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With highly homologous epidermal growth factor (EGF)-like (EGFL) domains, the members of the EGFL family play crucial roles in growth, invasion, and metastasis of tumors and are closely associated with the apoptosis of tumor cells and tumor angiogenesis. Furthermore, their contribution to immunoreaction and tumor microenvironment is highly known. In this study, a comprehensive analysis of EGFL6, −7, and −8 was performed on the basis of their expression profiles and their relationship with the rate of patient survival. Through a pan-cancer study, their effects were correlated with immune subtypes, tumor microenvironment, and drug resistance. Using The Cancer Genome Atlas pan-cancer data, expression profiles of EGFL6, −7, and −8, and their association with the patient survival rate and tumor microenvironment were analyzed in 33 types of cancers. The expression of the EGFL family was different in different cancer types, revealing the heterogeneity among cancers. The results showed that the expression of EGFL8 was lower than EGFL6 and EGFL7 among all cancer types, wherein EGFL7 had the highest expression. The univariate Cox proportional hazard regression model showed that EGFL6 and EGFL7 were the risk factors to predict poor prognosis of cancers. Survival analysis was then used to verify the relationship between gene expression and patient survival. Furthermore, EGFL6, EGFL7, and EGFL8 genes revealed a clear association with immune infiltrate subtypes; they were also related to the infiltration level of stromal cells and immune cells with different degrees. Moreover, they were negatively correlated with the characteristics of cancer stem cells measured by DNAs and RNAs. In addition, EGFL6, −7, and −8 were more likely to contribute to the resistance of cancer cells. Our systematic analysis of EGFL gene expression and their correlation with immune infiltration, tumor microenvironment, and prognosis of cancer patients emphasized the necessity of studying each EGFL member as a separate entity within each particular type of cancer. Simultaneously, EGFL6, −7, and −8 signals were verified as promising targets for cancer therapies, although further laboratory validation is still required.
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INTRODUCTION

Epidermal growth factor (EGF)-like (EGFL) domain gene family is named so because the protein structure of its members contains single or multiple EGFL domains. The proteins, encoded by the members of the EGFL gene family, can activate crucial signal transduction pathways such as extracellular signal-regulated kinase (ERK), nuclear factor (NF)-kappa B, mitogen-activated protein kinase (MAPK), protein kinase B, and Notch. Therefore, the gene family is widely involved in the occurrence and development of various tumors (Kang et al., 2020). The members of the EGFL family have symbolic homology with EGF and can be attributed to EGF-related proteins because they have highly homologous EGFL domains. In addition, they have common functional characteristics (Soncin et al., 2003; Parker et al., 2004; Schmidt et al., 2007). When EGFL proteins bind to their receptors, they can perform functions such as proliferation, differentiation, apoptosis, adhesion, and migration (Kang et al., 2020), indicating that the EGFL family has a crucial significance in regulating cell metastasis, tumor growth, and progression (Delfortrie et al., 2011; An et al., 2019). At present, EGFL2, EGFL3, EGFL5, EGFL6, EGFL7, EGFL8, and EGFL9 have been discovered as members of the EGFL family (Chim et al., 2013). Moreover, the most studied EGFL family members were EGFL6, EGFL7, and EGFL8. They not only have a similar structure and functional characteristics but also have a unique structure and function. They play a certain potential role in tumor occurrence, development, and prognosis because their expression is different in various tumors, indicating that they can provide new options for tumor treatment (Song et al., 2015; Kang et al., 2020). On the basis of investigations and experiments, we discussed the relationship among EGFL6, −7, and −8 and tumor development and prognosis.

Previous studies have shown that EGFL6 can activate Wnt/β-catenin and AKT/ERK signaling pathways, particularly EGFL6 plays a role in tumor angiogenesis through the ERK/AKT signaling pathway, which is associated with tumor occurrence, growth, and metastasis (Kang et al., 2020). As an example, An et al. (2019) found that EGFL6 promotes cancer cell migration, tumor angiogenesis, and tumor growth in breast cancer. In addition, EGFL7 is involved in angiogenesis through the directly or indirectly affecting the pathways mediated by Notch or vascular endothelial growth factor signaling pathways (Nichol et al., 2010). As an endogenous regulator of endothelial cell activation, EGFL7 promotes tumor progression by reducing the expression of endothelial molecules that mediate immune cell infiltration and participate in tumor immune escape mechanisms (Delfortrie et al., 2011). It has been reported that gastric cancer (GC) cells (Luo et al., 2014), liver cancer (HCC) cells (Shen et al., 2016), and pituitary adenocarcinoma cells (Wang et al., 2017) have considerably improved migration and invasion capabilities because of the overexpression of EGFL7. However, compared with normal tissues, the expression level of EGFL8 is significantly reduced in colorectal cancer (CRC) tissues (Wu et al., 2011b) and gastric cancer tissues (Wu et al., 2011a). Moreover, a link has been established between the downregulation of EGFL8 and CRC (Wu et al., 2011b) and GC (Song et al., 2015) metastasis and poor prognosis. In conclusion, EGFL6, 7, and 8 are more likely to offer a breakthrough for cancer therapy. In fact, nobody until the date has conducted a systematic study of these EGFL family genes in various tumors. Each gene has only been analyzed in several cancer types, and the majority of studies have been based on the use of cell lines and/or animal models. However, this study performed a systematic pan-cancer analysis of EGFL6, 7, and 8, comprehensively describing their characteristics and their importance in tumor research.

In this study, The Cancer Genome Atlas (TCGA)-pan-cancer data were used to analyze the expression patterns of EGFL6, EGFL7, and EGFL8 of the EGFLs family and their relationship with the overall survival rate in 33 primary tumors of patients and associate their expression with tumor microenvironment and pharmacological activity. In different tumors, these three genes display inconsistent upregulation or downregulation. The association between gene expression and overall survival depends on the subtype queried, and the type of cancer tested. In addition, EGFL6, EGFL7, and EGFL8 were found to be related to immune subtypes and tumor microenvironment. In addition, the degree of association differs in each family member and tumor type. Our results concretely establish that these three genes were linked with the tumor stem cell-like characteristics and resistance to chemotherapeutic drugs. This study emphasized the distinct difference of the EGFL members, which exists among various tumor types and the necessity of studying each EGFL member as a separate entity.



MATERIALS AND METHODS


The Cancer Genome Atlas Pan-Cancer Data

TCGA pan-cancer data included RNA-Seq (RNA SeqV2 RSEM), clinical data, stemness scores, which were on the basis of mRNA (RNAs) and DNA-methylation (DNAs), and immune subtypes which could be downloaded from Xena Browser1. In TCGA, the tumor samples are surgically resected and taken from primary tumors that have never received neoadjuvant therapy. In the analysis of intertumor/pan-tumor, gene expression should be standardized to TATA-binding protein (TBP). The TCGA pan-cancer data consist of 33 types of cancers: adrenocortical carcinoma (ACC), bladder urothelial carcinoma (BLCA), Breast invasive carcinoma (BRCA), cholangiocarcinoma (CHOL), Cervical squamous cell carcinoma and endocervical adenocarcinoma (CESC), colon adenocarcinoma (COAD), lymphoid neoplasm diffuse large B-cell lymphoma (DLBC), esophageal carcinoma (ESCA), glioblastoma multiforme (GBM), head and neck squamous cell carcinoma (HNSC), kidney chromophobe (KICH), kidney renal clear cell carcinoma (KIRC), kidney renal papillary cell carcinoma (KIRP), acute myeloid leukemia (LAML), brain lower grade glioma (LGG), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), mesothelioma (MESO), ovarian serous cystadenocarcinoma (OV), pancreatic adenocarcinoma (PAAD), pheochromocytoma and paraganglioma (PCPG), prostate adenocarcinoma (PRAD), rectum adenocarcinoma (READ), sarcoma (SARC), skin cutaneous melanoma (SKCM), stomach adenocarcinoma (STAD), stomach and esophageal carcinoma (STES), testicular germ cell tumors (TGCT), thyroid carcinoma (THCA), thymoma (THYM), uterine corpus endometrial carcinoma (UCEC), uterine carcinosarcoma (UCS), uveal melanoma (UVM). A total of 11,057 tissues samples were useful for the study, and there were 521 colorectal cancer samples, including 41 adjacent samples; however, the quality of samples varied in cancer types, such as there were more than 1,000 samples for breast cancer, but only 45 samples for cholangio carcinoma. Among them, 15 cancer types had none or less than five associated normal tissue samples; therefore, the remaining 18 cancer types were used to investigate whether there was altered gene expression in tumors compared with adjacent normal tissues using linear mixed-effects models. In fact, only 18 cancer types were used to analyze whether the gene expression in tumors had changed compared with the adjacent normal tissues using the linear mixed-effects model. For investigating the association between gene expression (as persisted variable) of each member of the EGFL family and overall survival rate of patients with cancer, apart from THYM, which had no patient survival data, all patient tumor samples were available for survival analysis.



Tumor Microenvironment Analysis

In various tumors, the infiltration levels of immune cells and stromal cells were investigated using the ESTIMATE immune and stromal scores (Yoshihara et al., 2013). The tumor purity was described using the ESTIMATE score from this program. The explanation of gene expression profiles by searching the TCGA expression data2 gave birth to this analysis (Yoshihara et al., 2013). Spearman’s correlation was used to test the relationship between the expression of EGFL members and the scores. To measure immune infiltration in the tumor environment, six immune subtypes were defined (Thorsson et al., 2018). By using analysis of variance models, immune subtype obtained from TCGA pan-cancer data was used to determine the relationship between the expression of EGFL6, EGFL7, and EGFL8 and immune infiltrate types in the tumor microenvironment. In TCGA tumor samples, tumor stemness characteristics obtained from epigenetic and transcriptome were used to measure stem cell-like characteristics of tumor cells (Malta et al., 2018). The association between cancer stemness and the expression of EGFL6, EGFL7, and EGFL8 was determined using Spearman’s correlation test.



National Cancer Institute-60 Analysis

The National Cancer Institute (NCI)-60 database was accessed using the CellMiner interface, which includes data on 60 different cancer cell lines from nine different tumors3. mRNA expression levels of EGFL members and z scores of 59 cell lines were used to obtain the cell sensitivity data (GI50). In addition, the association between gene expression and drug sensitivity was studied using Pearson’s correlation coefficient. The drugs involved in the correlation analysis included the drugs of 262 drug reactions approved by the Food and Drug Administration or the drugs on clinical trials.



Statistical Analyses

Only 18 tumors showed a higher level of gene expression compared to five related adjacent normal samples. Therefore, only these 18 tumors were included for the comparison of the degree of gene expression between the normal and tumor tissues using the linear mixed-effects models. Boxplots can clearly reveal the difference in gene expression among cancer types. Assessing the association between gene expression and patient’s overall survival depended on the univariate or multivariate Cox proportional hazard regression models or log-rank tests. The association between gene expression and stemness scores, stromal score, immune score, estimate score, and drug sensitivity was determined using Spearman’s or Pearson’s correlation. The correlation between gene expression and patient clinical features and immune compositions was verified using linear regressions. All of the tests were performed using SAS9.4 (SAS Institute Inc., NC). Under appropriate conditions, plots were prepared by R (RCore Team) using the packages of ggplot2, pheatmap, corrplot, or survminer. Apart from the survival study, for controlling the rate of familywise error at α = 0.05, the number of false positives method was used to adjust a lot of comparisons for all of the tests. Specifically, on the basis of assuming one false positive in all the tests of each study, we set the critical value of P for significance. For instance, because of 54 tests (3 genes × 18 cancer types) in this study, we considered α = 1/(3 × 18) = 0.05 as the cutoff to compare the gene expression of EGFL members between tumor tissues and adjacent normal tissues. In the survival study, for interpreting the data in line with the results shown in the forest plots, α = 0.05 was considered the cutoff without multiple comparisons. However, gene expression between tumor tissues and normal tissues was compared using the same method that controlled multiple comparisons to establish an obvious correlation between gene expression and overall survival, i.e., P < 1/(3 genes × 32 cancer types) = 0.05 was significant.



RESULTS


EGFL Domains Gene Expression in Pan-Cancer

In order to understand the intrinsic expression pattern of EGFL genes, the expression degrees of EGFL6, 7, and 8 were determined in 33 types of cancers, which are available in TCGA pan-cancer data (Supplementary Table 1). Our study showed a striking inter-tumor heterogeneity in the expression levels of the corresponding genes for three EGFL members (Figure 1A). An apparent heterogeneity was observed in the gene expression of each EGFL gene among different tumor types. In a few tumor types, the gene was expressed at a high level, whereas in other tumors, the expression was negligible (Supplementary Figure 1). For instance, few tumors having extremely low levels of EGFL6 were CHOL, GBM, KICH, KIRC, KIRP, LIHC, PRAD, and THCA, whereas those having a high level of EGFL6 expression were BLCA, ESCA, HNSC, LUAD, LUSC, and UCEC. The largest inter-tumor heterogeneity was significantly observed in the expression levels of EGFL6 (Figure 1A and Supplementary Figure 1). The expression levels of EGFL8 were relatively lower among all cancer types than that of EGFL6 and EGFL7, with EGFL7 having the highest level of expression (Figure 1A). Significant differences were observed in the expression of EGFL gene family among different types of tumors, as well as among different members of EGFL family within each tumor type, demonstrating the need to study each gene member as a separate entity. In tumorigenesis, one typical functional feature of these genes was their expression dysregulation in tumors, and increasingly, evidence supported the conclusion that the expression of the EGFL family members changes in different tumors (Wu et al., 2011a; Nichol and Stuhlmann, 2012; Song et al., 2015). However, the majority of the evidence has been provided by the studies on cell lines or animal models. Our study analyzed the expression levels of EGFL6, EGFL7, and EGFL8 in 18 primary tumors that had more than five adjacent normal samples (Figure 1B). All EGFL members clearly displayed different expression in various types of cancers. Whereas EGFL6 and EGFL8 were mainly upregulated in the tested tumors, and EGFL7 was upregulated in approximately one-half of the tested tumors and downregulated in the other half.
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FIGURE 1. Expression levels of EGFL6/7/8 in cancerous and adjacent normal tissues. (A) Boxplot showing the distribution of EGFL6/7/8 gene expression across all 33 cancer types. (B) Heatmap showing the difference of EGFL6/7/8 gene expression in comparison to the primary tumor to the adjacent normal tissues based on log2 (fold change) for 18 cancer types that have more than five adjacent normal samples.




Association of EGFL Domains Gene Expression With Patient Overall Survival and Disease-Free Survival

To clearly determine the roles that each EGFL family member plays in different tumors, we used 33 types of primary cancers to evaluate the association between EGFL gene expression and patient overall survival. The analysis was based on the univariate Cox proportional hazard regression models; we alleged obvious correlation with P < 0.05, and adjusting for multiple comparisons was not required to be in line with the forest plots, as shown in Figure 2. The change in the expression of EGFL members was typically associated with the patient’s overall survival; however, the correlated direction differed in the EGFL member queried, and the cancer type tested as shown in Figure 2. Specifically, the high expression of EGFL6 and EGFL7 was mainly associated with survival disadvantage. EGFL6 predicted the poor prognosis in patients with ACC, KIRC, LIHC, PAAD, THCA, and UCEC (P < 0.05), whereas EGFL7 predicted poor prognosis in the patients with COAD, KIRP, and MESO (P < 0.05). The results indicated that they can be used as an independent risk factor for these cancers. The association between EGFL8 and survival advantage or disadvantage differed in the cancer types. Specifically, EGFL8 predicted poor prognosis for patients with COAD and KIRC, whereas it predicted a survival advantage for patients with PAAD and THYM (P < 0.05) (Supplementary Table 2). We then performed a survival analysis to determine the association between EGFL6, −7, and −8 and cancers. Notably, the overexpression of EGFL6 and EGFL8 was associated with better survival in patients with READ and HNSC and poor survival in patients with KIRC. EGFL6 and EGFL7 were both related to poor survival in patients with KIRP (P < 0.05) (Supplementary Figure 2).
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FIGURE 2. Association of EGFL6/7/8 gene expression with patient’s overall survival for different cancer types. The forest plots with the hazard ratios and 95% confidence intervals for overall survival for different cancer types showing the survival advantage and disadvantage with the increased gene expression of the EGFL6/7/8 family. The univariate Cox proportional hazard regression models were used for the association tests.


Furthermore, we retrieved the clinical information, including disease-free survival and status for all patients from the TCGA database. The univariate analysis of the Log-rank test was done for the three genes, independently. KM curves were drawn to show the diverse disease-free prognosis of patients with diverse expression levels of the three genes. We also applied a multivariate survival analysis method of CoxPh regression to assess the interaction between the three genes. A forest graph was shown using the HR estimated by CoxPh. It suggests that EGFL6, EGFL7, and EGFL8 were significantly related to disease-free survival, and the prognosis was better when EGFL6 and EGFL8 were highly expressed, and the prognosis was better when EGFL7 is low. The above figures are shown in Supplementary Figure 3.



EGFL Domains Genes Associated With Immune Response and Tumor Microenvironment in Cancer

Previous studies have demonstrated that EGFL family members have several potential functions in the immune reaction; for example, EGFL7 promotes immune escape mechanism by decreasing the immune cell infiltration (Delfortrie et al., 2011; Pinte and Soncin, 2012). To understand the association between EGFL6, 7, and 8 and immune components, we examined the relation between EGFL and immune infiltrates in tumors. Six types of immune infiltrates have been identified in human tumors which can promote or inhibit tumors (Tamborero et al., 2018), which are as follows: C1 (wound healing), C2 (interferon (IFN)-r dominant), C3 (inflammatory), C4 (lymphocyte depleted), C5 (immunologically quiet), and C6 [tumor growth factor β (TGF β) dominant]. On the basis of the rate of overall survival among all cancer types, patients with C3 and C5 immune subtypes had better survival than those with other subtypes (P < 0.0001), particularly the patients with types C4 and C6 had the lowest survival, the pairwise p values for all the immune subtypes are already shown in Supplementary Figure 4 (Tamborero et al., 2018). We investigated the immune infiltration in the TCGA pan-cancer data and associated them with the expression levels of EGFL6, 7, and 8 (Figure 3A).
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FIGURE 3. Association of EGFL6/7/8 gene expression with tumor microenvironment factors. (A) Association of EGFL6/7/8 gene expression with immune infiltrate subtypes across all the cancer types (P < 0.05) tested with ANOVA. (B) Correlation matrix plots showing the association between EGFL6/7/8 gene expression and stromal scores of 33 different cancer types based on ESTIMATE algorithm. Spearman’s correlation was used for testing. The size of the dots stands for the absolute value of the correlation coefficients. The bigger the size is, the higher the correlation would be (higher absolute correlation coefficient). This also applies to Figures 4A,B, as well as Supplementary Figures S4A,B.


As a high level of EGFL6 was associated with types 1, 2, and 6 infiltration (C1, C2, and C6), EGFL6 was concluded to be a tumor promoter because patients with these types had worse survival with a high proliferation rate and rich TGF β (Figure 3A and Supplementary Figure 4). In contrast, compared with other infiltrate types, the correlation between the high expression of EGFL8 and C5 was observed, suggesting that EGFL8 was associated with a favorable immune component, indicating that EGFL8 may mainly act as a tumor suppressor. EGFL7 is crucial and highly expressed in all six types of immune infiltrates. Although C3 has the highest expression, its relationship with prognosis needs to be further analyzed.

More interestingly, there was an extensive scope in the degree of association between members of the EGFL family and stromal score for various cancer types (Figure 3B). EGFL6 had the highest correlation with the stromal score among all cancer types (r = 0.71, P < 0.001), following with EGFL7 (r = 0.65, P < 0.001) and EGFL8 (r = 0.19, P < 0.001). In CHOL, DLBC, GBM, LUAD, PAAD, PRAD, SARC, TGCT, THYM, UCS, and UVM, a clear positive correlation between EGFL6 and the stromal score was observed. In addition, EGFL7 was positively associated with the stromal score in KICH, MESO, PCPG, and SARC. The results showed that EGFL6 and EGFL7 had a worse prognosis in these cancers (Wang et al., 2019). However, EGFL8 clearly showed a negative correlation with the stromal score in BLCA, GBM, LAML, LGG, and SARC (P < 0.0001). In addition, we assessed the correlation of EGFL members with immune and ESTIMATE scores that measure the level of immune cell infiltrates and tumor purity using the ESTIMATE program (Yoshihara et al., 2013; Becht et al., 2016), and we obtained parallel results to the test of the stromal score (Supplementary Figure 5).

Thus, EGFL6 and EGFL7 had a similar performance in tumor immunity and micro-environment. Considering an example of CRC, we searched for genes with a high correlation coefficient (Pearson’s correlation coefficient >0.5) and made an intersection. Finally, 74 genes were selected for the next functional analysis. Biological process (BP) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses were performed through the DAVID website4. Detailed information is summarized in Table 1, among which five BPs were observed, which were as follows: regulation of angiogenesis and vasculature development, vasculogenesis, endothelium development, positive regulation of angiogenesis, and positive regulation of vasculature development. In KEGG analysis, cell adhesion molecules, MAPK signaling pathway, hematopoietic cell lineage, NF-kappa B signaling pathway, and Salmonella infection were involved. These genes were associated with tumor angiogenesis. “MAPK signaling pathway” suggests that they are involved in the process of cell differentiation and growth. NF-kappa B signaling plays a crucial role in inflammation and immune response, which may be an important signal pathway for EGFL6 and EGFL7 to interfere with tumor immunity and tumor stromal cell infiltration.


TABLE 1. BP and KEGG analysis.
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EGFL Domains Genes Associated With Tumor Stemness and Cancer Cell Sensitivity to Chemotherapy

With the progression of cancer, differentiated phenotypes of tumor cells disappeared one by one, and the cells obtained progenitor and stem cell-like characteristics. The studies have shown that in tumor-initiating stem cells, the expression of EGFL members had an increasing trend and played pivotal roles in tumor resistance. For example, in ovarian cancer, overexpression of EGFL6 was associated with drug resistance (Januchowski et al., 2014). To measure the tumor stemness, RNA and DNA stemness scores were used on the basis of mRNA expression (RNAs) and DNA methylation pattern (DNAs), respectively (Malta et al., 2018). In this study, the association between EGFL genes and tumor stemness measured by RNAs and DNAs was investigated. The degree of association with RNAs and DNAs in various cancer types was different, which was a characteristic of the EGFL family (Figures 4A,B). Notably, EGFL8 had a negative association with RNAs and DNAs (P < 0.001), and EGFL8 had the strongest correlation with DNAs (r = -0.89) in all cancer types. EGFL6 and EGFL7 had a significantly clear negative correlation with DNAs and RNAs in PCPG; however, in OV, the genes were positively correlated with DNAs and negatively with RNAs. These inconsistent outcomes indicated that RNAs and DNAs can be used to identify diverse populations of cancer cells based on different characteristics or degrees of stemness in various cancer types (Malta et al., 2018). As EGFL genes are constantly associated with stem cell-like characteristics, we analyzed the expression of EGFL in 60 human cancer cell lines and examined the correlation between their expression levels in NCI-60 cell lines (Supplementary Table 3). Z-score was used to measure drug sensitivity; the scores showed the cell sensitivity to the drug, and the sensitivity increased with an increase in the score. In addition, the increase in the expression of EGFL members, particularly EGFL7 and EGFL8, was associated with an increase in drug resistance of distinct cell lines to multiple chemotherapy drugs (r > 0.3 and P < 0.01) (Figure 4C). Notably, EGFL6, 7, and 8 were associated with the sensitivity of several drugs. In addition, the roles of different genes were likely to have an opposite association for the same drug. For instance, for cladribine, EGFL8 was associated with the increase in cell sensitivity, whereas EGFL6 was related to the increase in cell resistance.
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FIGURE 4. Association of EGFL6/7/8 gene expression with tumor stemness and drug sensitivity. (A,B) Correlation matrix between EGFL6/7/8 gene expression and cancer stemness scores RNAss (A) and DNAss (B), respectively, based on Spearman’s correlation tests. (C) Scatter plots showing the association between EGFL6/7/8 gene expression and drug sensitivity (Z-score from CellMiner interface) tested by Pearson’s Correlation using NCI-60 cell line data.




EGFL Domain Gene Family in Colorectal Cancer

EGFL6, 7, and 8 have been partially studied in CRC (Song et al., 2015; Hong et al., 2018; Zhang et al., 2019). In this study, TCGA CRC data were used to conduct a comprehensive study of EGFL genes in one of the largest CRC patient cohort publicly available. Compared with the adjacent normal tissues, the expression of EGFL6 was clearly different in CRC (P < 0.01) (Supplementary Figure 6). The pattern of the association between the gene expression of EGFL6 and eight and immune subtypes in CRC was similar to that observed in the use of all 33 TCGA tumors in all cancer types; EGFL6 was significantly associated with immune infiltrate types (P < 0.001) (Figure 5A). In the tumor microenvironment, particularly in CRC, stromal cells can be considered a large compartment. Our further study investigated the correlation between the expression of EGFL and stromal score. EGFL6 and EGFL7 had a positive correlation with stromal scores (r = 0.51, 0.40, respectively, and P < 0.001) in CRC, suggesting that tissue stroma in CRC may express them (Figure 5B). In contrast, EGFL8 was negatively correlated with stromal scores (r = -0.19 and P = 0.0016). In addition, they were associated with an immune score, and the score can measure the existence of infiltrating immune cells (P < 0.001) and tumor purity (ESTIMATE score) (P < 0.001) (Figure 5B). EGFL6 and EGFL7 showed a negative correlation with RNA stemness score (r = -0.17, −0.36, respectively, P < 0.001), and all of them showed a smaller degree of association with DNAs (Figure 5B).
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FIGURE 5. EGFL6/7/8 gene expression in colorectal cancer. (A) Association of EGFL6/7/8 gene expression with immune infiltrate subtypes in colorectal cancer tested with ANOVA (P < 0.05). (B) Correlation matrixes between EGFL6/7/8 gene expression and RNAss, DNAss, stromal score, immune score, and Estimate Score. Spearman’s correlation tests were used for testing.




DISCUSSION

In recent years, several studies have shown that EGFL6, EGFL7, and EGFL8 play a crucial role in the process of tumor growth, invasion, and distant metastasis. Moreover, they are involved in the apoptosis of tumor cells and tumor angiogenesis. In brief, these three members of the EGFL gene family stimulate or inhibit tumor growth by affecting tumor cells and their microenvironment. In addition, they have been widely investigated as targets for tumor therapy.

Our study provided the first systemic pan-cancer analysis of the genes. In addition, large differences were observed in the expression levels of EGFL6, EGFL7, and EGFL8 among different tumor types and compared with normal tissues (P < 0.05). This suggested that they are likely to be biological markers of the tumor. For instance, Wu et al. (2009) found that EGFL7 is highly expressed in liver cancer tissues, which are linked to liver cancer metastasis and may be a metastasis and prognostic marker of liver cancer. We then further assessed the association between the expression of EGFL members and patient’s overall survival in 33 cancer types and found that the results varied in different cancer types, but EGFL6 and EGFL7 were mainly associated with poor prognosis. Therefore, their expression is a risk factor for multiple tumor progression. For example, their high expression is associated with the poor overall survival rate of the KIRP. Moreover, in this study, these three EGFL family members were significantly associated with immune infiltrate subtypes in the tumor microenvironment, where EGFL6 and EGFL7 were related to more aggressive subtypes of immune infiltrates, i.e., C1, C2, and C6, and were rich in IFN-r infiltration, indicating a correlation with promoting tumor progression. However, EGFL8 showed the opposite result; it had noticeably higher expression in immune infiltrate C5 than in others, indicating that it was associated with good immune components, implying that this gene may mainly inhibit tumors. These findings have been partially verified in previous studies; for instance, the downregulation of EGFL8 expression in gastric cancer was clearly associated with distant metastasis and invasion of lymphoid nodes (Wu et al., 2011a; Song et al., 2015), whereas the migration and invasion ability of gastric cancer cells was enhanced because of the overexpression of EGFL7 in gastric cancer and the epithelial-mesenchymal transition (EMT) process is also promoted (Luo et al., 2014). The poor performance of EGFL6 in various cancers, including nasopharyngeal carcinoma (Zhu et al., 2018), lung adenocarcinoma (Chang et al., 2018), ovarian cancer (Bai et al., 2016), etc. may be associated with its remarkable immunosuppressive effect in the tumor immune microenvironment. This should be further investigated and verified. On the basis of the ESTIMATE algorithm, EGLF6, EGFL7, and EGFL8 were also related to the different degrees of tumor-stromal cell and immune cell infiltrates. The findings showed that they can function as proinflammatory and immune modulators (Delfortrie et al., 2011; An et al., 2019). Finally, we analyzed the correlation between the genes and tumor stemness score and the drug sensitivity score. However, all these results need to be further verified in the laboratory, and EGLF6, EGFL7, and EGFL8 are likely to be promising therapeutic targets.

In addition, a correlation analysis was performed on the expression levels of the three genes in different high-incidence tumors; but the results revealed that only two of the genes were highly correlated with individual types of tumors. However, this does not indicate that they have no common biological functions; for example, they are jointly involved in tumor angiogenesis (Wu et al., 2011a; Nichol and Stuhlmann, 2012; Noh et al., 2017). Therefore, EGLF6, EGFL7, and EGFL8 had a significantly negative association with tumor stem cell-like features measured by DNAs and RNAs; however, their negative correlation in RNAs was not prominent and only manifested in individual tumors. In contrast, they had a positive correlation with stem cell-like characteristics measured using DNAs, showing that they may play roles in tumor-initiating cells and be associated with cancer cell resistance to drug treatment. Although this study only showed a significant difference in the expression of EGFL6 in CRC (Supplementary Figure 6), previous studies have shown that EGFL7 was highly expressed (Fan et al., 2013), and EGFL8 was significantly lower (Wu et al., 2011b) in CRC. The difference can be attributed to the fact that this study considered EGFL7 and EGFL8 expression at the mRNA level, whereas the expression of EGFL7 and EGFL8 was measured at a protein level in tissue microarrays in the previous study.

In this pan-cancer study, a comprehensive and systematic description of the features of these three genes was provided, and the need to study their functions in the cancer type and the dependency of immune subtype was highlighted. Overall, our results proved that EGFL6 and EGFL7 more frequently promoted tumorigenesis and were associated with poor prognosis, and EGFL8 more frequently inhibited tumorigenesis and was typically associated with better prognosis. However, the presumptive tumor promoter or tumor suppressor effect of EGFL members was inconsistent among other family members within a specific cancer type. In conclusion, our study showed their roles in tumorigenesis, particularly in immune reaction, tumor microenvironment, and drug resistance, which is crucial to develop personalized medicine for cancer treatment.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

SS and YX helped conceive and design and contributed to data analysis. TM contributed to data analysis and interpretation. All authors read and approved the final manuscript.



FUNDING

This work was supported by the Zhejiang Provincial Natural Science Foundation of China (Grant Nos. LY21C060001 and LY17C060002), the Natural Science Foundation of Ningbo (Grant No. 2019A610325), and the K. C. Wong Magna Fund in Ningbo University.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2020.598743/full#supplementary-material


FOOTNOTES

1https://xenabrowser.net/datapages/

2http://bioinformatics.mdanderson.org/estimate/

3https://discover.nci.nih.gov/cellminer/

4https://david.ncifcrf.gov


REFERENCES

An, J., Du, Y., Fan, X., Wang, Y., Ivan, C., Zhang, X. G., et al. (2019). EGFL6 promotes breast cancer by simultaneously enhancing cancer cell metastasis and stimulating tumor angiogenesis. Oncogene 38, 2123–2134. doi: 10.1038/s41388-018-0565-569

Bai, S., Ingram, P., Chen, Y. C., Deng, N., Pearson, A., Niknafs, Y. S., et al. (2016). EGFL6 Regulates the Asymmetric Division, Maintenance, and Metastasis of ALDH+ Ovarian Cancer Cells. Cancer Res. 76, 6396–6409. doi: 10.1158/0008-5472.Can-16-0225

Becht, E., Giraldo, N. A., Lacroix, L., Buttard, B., Elarouci, N., Petitprez, F., et al. (2016). Estimating the population abundance of tissue-infiltrating immune and stromal cell populations using gene expression. Genome Biol. 17:218. doi: 10.1186/s13059-016-1070-1075

Chang, C. C., Sung, W. W., Hsu, H. T., Yeh, C. M., Lee, C. H., Chen, Y. L., et al. (2018). Validation of EGFL6 expression as a prognostic marker in patients with lung adenocarcinoma in Taiwan: a retrospective study. BMJ Open 8:e021385. doi: 10.1136/bmjopen-2017-021385

Chim, S. M., Tickner, J., Chow, S. T., Kuek, V., Guo, B., Zhang, G., et al. (2013). Angiogenic factors in bone local environment. Cytokine Growth Factor Rev. 24, 297–310. doi: 10.1016/j.cytogfr.2013.03.008

Delfortrie, S., Pinte, S., Mattot, V., Samson, C., Villain, G., Caetano, B., et al. (2011). Egfl7 promotes tumor escape from immunity by repressing endothelial cell activation. Cancer Res. 71, 7176–7186. doi: 10.1158/0008-5472.Can-11-1301

Fan, C., Yang, L. Y., Wu, F., Tao, Y. M., Liu, L. S., Zhang, J. F., et al. (2013). The expression of Egfl7 in human normal tissues and epithelial tumors. Int. J. Biol. Markers 28, 71–83. doi: 10.5301/jbm.2013.10568

Hong, G., Kuek, V., Shi, J., Zhou, L., Han, X., He, W., et al. (2018). EGFL7: Master regulator of cancer pathogenesis, angiogenesis and an emerging mediator of bone homeostasis. J. Cell Physiol. 233, 8526–8537. doi: 10.1002/jcp.26792

Januchowski, R., Zawierucha, P., Ruciński, M., and Zabel, M. (2014). Microarray-based detection and expression analysis of extracellular matrix proteins in drug-resistant ovarian cancer cell lines. Oncol. Rep. 32, 1981–1990. doi: 10.3892/or.2014.3468

Kang, J., Wang, J., Tian, J., Shi, R., Jia, H., and Wang, Y. (2020). The emerging role of EGFL6 in angiogenesis and tumor progression. Int. J. Med. Sci. 17, 1320–1326. doi: 10.7150/ijms.45129

Luo, B. H., Xiong, F., Wang, J. P., Li, J. H., Zhong, M., Liu, Q. L., et al. (2014). Epidermal growth factor-like domain-containing protein 7 (EGFL7) enhances EGF receptor-AKT signaling, epithelial-mesenchymal transition, and metastasis of gastric cancer cells. PLoS One 9:e99922. doi: 10.1371/journal.pone.0099922

Malta, T. M., Sokolov, A., Gentles, A. J., Burzykowski, T., Poisson, L., Weinstein, J. N., et al. (2018). Machine Learning Identifies Stemness Features Associated with Oncogenic Dedifferentiation. Cell 173:338.e–354.e. doi: 10.1016/j.cell.2018.03.034

Nichol, D., and Stuhlmann, H. (2012). EGFL7: a unique angiogenic signaling factor in vascular development and disease. Blood 119, 1345–1352. doi: 10.1182/blood-2011-10-322446

Nichol, D., Shawber, C., Fitch, M. J., Bambino, K., Sharma, A., Kitajewski, J., et al. (2010). Impaired angiogenesis and altered Notch signaling in mice overexpressing endothelial Egfl7. Blood 116, 6133–6143. doi: 10.1182/blood-2010-03-274860

Noh, K., Mangala, L. S., Han, H. D., Zhang, N., Pradeep, S., Wu, S. Y., et al. (2017). Differential Effects of EGFL6 on Tumor versus Wound Angiogenesis. Cell Rep. 21, 2785–2795. doi: 10.1016/j.celrep.2017.11.020

Parker, L. H., Schmidt, M., Jin, S. W., Gray, A. M., Beis, D., Pham, T., et al. (2004). The endothelial-cell-derived secreted factor Egfl7 regulates vascular tube formation. Nature 428, 754–758. doi: 10.1038/nature02416

Pinte, S., and Soncin, F. (2012). Egfl7 promotes tumor escape from immunity. Oncoimmunology 1, 375–376. doi: 10.4161/onci.18964

Schmidt, M., Paes, K., De Mazière, A., Smyczek, T., Yang, S., Gray, A., et al. (2007). EGFL7 regulates the collective migration of endothelial cells by restricting their spatial distribution. Development 134, 2913–2923. doi: 10.1242/dev.002576

Shen, X., Han, Y., Xue, X., Li, W., Guo, X., Li, P., et al. (2016). Epidermal growth factor-like domain 7 promotes cell invasion and angiogenesis in pancreatic carcinoma. Biomed. Pharmacother. 77, 167–175. doi: 10.1016/j.biopha.2015.12.009

Soncin, F., Mattot, V., Lionneton, F., Spruyt, N., Lepretre, F., Begue, A., et al. (2003). VE-statin, an endothelial repressor of smooth muscle cell migration. EMBO J. 22, 5700–5711. doi: 10.1093/emboj/cdg549

Song, I. J., Ikram, M., Subhan, F., Choi, D. J., Lee, J. R., Kim, H. S., et al. (2015). Molecular characterization and expression analysis of mouse epidermal growth factor-like domain 8. Int. J. Mol. Med. 36, 541–550. doi: 10.3892/ijmm.2015.2252

Tamborero, D., Rubio-Perez, C., Muiños, F., Sabarinathan, R., Piulats, J. M., Muntasell, A., et al. (2018). A Pan-cancer Landscape of Interactions between Solid Tumors and Infiltrating Immune Cell Populations. Clin. Cancer Res. 24, 3717–3728. doi: 10.1158/1078-0432.Ccr-17-3509

Thorsson, V., Gibbs, D. L., Brown, S. D., Wolf, D., Bortone, D. S., Ou Yang, T. H., et al. (2018). The Immune Landscape of Cancer. Immunity 48:812.e–830.e. doi: 10.1016/j.immuni.2018.03.023

Wang, H., Wu, X., and Chen, Y. (2019). Stromal-Immune Score-Based Gene Signature: A Prognosis Stratification Tool in Gastric Cancer. Front. Oncol. 9:1212. doi: 10.3389/fonc.2019.01212

Wang, J., Liu, Q., Gao, H., Wan, D., Li, C., Li, Z., et al. (2017). EGFL7 participates in regulating biological behavior of growth hormone-secreting pituitary adenomas via Notch2/DLL3 signaling pathway. Tumour Biol. 39:1010428317706203. doi: 10.1177/1010428317706203

Wu, F., Shirahata, A., Sakuraba, K., Kitamura, Y., Goto, T., Saito, M., et al. (2011b). Down-regulation of EGFL8: a novel prognostic biomarker for patients with colorectal cancer. Anticancer Res. 31, 2249–2254.

Wu, F., Shirahata, A., Sakuraba, K., Kitamura, Y., Goto, T., Saito, M., et al. (2011a). Down-regulation of EGFL8: a novel biomarker for advanced gastric cancer. Anticancer Res. 31, 3377–3380.

Wu, F., Yang, L. Y., Li, Y. F., Ou, D. P., Chen, D. P., and Fan, C. (2009). Novel role for epidermal growth factor-like domain 7 in metastasis of human hepatocellular carcinoma. Hepatology 50, 1839–1850. doi: 10.1002/hep.23197

Yoshihara, K., Shahmoradgoli, M., Martínez, E., Vegesna, R., Kim, H., Torres-Garcia, W., et al. (2013). Inferring tumour purity and stromal and immune cell admixture from expression data. Nat. Commun. 4:2612. doi: 10.1038/ncomms3612

Zhang, Q. W., Zhang, X. T., Tang, C. T., Lin, X. L., Ge, Z. Z., and Li, X. B. (2019). EGFL6 promotes cell proliferation in colorectal cancer via regulation of the WNT/β-catenin pathway. Mol. Carcinog. 58, 967–979. doi: 10.1002/mc.22985

Zhu, Z., Ni, H., You, B., Shi, S., Shan, Y., Bao, L., et al. (2018). Elevated EGFL6 modulates cell metastasis and growth via AKT pathway in nasopharyngeal carcinoma. Cancer Med. 7, 6281–6289. doi: 10.1002/cam4.1883


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 Shi, Ma and Xi. 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.


OPS/images/fgene-11-598743-g004.jpg
TR O e
<% 5[ oKl . 5
§i 1T L8 il
R I T m
R s I 1

o owomen






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		A Pan-Cancer Study of Epidermal Growth Factor-Like Domains 6/7/8 as Therapeutic Targets in Cancer



		INTRODUCTION



		MATERIALS AND METHODS



		The Cancer Genome Atlas Pan-Cancer Data



		Tumor Microenvironment Analysis



		National Cancer Institute-60 Analysis



		Statistical Analyses







		RESULTS



		EGFL Domains Gene Expression in Pan-Cancer



		Association of EGFL Domains Gene Expression With Patient Overall Survival and Disease-Free Survival



		EGFL Domains Genes Associated With Immune Response and Tumor Microenvironment in Cancer



		EGFL Domains Genes Associated With Tumor Stemness and Cancer Cell Sensitivity to Chemotherapy



		EGFL Domain Gene Family in Colorectal Cancer







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fgene-11-598743-g003.jpg
EGFLE™

-}

=

i

Immune Subtype
G
&
StromalScore

.

:

EGFLe™

11

]

.L*

&

i

75

0
25
00

uoissaidxe auss) =





OPS/images/fgene-11-598743-g005.jpg
o Immune Subtype
CancerCOAD

#* | 44#*-






OPS/images/fgene-11-598743-g002.jpg
ACC
BLCA
BRCA
CESC
CHOL.
COAD
DLBC
ESCA
GBM
HNSC
KICH
KIRC
KIRP
LAML
LG
LIHC
LUAD
LusC
MESO

PAAD
PCPG
PRAD.
READ.
SARC
SKCM
STAD
TGCT
THCA
THYM
UCEC
ucs
uvm

EGFLS

EGFL7

i *’LJW'”W

E

Hazard Ratio





OPS/images/fgene-11-598743-g001.jpg
Gene expression

P <0.0001

P <0.0001
=

p <0.0001






OPS/images/cover.jpg
frontiers
in Genetics

A Pan-Cancer Study
of Epidermal Growth Factor-Like
Domains 6/7/8 as Therapeutic
Targets in Cancer









OPS/images/fgene-11-598743-t001.jpg
Enriched BP term

Regulation of angiogenesis

Regulation of vasculature development
Vasculogenesis

Endothelium development

Positive regulation of angiogenesis
Positive regulation of vasculature development
Enriched KEGG term

Cell adhesion molecules

MAPK signaling pathway
Hematopoietic cell lineage

NF-kappa B signaling pathway
Salmonella infection

Counts

14
14

© © ©O© o

W o s

P-value

3.96E-11
1.12E-10
3.64E-10
5.74E-10
3.03E-08
7.68E-08

0.002
0.004
0.005
0.006
0.007





OPS/images/logo.jpg
’ frontiers
in Genetics





