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Introduction

Colorectal cancer (CRC) is a serious threat to human health. Screening new biomarkers can provide basis for improving the prognosis and individualized treatment of CRC. Although some members of the defensin family were found increased in pancreatic cancer and CRC, their exact function and clinical significance remain unclear.



Methods

In this study, the expression, correlation, mutation, and functional enrichment of several defensin family members in pancreatic cancer and CRC were analyzed using tumor public databases and verified in several patients.



Results

Results showed no significant correlation between the expression levels of DEFA1-4 and CRC. The expression levels of DEFA5 and DEFA6 significantly increased in CRC tissues compared with those in normal tissues. DEFA5 may be associated with better prognosis of CRC, while DEFA6 may be associated with poor prognosis. Immunohistochemistry (IHC) experiments showed that the expression of DEFA6 was significantly higher in adenoma than in normal mucosa and slightly higher in carcinoma than in normal mucosa. The Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis found that DEFAs were closely related to hsa05202: transcriptional misregulation in cancer and Hsa04015: Rap1 signaling pathway. DEFA5 may be a stable and good prognostic marker, and DEFA6 may be a poor prognostic marker in CRC of metastasis.



Conclusion

Overall, DEFA5 and DEFA6 have a certain degree of sensitivity and specificity in predicting CRC.
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Introduction

The incidence rate of colorectal cancer (CRC) ranks third in new cancer cases worldwide, and the mortality rate of CRC ranks second among all cancers. CRC is a common malignant tumor in the digestive system, and the typical lesion sites are the colon, rectum, and appendix (1). The main treatment methods of CRC are surgery, chemotherapy, radiotherapy, and targeted therapy. However, 40% of confirmed cases of CRC will die of recurrence or metastasis. The gene tests of Kirsten Rat Sarcoma Viral Oncogene (KRAS) (2) and B-Raf Proto-Oncogene, Serine/Threonine Kinase (BRAF) have been used as routine basis for adjuvant therapy, and the detection of wild type or mutant can guide the selection of targeted drugs for initial unresectable CRC. Although some tumor makers, such as carcinoembryonic antigen (CEA), have been used for screening and predicting the recurrence of CRC, few sensitive and specific detection indices are currently available for CRC (3). Therefore, new biomarkers should be explored to improve the prognosis evaluation and individualized treatment for CRC.

Defensins belong to antimicrobial and cytotoxic peptides that are involved in host defense. Apart from their role in the innate immune systems, many studies have indicated that defensins are expressed and involved in some kinds of cancer, including CRC, breast cancer, and kidney cancer. Defensins are divided into three different subfamilies: α-defensin, β-defensin, and θ-defensin. In many mammals, α-defensin is one of the potent antimicrobial peptides expressed on the mucosal surface. It mainly exists in the epithelial cells of the intestine, respiratory tract, urinary tract, and vagina and is abundant in the granules of neutrophils. α-Defensin contains five members, DEFA1 (also known as DEFA2, HNP-1, HNP-2), DEFA3 (also known as HNP-3), DEFA4 (also known as HNP-4), DEFA5, and DEFA6 (4). The human normalized signal intensity Protein Atlas (HPA, https://www.proteinatlas.org/) shows the distribution of DEFAs expression in different human tissues. We found that DEFA1 and DEFA3 are mainly expressed in bone marrow and spleen, DEFA4 is mainly expressed in bone marrow, lymph node, and spleen, and DEFA5 and 6 are mainly expressed in duodenum and small intestine. In HPA, the expression of DEFA6 in 11 tissues shows nine without the detected protein, one with medium expression, and one with low expression. DEFA5 and DEFA6, also known as intestinal defensins, are produced by Paneth cells (5). The antimicrobial activity of these peptides shows inhibition to various microorganisms, including bacteria (6), fungi, viruses, and protozoan parasites (7).

The relationship between DEFAs and malignant tumors has been partially reported. The plasma levels of DEFA1-3 in patients with bladder cancer are parallel to the progression and pathological stage of malignant tumor, suggesting that DEFA1–3 can promote bladder cancer invasion and could be potential indicators of disease progression (8). DEFA1, DEFA2, and DEFA3 are expressed in renal cell carcinoma cells and may directly affect tumor proliferation (9). α-Defensins (DEFA1–3) are overexpressed in patients with breast cancer with complete remission after paclitaxel therapy (10). The gene expression levels of DEFA1, DEFA3, and DEFA4 increased significantly in adenocarcinoma, adenoidcystic carcinoma, and mucoepidermoid carcinoma compared with healthy salivary gland tissues (11).Tissue expression analysis showed that DEFA1–3 in gastric cancer increased 10 times compared with that in adjacent normal mucosa (P=0.001) (12). DEFA5 had inhibitory effect on the growth of gastric cancer cells and might play a potential antitumor role in gastric cancer (13).

DEFAs have been found to be closely related to CRC. DEFA1-3 were found increased in the serum and tissues in CRC. The expression levels of DEFA1-3 in the serum and tissues of colorectal adenomas and cancers are higher than that in the normal epithelium. The average sensitivity levels of DEFA1–3 in patients’ serum to diagnose CRC was 69%, and the specificity was 100% (14–16). The expression levels of DEFA1–3 were correlated to lymphatic or hepaticmetastasis.HNP1-3 were expressed in tumor cells rather than in neutrophils (17).DEFA5 were found inhibit progression of CRC and maybe a favorable prognostic factors. The protein expression of DEFA5 in colon tumors significantly increased (18). Some scholars detected the expression of DEFAs in colon cancer, adenoma, and surrounding normal tissues. DEFA5 and DEFA6 are considered as key factors in colon adenoma formation (19). DEFA5 showed strong killing effect on colon cancer cells and did not affect normal host cells (20). DEFA5 showed an inhibitory effect in colon cancer cell growth and may serve as a potential tumor suppressor in colon cancer (21). DEFA6 has different structures and lacks antibacterial properties (22). DEFA6 were found to promote the occurrence of colon adenoma and colon cancer. DEFA6 is not expressed in any other tissues except the gastrointestinal tract (stomach and colon). Expression microarray data analysis obtained from 283 tumors and normal tissues showed that DEFA6 was maximally expressed in colon cancer (23). Other studies also found significantly increased DEFA6 expression in colon adenoma and cancer (24). By inhibiting the function of DEFA6 by shRNA, DEFA6 promoted the proliferation, migration, invasion, and colony forming ability of CRC cells (25). A previous work that analyzed 352 patients with CRC reported that the high expression of DEFA6 was associated with the poor survival rate of patients and could be an independent prognostic marker of CRC (25).

The expression of DEFA family genes has been partially reported in human CRC. However, the comprehensive expression, mutation, enrichment, and immune infiltration of whole family members in the tumor database are unclear. In the present study, we used bioinformatics combined with tumor-related database and existing published literature to analyze the expression and correlation of the whole DEFA family members with pancreatic cancer and CRC in detail and determine their potential function and prognostic value.



Materials and methods


Materials

Data were downloaded at UCSC XENA (https://xenabrowser.net/datapages/) in RNAseq data in TPM format for TCGA and GTEx processed uniformly by the Toil process (26). The extracted COAD (colon cancer) of TCGA and the corresponding normal tissue data in GTEx, including 308 normal, 41 para-carcinoma tissue, and 480 tumors. Among them, gender group is: female 226, male 252; age group is:<=65 194,>65 284; T stage is: T1 11, T2 = 83, T3 = 323, T4 = 60; N stage is: N0 = 284, N1 = 108, N2 = 86; M stage is: M0 = 349, M1 = 66.




Publicly available database


Oncomine analysis

As a large tumor gene chip database, Oncomine gene expression array datasets (https://www.oncomine.org/resource/login.html, an online cancer microarray database) collected sample data of 86733 tumors and normal tissues from nearly 715 datasets. We selected DEFA1-6 as the target gene. Firstly, we analyzed the transcription levels of DEFAs in different cancers. Further, we explored the difference in the expression of DEFAs between different tumor types and normal tissues in CRC. The mRNA expression of DEFAs in clinical cancer specimens was compared with that in normal controls by using Student’s t test to generate a P value. Cut-off P value and fold change were defined as 0.01 and 2, respectively.



Gene expression profiles of colorectal cancer

We downloaded gene profiles (GSE15781) from the Gene Expression Omnibus (GEO) database (https://www.ncbi.nlm.nih.gov/geo/). This study examined the gene expression profile in normal (n=10) and adenocarcinomas (n=13) by gene expression microarray. We further analyzed the differential gene expression of rectal genes, and details on the samples can be found in the original article [PMID: 19969511]. GSE15781 was downloaded from the GEO database through the GEOquery package. If probes corresponding to multiple molecules were removed, and if probes corresponding to the same molecule were encountered, only the probe with the largest signal value was retained. Statistical analysis and visualization were performed using the R packages “GEOquery” (27), “limma” (28), “ComplexHeatmap” (29), and “ggplot2.” Differentially expressed genes (DEGs) were identified based on |log2FC|>1 and adjusted p-values<0.05. Further analyses for DEGs were performed using the R packages “org.Hs.eg.db” and “clusterProfiler.”



GEPIA2 dataset

GEPIA2 (Gene Expression Profiling Interactive Analysis) dataset (GEPIA 2 (cancer-pku.cn)), is an updated version of GEPIA for analysis of the RNA sequencing expression data of 9,736 tumors and 8,587 normal samples from the TCGA and the Genotype Tissue Expression (GTEx) projects by using a standard processing pipeline. GEPIA2 provides customizable functions such as tumor/normal differential expression analysis, profiling according to cancer types or pathological stages, patient survival analysis, similar gene detection, correlation analysis, and dimensionality reduction analysis (30). We used GEPIA2 to investigate the difference in the expression of DEFAs in colorectal cancer tissues and surrounding normal tissues, and in different stages of colorectal cancer, so as to find out the influence of DEFAs in the occurrence and development of colorectal cancer.



HPA database and Immunohistochemistry

HPA (The Human Protein Atlas https://www.proteinatlas.org/) database aim to map all the human proteins in cells, tissues, and organs using an integration of various omics technologies. We showed the protein expression of DEFAs in colorectal cancer through HPA database. To verify the results, we performed immunohistochemistry in 5 patients with colorectal cancer. Tumor sections (3mm) were incubated with commercial rabbit polyclonal antibodies against DEFA6 at 1/100 dilution overnight at 4°C. The sections were conjugated with horseradish peroxidase (HRP) antibody at room temperature for 2h and then covered by 3,3-diaminobenzidine (DAB). Slides were mounted with neutral resin seal. All fields were observed under light microscopy. Control experiments without primary antibody demonstrated that the signals observed were specific.



Clinical data analysis

In order to understand DEFAs and prognosis and the ability to predict prognosis, using data in Materials part, statistical analysis and visualization of prognosis were performed in R (v. 3.6.3). R packages involved: “survival” (v. 3.2-10) for statistical analysis of survival data, “survminer” (v. 0.4.9) for visualization. ROC statistical analysis and visualization were performed in R with “pROC” (v. 1.17.0.1) and “ggplot2”.



Cancer genome atlas data and cBioPortal

The Cancer Genome Atlas (TCGA) has sequencing and pathological data on 30 different cancers. TCGA Pan Cancer Atlas Studies including 10953 patients, was selected for further analyses of DEFAs by using cBioPortal (http://www.cbioportal.org/). Based on cBioPortal, we analyzed the mutation rate of DEFAs in CRC, the mutation rates of DEFA6 in pancreatic cancer, and the correlations between the mRNA expression of DEFAs in patients with CRC (Pearson correlation coefficient). Further, we searched for 100 related genes of DEFA5 and DEFA6 in colorectal cancer, and speculated the possible role of them in the carcinogenesis of colorectal cancer by analyzing the role and pathway of the top genes. The genomic profiles included mutations, putative copy number alterations (CNAs) from genomic identification of significant targets in cancer (GISTIC), mRNA expression Z scores (RNA-seq v.2 RSEM), and protein expression Z scores (reverse-phase protein array, RPPA). Co-expression and network were calculated according to the cBioPortal’s online instructions (31).



Protein–protein interaction network analysis

Based on the related genes of DEFAs in CRC, PPI can be used to help us find the most closely related expressed proteins with DEFAs. A PPI network was generated using the STRING v11.5 database (STRING, https://string-db.org). The interaction network was generated with a confidence score of 0.15 and “Active interaction sources” based on molecular biological experiments (32).



Gene enrichment analysis

The enrichment analysis of Gene Ontology (GO) was performed to enrich differentially expressed genes (DEGs) according to biological process (BP), cellular component (CC), and molecular function (MF). The enrichment analysis of Kyoto Encyclopedia of Genes and Genomes (KEGG) was carried out to identify and confirm related signal pathways of DEGs. We used the above tools to understand the biological process involved in colorectal cancer by DEFAs. GO and KEGG enrichment was made by R package modules of “org.Hs.eg.db” (v.3.11.4) and “clusterProfiler” (v.3.17.3). Functional pathway visualization based on sequencing data was conducted by R package “pathview” (v.1.29.1). The statistical package of R software (R Foundation for Statistical Computing, Vienna, Austria. https://www.R-project.org/) was used for correlation analysis with the RNA-seq data database in the COAD (colon cancer) project from the TCGA database.



TIMER dataset

The relationship between DEFAs and immune cell infiltration was shown in CRC. The TIMER web (https://cistrome.shinyapps.io/timer/) server is a comprehensive resource for systematic analysis of immune infiltrates across diverse cancer types. The abundance of six immune infiltrates (B cells, CD4+ T cells, CD8+ T cells, neutrophils, macrophages, and dendritic cells) was estimated by TIMER algorithm. TIMER web server allows users to input function-specific parameters, with resulting figures dynamically displayed to conveniently access the immunological, clinical, and genomic features of the tumor (33).



Ethics statement

This study was approved by the Academic Committee of Xi’an Jiaotong University and conducted according to the principles expressed in the Declaration of Helsinki. All the datasets were retrieved from the published literature, so it was confirmed that all written informed consent was obtained.




Results


Transcriptional expression levels of DEFAs in patients with tumors

We made a flow chart to show our process (Figure 1). We compared the expression levels of DEFAs in cancers with those in normal samples by using the Oncomine database (https://www.oncomine.org) (Figure 2). In 426 studies on DEFA1, one study showed high expression and 14 studies showed low expression. In 174 studies on DEFA3, three studies showed low expression. In 407 studies on DEFA4, 15 studies showed low expression. In 386 studies on DEFA5, two studies showed high expression in CRC and low expression in gastric cancer. In 390 studies on DEFA6, three studies showed high expression and 2 of them were in CRC.




Figure 1 | Flow diagram of the data collection and method implementation in this work.






Figure 2 | The transcription levels of DEFA factors in different types of cancers (Oncomine).



To further confirm these results, Using the UCSC Xena database (https://xenabrowser.net/datapages/), Data were downloaded in RNAseq data in TPM format for TCGA and GTEx processed uniformly by the Toil process (26). The extracted Pan-Cancer of TCGA and the corresponding normal tissue data in GTEx were visualized using R package “ggplot2” (v.3.3.3) (Figure 3). The mRNA expression levels of DEFA1, DEFA3, and DEFA4 in tumor tissues were generally lower than those in normal tissues but significantly higher in tumor cells of acute myeloid leukemia than those in normal tissues. The expression of DEFA5 in tumor tissues was generally lower than that in normal tissues; however, the expression of DEFA5 in colon cancer and rectal adenocarcinoma cells was significantly higher than that in normal tissues. The expression of DEFA6 in colon cancer, rectal adenocarcinoma, thymic cancer, and gastric cancer was significantly higher than that in normal tissues. The above results showed that in the DEFA family, in cancers, DEFA5 and DEFA6 were closely related to colorectal cancer, and their expressions in CRC were higher than those in normal tissues.




Figure 3 | The transcription levels of DEFA factors in different types of cancers (UCSC XENA) (A). The expression level of DEFA1 in in different types of cancers; (B). The expression level of DEFA3 in in different types of cancers; (C). The expression level of DEFA4 in in different types of cancers; (D). The expression level of DEFA5 in in different types of cancers; (E). The expression level of DEFA6 in in different types of cancers.



Furthermore, we compared the transcriptional levels of DEFAs in different pathological types of CRC with those in normal samples by using the Oncomine databases (Table 1). In CRC, we found the mRNA expression levels of DEFAs were upregulated in different levels. Compared with that in normal tissues, the fold change of DEFA1 was 1.235 in colon cancer (Zou Colon Dataset) (34), 1.261 in CRC (Skrzypczak Colorectal Dataset) (35), 1.270 in colonic mucinous adenocarcinoma (Kaiser Colo Dataset) (36), 1.171 in colonic adenocarcinoma (Kaiser Colo Dataset) (36), and 1.442 in CRC (TCGA Colorectal Statistics). Compared with normal tissues, the fold change of DEFA3 in colonic mucinous adenocarcinoma was 1.986 (TCGA Colorectal Statistics). The fold change of DEFA4 in colorectal adenocarcinoma was 1.105 (Skrzypczak Colorectal Statistics) (35). The fold changes of DEFA5 in colorectal adenocarcinoma were15.963 (Skrzypczak Colorectal Statistics) (35),2.740 (TCGA Colorectal Statistics), and 2.440 (Hong Colorectal Statistics) (37). In the Skrzypczak Colorectal Statistics (35), the fold changes of DEFA6 were 24.571 in colorectal adenocarcinoma and 3.953 in CRC. In TCGA Colorectal Statistics, the fold changes of DEFA6 were 2.780 in colonic mucinous adenocarcinoma and 2.288 in colonic adenocarcinoma. InKaiser Colon Statistics (36), the fold change of DEFA6 in colonic adenocarcinoma was 2.345. In the Sabates-Bellver Colon Statistics (38), the fold change of DEFA5 was 15.604 and that of DEFA6 was 72.141 in colon adenoma. The data set is shown in Table 2. The above results suggest that there is no significant difference between DEFA5,6 in colon, rectum, adenoma and non-adenoma.


Table 1 | The fold changes of DEFAs expression in transcription levels between varied types of CRC and normal colorectal tissues (Oncomine Database).




Table 2 | Statistics Source and the characteristics of the samples (Oncomine Database).





Relationship between the mRNA levels of DEFAs and the clinicopathological parameters of patients with CRC

To identified whether DEFAs were the significant COAD-susceptibility genes, we selected and analyzed GEO dataset (GSE15781). GSE15781 dataset were normalized and corrected (Figure 4A), and principal component analysis (Figure 4B) showed significant differences between subgroups, which suggested that a follow-up analysis of variance would be meaningful. GSE15781 identified 929 DEGs (Figure 4C), respectively,421 up-regulated and 508 down-regulated (|log2(FC)|>1 & p.adj<0.05). The top 40 DEGs are shown in a clustered heatmap (Figure 4D); the up-regulated DEGs are related to DEFA5 and DEFA6.




Figure 4 | Gene expression profiles of COAD. (A) Normalized bar plot of the GSE715781 dataset; (B) PCA analysis of the GSE15781 dataset; (C) Vocanol plot of the GSE15781 dataset. Gene expression analysis of the GSE15781 dataset; (D) Heatmap of the top 40 genes in GSE15781 dataset.



Through GEPIA2 (Gene Expression Profiling Interactive Analysis) dataset (GEPIA 2 (cancer-pku.cn)), we compared the mRNA expression of DEFAs in CRC and surrounding normal tissues (Figure 5A). The expression of DEFA5 and DEFA6 increased in CRC. We also analyzed the expression of DEFAs in different tumor stages of CRC. No significant difference was found between stages (Figure 5B). This result suggests that DEFA5 and DEFA6 may play a role in the occurrence rather than development of colorectal cancer.




Figure 5 | Relationship between the mRNA levels of DEFAs and the clinicopathological parameters of patients with CRC. (A) Transcription levels of DEFA factors in CRC (GEPIA2); (B) Correlation between DEFAs expression and tumor stages in CRC patients (GEPIA2); (C) Protein expression of DEFAs in CRC patients (HPA).



We further gathered the protein expression maps of DEFAs in CRC in the HPA database (https://www.proteinatlas.org/). Compared with normal tissues, no change in DEFA1 and DEFA3-5 was found between CRC and normal tissues, while the protein expression of DEFA6 increased in CRC compared with that in normal tissues (Figure 5C). Moreover, we performed immunohistochemical staining on five patients who carried normal colon mucosa, adenoma, and colon carcinoma at the same time. Detailed patient information is shown in Supplementary Table S1. Considering that the sample size was relatively small, we only showed the results of two patients(number1 and number 2 cases in Supplementary Table S1)as representatives. The stain was distributed in the cytoplasm, plasma membrane, and extracellular membrane. The intensity of DEFA6 staining in adenoma was obviously deeper than that in normal tissues. DEFA6 staining in carcinoma was slightly deeper than that in normal tissues (Figures 6A, B).




Figure 6 | The IHC staining of DEFA6 in the same patients with normal mucosa, colon adenoma and colon carcinoma. (A) The IHC staining of DEFA6 in case 1 patient; (B) The IHC staining of DEFA6 in case 2 patient.





Association of the mRNA expression of DEFA5 and DEFA6 with prognosis and survival prediction ability of patients with CRC

We further explored the effect of DEFAs on the survival of patients with CRC based on the data downloaded at UCSC XENA including 480 tumors by using the survminer package of R software (Figures 7A–D) (39). DEFA1–4 had no data or effect on the survival of CRC (data not shown). The higher expression of DEFA5 was associated with longer overall survival (OS) in patients with CRC (HR=0.62, P=0.02) (Figure 7C). In patients with M1 stage CRC, the higher expression of DEFA6 was associated with shorter overall survival (OS) (HR=2.23, P=0.036) (Figure 7B). This result suggests that the increase of DEFA5 is associated with a good prognosis of colorectal cancer, while the increase of DEFA6 is associated with a poor prognosis of advanced colorectal cancer.




Figure 7 | The prognostic value of DEFA5 and DEFA6 in patients with CRC. (A). Correlation between DEFA5 and overall survival of patients with CRC; (B) Correlation between DEFA6 and overall survival of patients with CRC; (C) Correlation between DEFA5 and overall survival of M1 stage patients with CRC; (D) Correlation between DEFA6 and overall survival of M1 stage patients with CRC; (E) ROC Curves of DEFA5 in patients with CRC; (F) ROC Curves of DEFA6 in patients with CRC.



By using the pROC package of R software, we analyzed the RNA seq data in Level 3 HTSeq-FPKM format in the COAD (colon cancer) project in the TCGA database (https://portal.gdc.cancer.gov/). As such, Receiver Operating Characteristic (ROC) curves were made. The Area Under Curve (AUC)of DEFA5 is 0.567, while that of DEFA6 is 0.648, suggesting that DEFA5 (Figure 7E) and DEFA6 (Figure 7F) have a certain degree of sensitivity and specificity in predicting CRC.



Predicted functions and pathways deduced from the changes in DEFAs and their frequently altered neighbor genes in CRC

We analyzed the variations, correlations, and networks of DEFAs by using the cBioPortal online tool (cBioPortal for Cancer Genomics; https://www.cbioportal.org/). The mutation rate of DEFA1 and DEFA3–6 in CRC was 7% (Supplementary Figure S1). In pancreatic cancer, the mutation rates of DEFA6 were analyzed using the TCGA database. The results showed that the mutation rates in hepatocellular carcinoma, bladder urothelial carcinoma, ovarian serous cystadenocarcinoma, lung squamous cell carcinoma, and colorectal adenocarcinoma were all higher than 6%; the mutation rate of DEFA6 in CRC ranked fifth in pancreatic cancer, mainly was deep deletion (Figure 8A). We continued to analyze the correlations between the mRNA expression of DEFAs in patients with CRC (Pearson correlation coefficient) (Figure 8B). The results showed significant positive correlations between DEFAs as follows: DEFA3 with DEFA6; DEFA4 with DEFA5 and DEFA6; DEFA5 with DEFA4 and DEFA6; DEFA6 with DEFA3; and DEFA4 and DEFA5. The above results suggest that the expressions of DEFA5 and DEFA6 are highly consistent.




Figure 8 | Mutation and co-expression genes of DEFAs in CRC. (A) Mutation rates of DEFA6 in pan-cancer; (B) Correlations among DEFAs; (C) Co-expressed gene Wayne diagram of DEFA5 and DEFA6; (D) Co-expression gene of DEFA5; (E) Different expression of Hub gene; (F) Co-expression gene of DEFA6; (G) Key proteins near DEFAs in protein protein interaction network (PPI network); (H) PPI network of related genes of DEFA5 and DEFA6.



As shown in Supplementary Table S2, the expression levels of DEFA5 (Figure 8D) had strong positive correlations with KLK12 (R=0.57), CLCA1 (R=0.49), L1TD1 (R=0.47), REG3A (R=0.46), HEPACAM2 (R=0.44), ITLN2 (R=0.43), OLFM4 (R=0.43), RETNLB (R=0.43), PTGDR2 (R=0.43), ATOH1 (R=0.42), SPINK4 (R=0.42), and ELAPOR1(R=0.41). As shown in Supplementary Table S3, the expression levels of DEFA6 (Figure 8E) had strong positive correlations with KLK12 (R=0.57), OLFM4 (R=0.45), CLCA1 (R=0.43), PTGDR2 (R=0.43), GUCA2A (R=0.43), and ATOH1 (R=0.41). We selected the co-expressed genes with the highest correlation between DEFA5 and DEFA6 (Figure 8C): KLK12, PTGDR2, ATOH1, OLFM4, and CLCA1, which are successively involved in tumorigenesis, inflammatory response, transcriptional regulation, inhibition of cell growth, induction of cell differentiation and apoptosis, and promotion of cell adhesion and tumor inhibition. In particular, KLK12, which is responsible for tumor tumorigenesis, is highly expressed in CRC (Figure 8F).

The STRING (hppt://string-db.org) online database is used to search for known proteins and predict protein–protein interactions (PPI), including direct physical interactions and indirect functional correlations between proteins. Based on the related genes of DEFAs in CRC, we constructed a network for DEFAs and the respective most frequently changed neighbor genes (Figure 8H). The result significantly showed that DEFAs were closely related to Apolipoprotein (APOH) (Figure 8G), which was related to hyperlipidemia and closely related to the incidence of CRC. Hence, DEFAs might affect the occurrence and development of CRC through the APOH pathway.

Kyoto Encyclopedia of Genes and Genomes (KEGG), Gene ontology (GO) and Gene Set Enrichment Analysis (GSEA) were carried to identify and confirm related biological processes. The KEGG and GO enrichment analyses were conducted by R package “org.Hs.eg.db” and “clusterProfiler” and were visualized by “ggplot2”. The functions of DEFAs and the genes significantly related to changes in DEFAs were predicted. The GO enrichment analysis predicts the functional roles of target host genes based on three aspects including biological processes, cellular components, and molecular functions. We found that DEFAs are significantly enriched in GO: 0007156 (homogeneous cell adhesion through plasma membrane adhesion molecules), which is associated with cell proliferation activation and tumor metastasis, and in GO: 0005104 (fibroblast growth factor receptor binding), which is associated with tumor proliferation (Figure 9A).




Figure 9 | Enrichment Network and pathways of DEFAs. (A) Enrichment Network of DEFAs (GO); (B) Enrichment Network of DEFAs (KEGG); (C) Transcription Disorders Signaling Pathway; (D) Rap1 Signaling Pathway.



KEGG analysis can identify pathways related to the altered functions of DEFAs and adjacent genes. Eight pathways related to the functions of DEFAs in CRC were enriched in the KEGG analysis (Figure 9B). Among these pathways, hsa05202 (Figure 9C): transcriptional misregulation in cancer and hsa04015 (Figure 9D): Rap1 signaling pathway were probably the key pathways involved in the occurrence and development of CRC.



Relationship between DEFAs and immune cell infiltration in CRC

We analyzed the relationship between DEFAs and immune cell infiltration with the GSVA package of R software (40, 41). The expression of DEFA1 (Figure 10A) was negatively correlated with the infiltration of CD4 + T cells (P<0.05, r=-0.162) and positively correlated with the infiltration of neutrophils (P<0.05, r=0.148) and dendritic cells (P<0.05, r=0.047). The expression of DEFA4 (Figure 10B) was positively correlated with the infiltration of B cells (P<0.05, r=0.17), CD4+ T cells (P<0.05, r=0.11), macrophages (P<0.05, r=0.107), neutrophils (P<0.05, r=0.135), and dendritic cells (P<0.05, r=0.125). The expression of DEFA5 (Figure 10C) was negatively correlated with the infiltration of neutrophils (P<0.05, r=-0.132). The expression of DEFA6 (Figure 10D) was negatively correlated with the infiltration of neutrophils (P<0.05, r=-0.197) and dendric cells (P < 0.05, r=-0.156).




Figure 10 | Immune infiltration of DEFAs in CRC. (A) Immune infiltration of DEFA1 in CRC; (B) Immune infiltration of DEFA4 in CRC; (C) Immune infiltration of DEFA5 in CRC; (D) Immune infiltration of DEFA6 in CRC.






Discussion

The relationship between DEFAs and tumor have been partially reported, and DEFAs are considered to be closely related to CRC.This study focuses on gene expression, related genes, mutation, and enrichment signal of the DEFA family in CRC. Our study showed that DEFA5 and DEFA6 were highly expressed in CRC. The elevation of DEFA5 was related to good prognosis, while that of DEFA6 may be associated with poor prognosis in CRC in M1.Both showed a certain degree of sensitivity and specificity in predicting the prognosis of CRC. Among the co-expressed genes shared by DEFA5 and DEFA6, KLK12, which is responsible for tumor formation, was highly expressed in CRC. The enrichment results showed that the alterations of DEFAs were not only related to cell proliferation and activation, tumor metastasis and tumor proliferation but also to two pathways, namely, Hsa05202: transcriptional misregulation in cancer and hsa04015: Rap1 signaling pathway, which were probably involved in the occurrence and development of CRC.

Previous literature reported that the DEFA1-3 expression levels increased in body fluid levels and mRNA transcription levels in patients with CRC.DEFA1-3 were considered to be potentially important regulators of neovascularization (42). In our present study, we did not find the positive results of the expression of DEFA1-3 in CRC tissues. By using the Oncomine database, we found that the mRNA expression level of DEFAs was up-regulated in different degrees in CRC, and the multiple change in DEFA1-3 in colon cancer changed to 1.171–1.986, which did not show significant difference. This finding may be due to differences in data, tumor stages, and tumor types. Another possible reason is that DEFA is a secretory protein, so it is highly expressed in the serum of patients with colon cancer but not in tumor tissues.

Thus far, limited information is known about the expression and role of DEFA4 in CRC. The TCGA analysis showed that the expression of DEFA4 in CRC tissues was lower than that in normal tissues. The Oncomine database showed that the fold change of DEFA4 in colorectal adenocarcinoma was 1.105. The relationship between DEFA4 and CRC needs to be verified using a larger sample size.

Using the TCGA database, we found that the expression of DEFA5 in tumor tissues was generally lower than that in normal tissues, but the expression in colon cancer and rectal adenocarcinoma cells was significantly higher than that in normal tissues. We obtained the same results using the Oncomine database. Compared with normal tissues, the fold change of DEFA5 in colorectal adenocarcinoma was 15.963 (Skrzypczak Colorectal dataset) (35). The fold changes in colorectal mucinous adenocarcinoma and CRC were 1.135–2.740. Hence, DEFA5 was found to be closely related to colorectal adenocarcinoma. In addition, the high expression of DEFA5 was associated with better prognosis of CRC. Although the Figure 5. showed that 5A and 5C as well as 5B and 5D were opposite, while only 5C and 5B were statistically significant. DEFA5 was associated with better survival, whereas DEFA6 was associated with worse survival among patients with CRC in M1. DEFA5 was also found to be highly expressed in colon cancer tissues and showed strong killing effect on colon cancer cells without affecting normal host cells (20). Therefore, we believe that DEFA5 may play an anti-cancer role in the occurrence and development of CRC, consistent with previous results of gastric cancer (13).

Many related studies on DEFA6 and CRC are available. Regardless of contents in blood (23), mRNA expression (24), and protein contents (25), a number of works showed its high expression in CRC. Moreover, DEFA6 had a promoting effect on the proliferation, migration, invasion, and colony formation of CRC cell lines in vitro, and the growth rate of cancer cells was significantly decreased by shDEFA6 (25). This is basically consistent with our study. We found that DEFA6 was related to the shorter overall survival rate of patients with CRC with M1 stage, and we thought it might be an independent prognostic marker and good target of CRC. In the Oncomine and TCGA databases, we found the significantly higher expression of DEFA6 in CRC than that in normal tissues, especially in colorectal adenocarcinoma. The expression of the DEFA6 protein in CRC was also increased in the HPA database. The increase inDEFA6 was closely related to the occurrence and development of CRC.

Moreover, DEFA5 and DEFA6 have a certain degree of sensitivity and specificity in predicting CRC. DEFA5 and DEFA6 also showed a mutation rate of 7% in CRC, and their expression was highly correlated. Based on the co-expressed genes of DEFA5 and DEFA6, we found that the co-expressed genes shared by DEFA5 and DEFA6: KLK12, PTGDR2, ATOH1, OLFM4, and CLCA1were involved in tumor formation, inflammatory response, transcriptional regulation, inhibition of cell growth, induction of cell differentiation and apoptosis, and promotion of cell adhesion and tumor inhibition. GO enrichment analysis showed that some signals were affected by DEFAs: GO: 0007156 (homogeneous cell adhesion through plasma membrane adhesion molecules) was related to cell proliferation and activation and tumor metastasis, and GO: 0005104 (fibroblast growth factor receptor binding) was related to tumor proliferation. Eight pathways related to the functions of DEFAs in CRC were found through KEGG. Among these pathways, hsa05202: transcriptional misregulation in cancer and hsa04015: Rap1 signaling pathway were found to be involved in the occurrence and development of CRC. Existing data suggest that DEFA5 and DEFA6 increase concomitantly, but they play different roles. DEFA5 is likely to increase passively with the progression of cancer and has the effect of inhibiting cancer. DEFA6 promotes tumor progression and is associated with poor prognosis.

Defensins, as the innate immune barrier of animals and plants, has a long history of gene evolution, that is, from plants to insects to animals to mammals to primates. Human beings only retain α-defensins that are responsible for the mucosal immunity of the respiratory tract, digestive tract, and urinary system. Their distribution is specific, which indicates that they have particular significance for specific malignant tumors. Paneth cell α-defensins are antimicrobial peptides involved in controlling intestinal microorganisms and immune homeostasis (43).Intestinal symbiotic microorganisms can regulate the expression of DEFAs. The DEFA genes of Paneth cells are regulated by symbiotic bacteria through TLR-MyD88 signal (44). Combined with the bactericidal and antiviral immune properties of defensins, a mature feedback and response mode with intestinal flora are formed to continuously achieve a new balance between DEFAs and intestinal flora. DEFA5 retains the traditional basic immune function. Based on the immune infiltration analysis, the expression of DEFA5 in CRC is negatively correlated with neutrophil infiltration, so DEFA5 may reduce the pressure of the active immunity of neutrophils in the development of CRC. However, DEFA6 loses its natural immune function due to its structural specificity. We also found that their performance was negatively correlated with the infiltration of dendritic cells, which are the most powerful antigen-presenting cells in the human body. This finding may explain that in contrast to DEFA5, DEFA6 is continuously increased during the development of CRC. This also may be the reason why DEFA5 and DEFA6 play opposite roles in the occurrence and development of CRC.

DEFAs showed selective cytotoxicity to human cancer cells usually through cell membrane lysis, triggering cancer cell apoptosis by mitochondrial membrane destruction, or an effective inhibitor of vascular development related to tumor progression (45). DEFAs can activate chemotactic phagocytes and further lead to the destruction of their own normal cells or tumor cells; they can induce target DNA damage and may lead to target cell death (46). Intestinal flora is considered to be closely related to inflammatory response and tumor progression. The release of defensin is one-time, and it can be secreted by neutrophils and is found in tumor cells. Thus, the cytotoxicity of defensin may act on normal and tumor cells based on different concentrations or different mechanisms, so as to promote or inhibit tumor.

This study has some limitations. The results were obtained from tumor-related databases. The final results may be biased due to differences in sources, detection methods, and judgment standards among different samples. In future studies, if we can expand the sample size in the same study, and make the inclusion criteria more strictly and even distinguish tumor pathological types, then we will obtain accurate correlation results between DEFAs and different pathological types of CRC. In addition, if future studies can overexpress or silence DEFA family members in vivo and in vitro to verify their specific functions on CRC cells and the corresponding tumor microenvironment, evidence will be sufficient to support the existing results.

In conclusion, this study is the first to comprehensively explore mRNA, protein expression and prognostic value of different DEFAs in CRC. We believe that DEFA5 and DEFA6 may be important targets for the pathogenesis, diagnosis, prognosis, and drug screening of CRC. We hope that our findings will help expand existing knowledge, improve treatment design, and increase the accuracy of determining prognosis in patients with CRC.
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