIMER database to further explore the correlation between YTHDF1 expression and different marker subsets of immune cells in six urogenital cancers. The correlation was adjusted by purity to decrease the bias caused by clinical samples. The results showed that YTHDF1 was strongly connected with marker genes of macrophages, Th1 cells, Th2 cells, Tfh cells, Treg cells, and Th17 cells in urogenital cancers. For example, YTHDF1 expression had a strong association with STAT1 in Th1 cells, STAT6 in Th2 cells, STAT3 in Th17 cells, STAT5B in Treg cells, BCL6 in Tfh cells, and IRF5 in M1 macrophages in most cancer types (Supplementary Table 5). We used BLCA (n = 408) and PRAD (n = 497) as examples to demonstrate the potential immune function of YTHDF1 in urogenital cancers. According to the results of Table 1, YTHDF1 has a close connection with all included marker genes of monocytes, tumor-associated macrophages (TAMs), M2 Macrophages, Th1 cells and regulatory T cells (Tregs) in PRAD. However, YTHDF1 expression in BLCA does not have a strong link since it is only correlated with most marker genes of Th2 cells, and regulatory T cells (Tregs). Different relationships between YTHDF1 expression and gene markers of immune cell infiltration in PRAD and BLCA may explain why there are different survival outcomes in various cancer types. These results again indicate that YTHDF1 expression plays an essential role in the infiltration of immune cells in human cancers, and that YTHDF1 might regulate the function of immune cells by participating in a mechanism similar to that of marker genes.


Table 1 | Correlation between YTHDF1 and relate genes and markers of immune cells analyzed by TIMER.





YTHDF1 Gene and Expression Altered in Different Clinical Subgroups of Urogenital Cancers

Analysis of YTHDF1 genomic alterations in urogenital cancers was explored with the cBioPortal website. The results showed that genomic alterations of YTHDF1 occurred in 0.7% of patients (Figure 8A). The types of YTHDF1 gene alterations were diverse, resulting in changes in gene expression (Figure 8B). Copy number variation (CNV) mainly occurred in PRAD and BLCA, while no CNV occurred in KICH and TGCT (Figure 8C). Next, we used the UALCAN database to explore YTHDF1 expression in urogenital cancers with different clinical characteristics. Taking BLCA as an example, we found that YTHDF1 was significantly differentially expressed existed in different cancer stages, histological subtypes, patient sex, molecular subtypes, nodal metastasis status and TP53 mutation status of BLCA (Figures 8D–I). Additionally, differential YTHDF1 expression in another five urogenital cancers with different clinical characteristics is displayed in Supplementary Figure 11. All the above results suggested that YTHDF1 genomic alteration and differential expression indeed occur in cancer tissue, and might play an essential role in cancer onset and progression.




Figure 8 | YTHDF1 genomic alterations in six urogenital cancers analyzed by the cBioPortal database (A–C) and YTHDF1 differential expression in bladder cancer with different clinical subgroups (D–I) analyzed by the UALCAN database. (A) OncoPrint of YTHDF1 gene alterations in cancer cohort. (Different colors means different types of genetic alterations and amplification accounts for the largest proportion). (B) main type of YTHDF1 gene alterations in cancer groups. (C) Details of YTHDF1 gene alteration types in cancer cohort; (D–I) YTHDF1 differential expression in bladder cancer with individual cancer stages (n = 419) (D), histological subtypes (n = 422) (E), patient sex (n = 421) (F), molecular subtypes (n = 427) (G), nodal metastasis status (n = 385) (H), TP53 mutation status (n = 429) (I). (*P < 0.05, **P < 0.01, ***P < 0.001).





YTHDF1 Coexpression Networks Correlate With the Immune Response

The above results identified that YTHDF1 had a significant association with the prognosis and immunity of cancers. Next, we explored YTHDF1 coexpression networks using the LinkedOmics database to verify the potential function of YTHDF1 in tumor tissue, and used BLCA as an example to illustrate the potential effect. In BLCA, 1396 genes (dark red dots) were significantly positively related to YTHDF1, and 1143 genes (dark green dots) were negatively related (false discovery rate (FDR) < 0.01) (Figure 9A). A heat map was used to display the top 50 genes positively and negatively correlated with YTHDF1 (Figures 9B, C). Moreover, all coexpressed genes were displayed in Supplementary Table 6. C20orf11, CSTF1, and LSM14B (r = 0.631) had the strongest association with YTHDF1 expression (r = 0.696, 0.647, 0.631 and P = 1.90E-60, 9.72E-46, 6.43E-46, respectively). Next, gene set enrichment analysis (GSEA) was used to determine the main gene ontology (GO) terms of YTHDF1 coexpression genes. We further analyzed the biological process categories of GO and found that YTHDF1 and its co-expression genes primarily participated in the regulation of immune response, leukocyte activation and inflammatory response (Figure 9D). Then, we carried out Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis, and the results showed that coexpressed genes were enriched in staphylococcus aureus infection, antigen processing and presentation, and cytokine-cytokine receptor interaction (Figure 9E). These results suggested that YTHDF1 expression might play an essential role in human cancers by regulating the immune response of the TME.




Figure 9 | YTHDF1 coexpression genes in BLCA analyzed by the LinkedOmics database. (A) Highly correlated genes of YTHDF1 tested by Pearson test in BLCA cohort. (B, C) Top 50 positive coexpression genes (B) and negative coexpression genes (C) of YTHDF1 in heat map in BLCA; (D) Directed acyclic graph of YTHDF1 GO analysis (biological process) in BLCA cohort. (E) Volcano plot of YTHDF1 KEGG pathways in BLCA cohort.






Discussion

YTHDF1, a “reader” of m6A, impairs the activation of DCs and CD8+ T cells by increasing the translation of lysosomal cathepsins and thus degrading tumor neoantigens (4, 17). Moreover, in mice with low YTHDF1 expression, there was a higher level of CD8+ T cells and NK cells in the TME, which means enhanced immunosurveillance in the absence of YTHDF1 (17). Moreover, YTHDF1 also plays an important role in oncogenesis and tumor progression in various cancers. For example, YTHDF1 promotes the growth and progression of bladder cancer via the ITGA6-METTL3 pathway (43). In colorectal cancer, YTHDF1 plays a vital oncogenic role in cell self-renewal and differentiation via the Wnt/β-catenin pathway (44). In addition, YTHDF1 also produces a marked effect on lung cancer growth and metastasis by mediating YAP expression and activity (14). Although anti-programmed death 1 (PD-1)/programmed death ligand-1(PD-L1) drugs have achieved considerable clinical efficacy and durable response with low toxicity (45, 46), they are not effective for all cancer types or do not achieve ideal efficacy in all patients (47). A new study identified that YTHDF1 deficiency in classical dendritic cells enhanced the cross-presentation of tumor antigens and the cross-priming of CD8+ T cells, and the therapeutic efficacy of the anti-PD-L1 drug was improved after blocking YTHDF1 (17). The YTHDF1 inhibitor GB1107 was also proven to inhibit the growth and metastasis of lung adenocarcinoma in vivo (48). Consistent with our findings and hypothesis, GB1107 increased tumor M1 macrophage polarization and CD8+ T cell infiltration and potentiated the effects of a PD-L1 immune checkpoint inhibitor (48). Therefore, YTHDF1 can be used as a new anticancer immunotherapy drug target or in combination with known immune checkpoint inhibitors to enhance immune infiltration and responses in cancers. These studies indicated that YTHDF1 might be a promising target in antitumor immunotherapy. Furthermore, combining anti-PD-L1 drugs with YTHDF1 depletion could be used as a new antitumor strategy.

In the first step of our study, we used the Oncomine, TIMER, GEPIA, and BioGPS databases to determine the expression level of YTHDF1 in cancers and normal tissues. The results showed that YTHDF1 had significantly higher expression in most cancer types except lymphoma and THCA, which was consistent with previous studies in lung and colorectal cancer (14, 44). These results indicated that YTHDF1 indeed promotes oncogenesis and tumor progression in human cancers.

Next, the relationship between YTHDF1 expression and prognosis was explored. Similar to previous studies, high YTHDF1 expression patients had a worse prognosis in LIHC and TCGT (49, 50). In addition, in many other cancer types such as ACC, BLCA, MESO, UVM, LIHC, and UCS, high YTHDF1 expression meant worse prognosis, which proved that YTHDF1 was a potential prognostic pan-cancer biomarker. Then, we explored YTHDF1 expression in different immune subtypes and molecular subtypes of human cancers to determine its potential mechanism of action. The results showed that YTHDF1 expression was significantly different in different immune subtypes and molecular subtypes in most cancer types, which might prove that YTHDF1 is a promising diagnostic pan-cancer biomarker and participates in immune regulation. Moreover, we demonstrated that there were significant differences in YTHDF1 expression in different clinical subgroups of urogenital cancers, consistent with a previous study showing that YTHDF1 is expressed differently in KIRC at different stages (50). In fact, YTHDF1 differential YTHDF1 expression existed in all urogenital cancers with diverse clinical characteristics, which indicated that YTHDF1 might play a role in the growth and progression of cancers.

Tumor-infiltrating lymphocytes (TILs) in the TME have been proven to be an independent predictor of cancer patient prognosis and immunotherapeutic efficacy (51, 52). Our study demonstrated that YTHDF1 had a strong association with TILs and played an essential role in the TME. For example, YTHDF1 expression was strongly significantly related to CD8+T cells, macrophages and dendritic cells. As a universal component of the TME, macrophages have been proven to contribute to immune evasion and suppression (53). The TME with low YTHDF1 expression contained higher levels of CD8+ T cells and natural killer (NK) cells in a mouse model, and enhanced the ability to DCs in cross-present of tumor antigens (17). In particular, in PRAD, we found that TYHDF1 expression has a close association with TILs in the TME. For example, YTHDF1 expression has a close association with IFN-gamma in PRAD, which is regarded as a hallmark of antitumor immunity (54). Moreover, YTHDF1 expression is related to all of the examined marker genes of CD8+ T cells, monocytes, tumor-associated macrophages (TAMs), M2 macrophages, Th1 cells, and other known immune stimulatory and immune suppressive cytokines, which proves the potential immune function of YTHDF1 in PRAD.

Our study also found that YTHDF1 was negatively related to the immune, stromal and ESTIMATE scores of the TME in most human cancer types, but YTHDF1 expression was not always negatively related to TILs in human cancers, which indicated that YTHDF1 plays a different immune regulation role in various cancer types. The correlation between YTHDF1 and tumor mutational burden (TMB), microsatellite instability (MSI), and neoantigens also proved that YTHDF1 closely related with the TME in human cancers. However, further experimental research to prove its function.

In our analysis of YTHDF1 coexpression networks, we found that YTHDF1 and its coexpression genes indeed took part in regulating the immune response and antigen processing and presentation. Furthermore, a previous study proved that anti-PD-L1 drugs achieved better therapeutic efficacy in YTHDF1 low expression conditions (17). A strong relationship between YTHDF1 and ICP genes was found, which provides a theoretical basis for combined molecular targeting immunotherapy for the future. In summary, the above results strongly indicated the potential of YTHDF1 as a target in anticancer immunotherapy.

However, even though we performed a comprehensive and systematic analysis on YTHDF1 and used different databases and R 3.2.2 for cross-verification, there are some limitations to this study. First, the microarray and sequencing data from different databases exhibited differences and lacked granularity and specificity, which might cause systematic bias. Second, in vivo/in vitro experiments are needed to prove our results on the potential function of YTHDF1, which could increase the credibility of our results. Third, even though we concluded that YTHDF1 expression was strongly related to immune cell infiltration and prognosis of human cancers, we lack direct evidence on YTHDF1 influencing prognosis by taking part in immune infiltration, Therefore, the mechanisms by which YTHDF1 participate in immune regulation remain unknown, and the exact pathway needs further study. Fourth, no anti-YTHDF1 therapeutic monoclonal antibodies have been evaluated in clinical trials. Therefore, we have no specific and complete cases with data to identify the benefit of anti-YTHDF1 targeting drugs in the survival of cancer models or inhibiting tumor growth. In the future, a prospective study of YTHDF1 expression and its role in human cancers’ immune infiltration is needed, along with successful development and testing of a new antitumor immunotherapy drug targeting YTHDF1.
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CCR8
CD25
PD-1
CTLA4
CDe8
CD11b
NOS2
ROS
ARGT
MRC1
HLA-G
CD80
CD86
CD14
cD16
xcLt
KIR3DL1
CcD7
CD15
MPO
CD1C
CD141

Cor

0217
0.085
0.209
0.159
0.193
0.178
0.199
-0.219
-0.066
0.297
0.026
0.231
-0.231
0.229
-0.194
0.205
0.263
0.276
0.047
0.003
0.275
-0.296
-0.014
0.135
0.197
0271
0.271
0.196
0.198
—0.084
-0.135
-0.252
-0.097
0.106
0.253
0.252
-0.387
0.191
0278
0.003
0.239
0.357
0.091
0.150
-0.012

None

LIHC

0.080

0.821

Cor

0.203
0.064
0.197
0.119
0.161
0.163
0471
-0.226
-0.080
0.275
-0.009
0217
-0.246
0.207
-0.213
0.184
0.270
0.271
0.026
-0.022
0.249
-0.318
-0.022
0.109
0.183
0.246
0.256
0.170
0.186
-0.100
-0.101
-0.243
-0.102
0.084
0.247
0.248
-0.037
0.181
0279
-0.012
-0.226
0.329
0.037
0.140
-0.069

Purity

0235

0.027

0.499

0277

-0.118
—-0.084
-0.113
-0.073

0.024
-0.147
-0.120

0.002
—0.164
-0.143

0.015
-0.087
-0.208

-0.225
-0.064

None

Lusc

Cor

-0.068
-0.023
-0.076
-0.044

0.035
—0.004
-0.076
—0.024

0.025
-0.148
-0.106
-0.035

0.025
—-0.060
-0.274
-0.129
-0.197
-0.194
-0.083
-0.158
-0.167
—0.148
-0.135
-0.172

0.081
-0.116
-0.078
-0.173
-0.213
-0.087
-0.159

0.068
-0.212
—0.040
-0.161
-0.008
-0.190
-0.139

0312
-0.083
-0.062
—0.060
-0.107
-0.019
-0.169

Purity

LIHC, liver hepatocellular carcinoma; LUSC, lung squamous cell carcinoma; Tth, follicular helper T cell; Th, T helper cell; Treg, regulatory T cell; TAM, tumor-associated- macrophage;
NK, natural kiler cell; DC, denditic cell: None, correlation without adjustment; Purity, correlation adjusted for tumor purity; Cor, R value of Spearman’s correlation. *P < 0.01; *P <

0.001; **P < 0.0001
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growth secreting more AM.
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