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Rectal cancer is a malignant tumor with poor prognosis. Identification of prognostic biomarkers is needed to improve overall survival of rectal cancer patients. Here, we firstly identified miR-20a-5p significantly classifying high-risk group and low-risk group of rectal cancer patients. We also found that several known miRNAs miR-142-5p, miR-486-5p, miR-490-3p and miR-133a-3p played important roles in rectal cancer. Secondly, we constructed and analyzed a rectal cancer-related miRNA-mRNA network. A rectal cancer-related functional module was identified from the miRNA-mRNA network. Survival analysis demonstrated great prognosis capacity of the module to distinguish rectal cancer patients. Thirdly, a rectal cancer-related miRNA-lncRNA network was constructed, which followed power law distribution. Hub miRNAs and lncRNAs of the network were suggested to show significant prognosis ability and be enriched in cancer-related pathways. Fourthly, we constructed a rectal cancer-related ceRNA network and detected several typical lncRNA-miRNA-mRNA crosstalk, such as HAND2-AS1, HAND2 and miR-20a-5p crosstalk and MBNL1-AS1, miR-429 and LONRF2 crosstalk, which were validated to function in improving overall survival of rectal cancer patients. Finally, we identified the regulatory feedback that was constituted by transcriptional factors and lncRNAs, including MEIS1, MEIS2 and multiple lncRNAs. We also demonstrated that these lncRNAs were high related to immune cell infiltration. All these results can help us to uncover the molecular mechanism and provide new light on miRNA-mediated gene crosstalks in rectal cancer.
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INTRODUCTION
Rectal cancer is a kind of malignant tumor that happens on rectum, the risk factors of which are very widespread. The etiology of rectal cancer is not clear at present, may be related to environmental factors, dietary habits and genetic factors (Gaertner et al., 2015). The improved surgical techniques and the addition of neoadjuvant radiation therapy have been performed for patients of rectal cancer (Ludmir et al., 2017). But if the treatment of rectal cancer is not timely, local recurrence or distant metastasis may occur after the operation, causing serious complications. Eventually, cachexia leads to multiple organ dysfunction or failure and death (Li et al., 2016). The 5-years survival rate of patients with early rectal cancer is more than 90%, while that of patients with late rectal cancer is less than 50% (Dossa et al., 2018). It remains low in spite of the progress of diagnostic and therapeutic tools. Therefore, there is a critical need of biomarkers predicting pathological characteristics and subsequently improving patients’ prognosis.
The microRNAs (miRNAs), about 19-25 nt in length, are a class of endogenous, single-stranded, non-coding, small molecular RNAs (Lagos-Quintana et al., 2001; Lee et al., 2003). MiRNAs can control gene expression mainly by inhibiting translation or causing degradation of target RNAs (Hausser and Zavolan 2014). Because of the highly conserved roles of gene expression regulation, miRNAs may be of great interest as possible biomarkers for physiological processes (Vegter et al., 2016). Actually, miRNAs have been involved in various biological processes such as cell differentiation, cellular proliferation, metabolism, and apoptosis (Bartel 2004). The impact of specific miRNAs has been shown for almost every cancer. Long non-coding RNAs (lncRNAs) are a type of RNA transcripts that were once considered as transcriptional “noise” without protein-coding capacity, which are more than 200 nucleotides (Jathar et al., 2017). LncRNAs were reported to be closely involved in human diseases. For example, HOTAIR, HULC, and linc00152 were reported to function in the occurrence and development of cancers, the high expression levels of which predicted a poor prognosis (Li et al., 2015; Xu et al., 2016). Zhang et al. suggested the lncRNAs DBET, LINC00909, FLJ33534, and HSD52 were associated with neoadjuvant chemoradiotherapy (NCRT) response and prognosis in the rectal cancer (Zhang et al., 2021). For a given cell, the transcripts such as lncRNAs or mRNAs containing similar miRNA response elements (MREs) can regulate each other by competitively binding to common miRNAs, and thus act as miRNA sponge. This phenomenon is called competitive endogenous RNA (ceRNA) theory (Salmena et al., 2011). This competition plays crucial roles in tumorigenesis by affecting the expression levels of different kinds of RNAs. For example, linc01133 regulated the expression of APC by sponging miR-106a-3p and further inhibited the progression of gastric cancer (Yang et al., 2018). Overexpression of lncRNA HOXD-AS1 competitively bound to miR-130a-3p and prevented the degradation of SOX4, thus promoted the metastasis of hepatocellular carcinoma (Wang et al., 2017). Therefore, understanding this novel RNA crosstalk will have implications in human disease development. Meanwhile, transcriptional factors (TFs) interact with lncRNAs/miRNAs to regulate of cell cycle. LncRNA HAND2-AS1 was found significantly low in the rectal cancer tissues, which could interact with miR-1275 by target KLF14 to inhibit tumour (Cai et al., 2021).
All these genes including miRNAs, lncRNAs or mRNAs may play important roles in rectal cancer progression. However, genes usually do not function in isolation, they can interact with each other and be grouped into molecular networks. Thus, in the present study, we extracted rectal cancer-related miRNA/lncRNA/mRNA expression profile and constructed miRNA-mRNA network, miRNA-lncRNA network and miRNA-lncRNA-mRNA ceRNA network, respectively. In the context of these biomolecular networks, survival analysis was used for identifying novel biomarkers and functional modules associated with the diagnosis and prognosis of rectal cancer (Supplementary Figure S1).
MATERIALS AND METHODS
Data Sets
We downloaded The Cancer Genome Atlas (TCGA) gene expression profile including transcript-level data of the same 89 tumor samples and three adjacent non-tumor samples from UCSC XENA browser (https://xenabrowser.net/datapages/). According to gene ID conversion from GENCODE (https://www.gencodegenes.org/human/), we converted transcripts with Ensembl IDs to lncRNAs and mRNAs with Gene Symbols. Similarly, we also converted transcripts to miRNAs based on ID conversion that supported by miRBase (https://www.mirbase.org/). In the process of ID conversion, if multiple transcripts corresponded to one miRNA/lncRNA/mRNA, mean expression value of multiple transcripts was computed as the expression value of the miRNA/lncRNA/mRNA. We performed log2 transformation for standardizing raw expression values and finally obtained miRNA expression profile, lncRNA expression profile and mRNA expression profile of rectal cancer with the same samples, respectively.
Differential Expression Analysis
The edgeR test was used to calculate rectal cancer-related differentially expressed (DE) miRNAs, lncRNAs and mRNAs under the threshold of 2-fold change (FC) and p-value <0.05.
Construction of Rectal Cancer-Related miRNA-mRNA Network
Firstly, the curated 423,975 miRNA-mRNA interactions between 386 miRNAs and 13,861 mRNAs were downloaded from starBase (Li et al., 2014). starBase is a comprehensive database which provided interaction networks of lncRNAs, miRNAs, ceRNAs and mRNAs from extensive CLIP-Seq (HITS-CLIP, PAR-CLIP, iCLIP, CLASH) data. Secondly, DE miRNAs and DE mRNAs were mapped into these interactions for extracting DE miRNA-DE mRNA interactions. Then, Pearson correlation coefficients (PCCs) between these DE miRNAs and DE mRNAs were computed based on miRNA expression profile and mRNA expression profile with the same samples. We only retained negatively expression-correlated DE miRNA-DE mRNA interaction pairs and constructed a rectal cancer-related miRNA-mRNA network.
Construction of Rectal Cancer-Related miRNA-lncRNA Network
With the sequences of DE miRNA and DE lncRNA as input data, DE miRNA-DE lncRNA interactions were obtained using the miRanda tools (Enright et al., 2003) with default parameters. PCCs were calculated for these interaction pairs based on miRNA expression profile and lncRNA expression profile with the same samples. The DE miRNA-DE lncRNA pairs that expressed negatively correlated were extracted for constructing a rectal cancer-related miRNA-lncRNA network.
Construction of Rectal Cancer-Related ceRNA Network
According to the above miRNA-mRNA network and miRNA-lncRNA network, we extracted lncRNA-mRNA pairs that shared at least one common miRNA. PCCs between these lncRNA-mRNA pairs were calculated based on lncRNA expression profile and mRNA expression profile of rectal cancer with the same samples. The lncRNA-mRNA pairs with PCC >0.9 were retained for constructing a rectal cancer-related ceRNA network.
Construction of Rectal Cancer-Related TF-lncRNA Network
We obtained TFs list from AnimalTFDB (http://bioinfo.life.hust.edu.cn/AnimalTFDB/#!/) were mapped into the rectal cancer-related miRNA-mRNA network for screening TF-miRNA pairs. Previous research found that lncRNA could interacted with miRNA to regulate TF expression. Hypergeometric test was used for extracting TF-lncRNA pairs based on the number of common miRNAs between these TF-miRNA pairs and the above rectal cancer-related miRNA-lncRNA network. The heat map displayed the significant TF-lncRNA pairs with a threshold of p-value <0.05, containing 12 TFs and 17 lncRNAs (Figure 5A). To further identify the binding potential of TFs to lncRNAs, we defined the promoter region of a lncRNA as a basal domain of -2 kb to +2 kb around the transcriptional start site (TSS). We also downloaded enhancer regions from FANTOM5 project (Noguchi et al., 2017). A lncRNA was considered as the target of an enhancer if the enhancer located in more than ± 2 kb of the TSS of the lncRNA. Then, Find Individual Motif Occurrences (FIMO) (Izzat and Yim 1997) was used for performing motif occurrence (Grant et al., 2011). Results demonstrated that the motifs of TF MEIS1 and MEIS2 could bind to the promoters and enhancers of multiple lncRNAs with a threshold of FIMO p-value <1e–4, respectively (Figures 5B,C). These binding pairs also showed strong correlation.
Analysis of Topological Features
Using the R package “igraph”, topological features such as network degree, cluster coefficient and average path length were calculated and analyzed for the network. Degree is the number of direct neighbors of nodes in the network. Cluster coefficient is the aggregation extent of nodes in the network graph. And average path length is the average value of the shortest paths between every two nodes of the network. To measure the statistical significance, we randomly produced 1,000 random networks with remaining the degree of nodes unchanged. The cluster coefficient and average path length were all calculated for the 1,000 random networks. The empirical p-values were respectively computed by the proportion of cluster coefficient in random network larger than that in the real network and the proportion of average path length in random network shorter than that in the real network.
Identification of Functional Modules
MCODE can automatic prediction of protein complexes from qualitative protein-protein interaction data, so it can predict the function of unknown proteins and help understand the functional connections of molecular complexes in cells (Bader and Hogue 2003). Based on the miRNA-mRNA network, miRNA-lncRNA network and lncRNA-miRNA-mRNA ceRNA network, we used the Molecular Complex Detection (MCODE) plug-in in Cytoscape software to identify various rectal cancer-related functional modules (Shannon et al., 2003). The criteria of MCODE we used were as follows: MCODE scores >5, degree cut-off = 2, node score cut-off = 0.2, max depth = 100, and k-score = 2.
Survival Analysis
For performing survival analysis, we downloaded clinical information of our rectal cancer samples from UCSC XENA. A risk model was constructed by calculating linear combination of the miRNA/lncRNA/mRNA expression values weighted by the regression coefficient of univariate Cox regression analysis. The following formula was used to calculate risk score:
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where, [image: image] is the Cox regression coefficient of the ith miRNA/lncRNA/mRNA from an independent gene set; Exp(i) is the expression value of the ith miRNA/lncRNA/mRNA in a corresponding patient; and n is the number of miRNAs/lncRNAs/mRNAs in gene set.
The mean risk score was used as a cut-off to classify rectal cancer patients into high-risk group and low-risk group. A Kaplan-Meier survival curve was performed for different groups of rectal cancer patients. The statistical significance was assessed by log-rank test under the threshold of p < 0.05.
Immune Cell Infiltration of lncRNAs in Patients
Cell infiltration information of rectal cancer patients were downloaded from TIMER2. The potential role of lncRNAs in cell infiltration was estimated by calculating the correlation between lncRNA expression and infiltration estimation scores.
RESULTS
miR-20a-5p May be a Potential Prognosis Biomarker of Rectal Cancer
From TCGA, we obtained rectal cancer-related miRNA expression profile containing 89 tumor samples and three adjacent non-tumor samples. The edgeR test with |FC| >2 and p-value <0.05 was used to identify rectal cancer-related DE miRNAs and totally 319 DE miRNAs were identified. Among the most upregulated 10 miRNAs and the most downregulated 10 miRNAs (Figure 1A), several miRNAs have been reported to function in rectal cancer. For example, miR-215 was involved in response of rectal cancer to the chemoradiotherapy (Svoboda et al., 2012). ROC curve analysis showed that miR-21 and miR-328 could provide valuable information for individualizing treatment in rectal cancer patients (Campayo et al., 2018). 3D cell culture-based global miRNA expression analysis revealed increased levels of miR-142-5p in rectal tumor tissue samples after neoadjuvant long course treatment, which may be a theranostic biomarker of rectal cancer (Kunigenas et al., 2020). Low plasma level of exosomal miR-486-5p was associated with organ-invasive primary tumor, which attributed to adverse prognosis of rectal cancer (Bjornetro et al., 2019). The high diagnostic values of miR-490-3p and miR-133a-3p were shown in rectal cancer, which may provide a new way for treatment and prognosis improvement of digestive tract cancers (Lai et al., 2019). Pathway enrichment analysis was performed to the 20 most DE miRNAs that contained the most upregulated 10 miRNAs and the most downregulated 10 miRNAs. Results showed that they were enriched in some cancer-related pathways, such as “Pathways in cancer”, “ErbB signaling pathway”, “Wnt signaling pathway”, “MAPK signaling pathway” and “Focal adhesion” (Figure 1B). We further calculated risk score and the corresponding log-rank p-value for each of the 20 most DE miRNAs and found that miR-20a-5p was statistically significant (p < 0.05, Figure 1C). A Kaplan-Meier survival curve showed that miR-20a-5p significantly classified high-risk group and low-risk group of rectal cancer patients with different clinical outcomes (Figure 1D). It suggested that miR-20a-5p may be a potential prognosis biomarker of rectal cancer.
[image: Figure 1]FIGURE 1 | Identification of the potential prognosis biomarker of rectal cancer. (A) The heat map of the most upregulated 10 miRNAs and the most downregulated 10 miRNAs. (B) Pathway enrichment results of the 20 most DE miRNAs. (C) The log-rank p-values of the 20 most DE miRNAs. miR-20a-5p was statistically significant with p < 0.05. (D) A Kaplan-Meier survival curve of miR-20a-5p (p = 0.041). (E) ROC curve analysis result of the 20 most DE miRNAs. (F) A Kaplan-Meier survival curve of the 20 most DE miRNAs (p = 0.034).
More interestingly, ROC curve analysis showed that the combination of the 20 most DE miRNAs had excellent capacity to distinguish rectal cancer patients with high-risk group from low-risk group (Figure 1E). And the Kaplan-Meier survival curve showed that the combination of the 20 most DE miRNAs significantly classified different risk groups of rectal cancer patients with different clinical outcomes (Figure 1F). These results demonstrated that the integrative analysis of miRNAs had significant prognosis capability, which deserved further research.
MiRNA-mRNA Network and its Functional Module Show Prognosis Potential
The rectal cancer-related DE miRNAs and DE mRNAs were mapped into the miRNA-mRNA interactions from starBase for extracting DE miRNA-DE mRNA interactions. As we all know, miRNAs negatively regulate the expression of target genes at the post-transcriptional level. Thus, we computed the correlations between these DE miRNAs and DE mRNAs by PCCs. The result of heat map showed that some DE miRNAs and DE mRNAs expressed negatively correlated (Figure 2A). We firstly extracted the most negatively expression-correlated 10 DE miRNA-DE mRNA interaction pairs and found that miR-21-5p was a hub node with the large degree (Figure 2B). Risk score was calculated for miR-21-5p and its six direct neighbors by linear combination of their expression values weighted by the regression coefficient of univariate Cox regression analysis. A Kaplan-Meier survival curve showed that they could significantly classify high-risk group and low-risk group of rectal cancer patients with log-rank p < 0.05 (Figure 2C). Secondly, we further detected the power of the combination of miRNAs and their target genes under the background of a larger network. Specifically, all the negatively expression-correlated DE miRNA-DE mRNA interaction pairs were used for constructing a rectal cancer-related miRNA-mRNA network, containing 702 interactions between 30 miRNAs and 114 mRNAs (Figure 2D). We calculated the degrees of all the nodes in the network. And the result of network degree distribution showed power law distribution (R2 = 0.82, Figure 2E). We also computed cluster coefficients of the rectal cancer-related miRNA-mRNA network and 1,000 random networks generated by remaining the degree of nodes unchanged. Result showed that the average cluster coefficient of the real network was significantly larger than that of the random networks (p < 0.01, Figure 2F). Previous study suggested that the network with larger average cluster coefficient usually had modular structures. Therefore, we then identified a rectal cancer-related functional module from the miRNA-mRNA network by MCODE. The module was consisted of 3 DE miRNAs and 7 DE mRNAs (Figure 2G). Surprisingly, the three miRNAs of the module, including miR-21-5p, miR-429 and miR-192-5p were the hub nodes of the rectal cancer-related miRNA-mRNA network. The result of survival analysis demonstrated their great capacity to distinguish rectal cancer patients with high-risk group from low-risk group (Figure 2H). These results suggested both the network and functional module that were consisted of DE miRNAs and their target DE mRNAs showed prognosis potential and played crucial roles in rectal cancer.
[image: Figure 2]FIGURE 2 | Analysis of miRNA-mRNA network and its functional module. (A) The heat map of correlations between DE miRNAs and DE mRNAs. (B) The most negatively expression-correlated 10 DE miRNA-DE mRNA interaction pairs. miR-21-5p was a hub node with the large degree. (C) A Kaplan-Meier survival curve of miR-21-5p and its six direct neighbors (p = 0.045). (D) The rectal cancer-related miRNA-mRNA network. Yellow triangle represents miRNA and purple circular represents mRNA. Node size represents degree of node. (E) Degree distribution of the network. All nodes follow a power-law distribution. (F) Average cluster coefficient of the real network was significantly larger than that of 1,000 random networks. (G) A functional module identified from the miRNA-mRNA network by MCODE. (H) A Kaplan-Meier survival curve of the three miRNAs of the module, miR-21-5p, miR-429 and miR-192-5p (p = 0.031).
MiRNA-lncRNA Network and Its Hub Nodes can Improve Overall Survival
By inputting the sequences of DE miRNAs and DE lncRNAs, DE miRNA-DE lncRNA interactions were obtained via the miRanda tools. The correlations between these DE miRNAs and DE lncRNAs were calculated by PCCs. The result of heat map showed that some DE miRNAs and DE lncRNAs expressed negatively correlated (Figure 3A). We extracted the most negatively expression-correlated 10 DE miRNA-DE lncRNA interaction pairs, referring to six miRNAs and five lncRNAs (Figure 3B). These miRNAs and lncRNAs were used for survival analysis. Risk score was calculated by linear combination of their expression values weighted by the regression coefficient of univariate Cox regression analysis. A Kaplan-Meier survival curve displayed their prognosis ability by distinguishing different risk groups of rectal cancer patients (Figure 3C). The result revealed that the combination of DE miRNAs and their target lncRNAs may contribute to the overall survival of rectal cancer patients. Therefore, we further conducted our analysis from the perspective of miRNA-lncRNA network. A rectal cancer-related miRNA-lncRNA network was constructed by integrating all the negatively expression-correlated DE miRNA-DE lncRNA interaction pairs, containing 155 interactions between 27 miRNAs and 17 lncRNAs (Figure 3D). The network followed power law distribution that most nodes had small degrees but a few nodes had very large degrees. We selected the top 20% miRNA and lncRNA hub nodes with the largest degrees from the miRNA-lncRNA network, which was consisted of six miRNAs, eight lncRNAs and their 47 interactions (Figure 3E). All the expression values of these miRNAs and lncRNAs were used for calculating risk score and their corresponding log-rank p-value. Kaplan-Meier survival curve revealed the significant prognosis ability of these hub miRNAs and lncRNAs (Figure 3F). Finally, pathway enrichment analysis was performed to these hub miRNAs. They were demonstrated to be enriched in multiple pathways associated with biological processes and molecular functions of cancers, including “MAPK signaling pathway”, “Pathways in cancer”, “Autophagy”, “Endocytosis”, “TGF-beta signaling pathway”, and “TNF signaling pathway” (Figure 3G).
[image: Figure 3]FIGURE 3 | Analysis of miRNA-lncRNA network and its nodes. (A) The heat map of correlations between DE miRNAs and DE lncRNAs. (B) The most negatively expression-correlated 10 DE miRNA-DE lncRNA interaction pairs. (C) A Kaplan-Meier survival curve of the six miRNAs and five lncRNAs that express negatively correlated (p = 0.005). (D) The rectal cancer-related miRNA-lncRNA network. Yellow triangle represents miRNA and blue diamond represents lncRNA. Node size represents degree of node. (E) The top 20% miRNA and lncRNA hub nodes with the largest degrees in the miRNA-lncRNA network. (F) A Kaplan-Meier survival curve of these hub miRNAs and lncRNAs (p = 0.01). (G) Pathway enrichment analysis of these hub miRNAs. (H) GO Term enrichment analysis of these hub miRNAs.
RNA Crosstalk has Implications in the Survival of Rectal Cancer Patients
We computed correlations of lncRNAs and mRNAs that shared at least one common miRNA in the above miRNA-mRNA network and miRNA-lncRNA network by PCCs (Figure 4A). The lncRNA-mRNA pairs with PCC >0.9 were retained for constructing a rectal cancer-related ceRNA network, which referred to nine lncRNAs and 22 mRNAs (Figure 4B). The mRNAs of the network were used for pathway enrichment and were found to be related to multiple known cancer pathways, such as “Focal adhesion”, “Long-term potentiation” and “MAPK signaling pathway” (Figure 4C). In addition, in the rectal cancer-related ceRNA network, several lncRNAs were shown to have large degrees. In general, nodes with larger degrees are more important, which play vital roles in maintaining network integrity. Thus, we chose two lncRNAs HAND2-AS1 and MBNL1-AS1 with the largest degrees for in-depth analysis. According to lncRNA HAND2-AS1 and its related mRNA HAND2, the miRNA miR-20a-5p that regulated them could also be extracted for detecting lncRNA-miRNA-mRNA crosstalk. Excitingly, miR-20a-5p was suggested to be a potential prognosis biomarker of rectal cancer in our previous analysis. We further performed survival analysis by computing linear combination of the expression values of HAND2-AS1, HAND2 and miR-20a-5p weighted by the regression coefficient of univariate Cox regression analysis. A Kaplan-Meier survival curve represented prognosis ability of the lncRNA-miRNA-mRNA crosstalk (Figure 4D). Similarly, we identified another lncRNA-miRNA-mRNA crosstalk between MBNL1-AS1, miR-429 and LONRF2 and found that they could significantly distinguish high-risk group and low-risk group of rectal cancer patients (Figure 4E). These results suggested that the crosstalks between lncRNA, miRNA and mRNA may have implications in the survival of rectal cancer patients.
[image: Figure 4]FIGURE 4 | Analysis of lncRNA-mRNA network and lncRNA-miRNA-mRNA crosstalk. (A) The heat map of correlations between lncRNAs and mRNAs that shared at least one common miRNA. (B) The rectal cancer-related lncRNA-mRNA ceRNA network. Blue diamond represents lncRNA and purple circular represents mRNA. Node size represents degree of node. (C) Pathway enrichment analysis of the mRNAs in the network. (D) The heat map of HAND2-AS1, HAND2 and miR-20a-5p and the Kaplan-Meier survival curve of the lncRNA-miRNA-mRNA crosstalk (p = 0.027). (E) The heat map of MBNL1-AS1, miR-429 and LONRF2 and the Kaplan-Meier survival curve of the lncRNA-miRNA-mRNA crosstalk (p = 0.02).
TF MEIS1 and MEIS2 Coordinately Regulate Multiple lncRNAs
Recently, studies have shown that TFs were involved in cancer pathology by regulating lncRNAs (Ji et al., 2020). We focused on the 2 TFs as well as the corresponding lncRNAs that had motif binding relationships and constructed a small TF-lncRNA crosstalk network (Figure 5D). We found that MEIS1 and MEIS2 coordinately regulated multiple lncRNAs by binding to their promoter or enhancer regions. For example, TF MEIS1 and MEIS2 simultaneously bound to the promoters and enhancers of lncRNA MBNL1-AS1 and further coordinately regulated lncRNA MBNL1-AS1. Interestingly, lncRNA MBNL1-AS1 has been demonstrated to be a hub node of the rectal cancer-related miRNA-lncRNA network. Finally, survival analysis was performed to MEIS2 and the combination of MEIS2 and MBNL1-AS1, respectively. The Kaplan-Meier survival curves displayed their prognosis ability by significantly distinguishing high-risk group and low-risk group of rectal cancer patients (Figure 5E).
[image: Figure 5]FIGURE 5 | Identification of TF-lncRNA crosstalk based on motif analysis. (A) The heat map of TF-lncRNA pairs with a threshold of hypergeometric test p-value <0.05. (B) TF motif searching of promoter regions of lncRNAs. Node color represents the correlation score of PCC. Node size represents the number of TFs that bind to the promoter regions of lncRNAs. (C) TF motif searching of enhancer regions of lncRNAs. Node color represents the correlation score of PCC. Node size represents the number of TFs that bind to the enhancer regions of lncRNAs. (D) Visualization of a TF-lncRNA crosstalk network. Blue diamond nodes represent lncRNAs and purple circular nodes represent TFs. Green lines represent TFs binding to the promoter regions of lncRNAs. Red lines represent TFs binding to the enhancer regions of lncRNAs. (E) Kaplan-Meier survival curves of MEIS2 and the combination of MEIS2 and MBNL1-AS1.
Furthermore, we also calculated the relationships between these lncRNAs and immune cell levels via integrating expression data and TIMER2 data. Results showed that myeloid dendritic cells were high related to these lncRNAs (Figure 6A). Especially, four lncRNAs were high related to immune cells than other transcripts, including RP11-131H24, AP001627, RP11-532F6 and CTB-133G6 (Figure 6B). These results also implied that lncRNAs might participate in cancer regulation by controlling immune cell levels in READ.
[image: Figure 6]FIGURE 6 | Immune cell infiltration of lncRNAs in READ patients. (A) The visualization of correlations between lncRNA expression and TIMER2 immune cell estimation score. Two highest correlation pairs were showed in heatmaps with Cor = 0.52 and 0.49. (B) Scatter plots of correlations between lncRNA expression and TIMER2 immune cell estimation score.
DISCUSSION
Rectal cancer is one of the most common cancers worldwide. More and more people suffer from rectal cancer due to the poor living and eating habits. The preoperative chemoradiotherapy and postoperative chemoradiotherapy have all been validated as effective treatments for patients of rectal cancer (Sauer et al., 2004). However, for patients with undifferentiated cancer, obvious regional lymph node metastasis or distant metastasis through the serous layer and surrounding infiltration, recurrence and metastasis are likely to occur 1–3 years after surgery and postoperative chemoradiotherapy, finally leading to death (Bosset et al., 2006). In this respect, potential prognostic biomarkers may play an increasing role in the study of rectal cancer. However, this is a lack of global lncRNA-associated crosstalks in rectal cancer. Thus, in our study, we aimed at finding predictive biomarkers that not only improve local control and reduce toxicity but also ameliorate overall survival of rectal cancer patients.
MiRNAs negatively regulate the expression of target genes at the post-transcriptional level. Evidence has suggested that miRNAs can represent almost all cellular and molecular functions, because about 60% of human mRNAs are regulated by miRNAs (Azizian et al., 2016). Thus, it is not unexpected that miRNAs are involved in diverse cellular processes, such as cell differentiation, proliferation and apoptosis (Bartel 2009). In addition, abnormal expression of the miRNAs can lead to cell dysfunction and then result in the occurrence and development of various diseases, even cancer (Mestdagh et al., 2009; Slaby et al., 2009). Therefore, we focused on miRNAs’ function in rectal cancer and explored their potential to serve as possible prognosis biomarkers and novel therapeutic targets. In recent years, there have been some DE miRNAs identified in the progression of rectal cancer, though limited data on miRNAs in rectal cancer are available (Zhang et al., 2018; Zhou et al., 2018). In this study, a network-based computational analysis was performed to investigate the key lncRNAs and TFs in rectal cancer. We constructed rectal-related global lncRNA-TF network by integrating information of differentially expressed lncRNAs/TFs and then identified functional modules. We identified several known miRNAs that functioned in rectal cancer, such as miR-142-5p, miR-486-5p, miR-490-3p and miR-133a-3p. Meanwhile, we also found miR-20a-5p significantly classifying high-risk group and low-risk group of rectal cancer patients, suggesting that miR-20a-5p may be a potential prognosis biomarker of rectal cancer. These results demonstrated good topological features and integrative power of miRNAs and their target mRNAs/lncRNAs. The closely connected modules were shown to function in survival state of rectal cancer patients and have potential prognosis ability.
Among the abundant knowledge about miRNAs’ function and mechanism, ceRNA theory has been reported to play a vital regulatory role in almost every cancer. Most ceRNAs have potential MREs, share common miRNAs and compete for binding common RNAs. In this study, we constructed a rectal cancer-related ceRNA network and detected several typical lncRNA-miRNA-mRNA crosstalk, such as HAND2-AS1, HAND2 and miR-20a-5p crosstalk and MBNL1-AS1, miR-429 and LONRF2 crosstalk, which were validated to play important roles in improving overall survival of rectal cancer patients. Importantly, we also identified a TF-lncRNA feedback loops based on ceRNA mechanism and motif analysis. Previous studies have proved that TF-lncRNA feedback could help us to uncover the molecular mechanism (Hong et al., 2020) (Swarr et al., 2019). We found that some TFs, such as MEIS1 and MEIS2 might function as the key regulators of lncRNAs in READ. TF-lncRNA pairs could also be used as prognosis markers. Furthermore, we found the TF-regulated lncRNAs were high related to immune cell levels.
Though novel biomarkers and functional modules associated with the diagnosis and prognosis of rectal cancer have been achieved in this study, there were still some limitations in our study. Firstly, limited data on miRNAs and lncRNAs in rectal cancer are available. We only used TCGA data in the study. If a large number of miRNA and lncRNA expression profile data are released, we may discover more valuable information. Secondly, the questions about survival, recurrence and metastasis of rectal cancer are extremely complicated. Survival analysis is just one way to measure the prognosis of rectal cancer from bioinformatics. If combined with the experimental research, we will understand the pathogenesis and molecular mechanism in depth.
DATA AVAILABILITY STATEMENT
Publicly available datasets were analyzed in this study. This data can be found here: https://xenabrowser.net/datapages/.
AUTHOR CONTRIBUTIONS
TT is responsible for ensuring that the descriptions are accurate and agreed by all authors. SY and ZS designed this study. XP and FX collected and processed data. YW and LZ wrote the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
We thanks GEO database for data supporting.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2022.792984/full#supplementary-material
Supplementary Figure S1 | The analysis protocol to identify miRNA-mediated prognosis markers in READ.
REFERENCES
 Azizian, A., Gruber, J., Ghadimi, B. M., and Gaedcke, J. (2016). MicroRNA in Rectal Cancer. Wjgo 8, 416–426. doi:10.4251/wjgo.v8.i5.416
 Bader, G. D., and Hogue, C. W. (2003). An Automated Method for Finding Molecular Complexes in Large Protein Interaction Networks. BMC bioinformatics 4, 2. doi:10.1186/1471-2105-4-2
 Bartel, D. P. (2004). MicroRNAs: Genomics, Biogenesis, Mechanism, and Function. Cell 116 (116), 281–297. doi:10.1016/s0092-8674(04)00045-5
 Bartel, D. P. (2009). MicroRNAs: Target Recognition and Regulatory Functions. Cell 136 (136), 215–233. doi:10.1016/j.cell.2009.01.002
 Bashar Izzat, M., and Yim, A. P. (1997). Video-assisted Internal Mammary Artery Mobilization for Minimally Invasive Direct Coronary Artery Bypass. Eur. J. Cardiothorac. Surg. Nov 12, 811–812. doi:10.1016/s1010-7940(97)00257-1
 Bjørnetrø, T., Redalen, K. R., Meltzer, S., Thusyanthan, N. S., Samiappan, R., Jegerschöld, C., et al. (2019). An Experimental Strategy Unveiling Exosomal microRNAs 486-5p, 181a-5p and 30d-5p from Hypoxic Tumour Cells as Circulating Indicators of High-Risk Rectal Cancer. J. Extracell Vesicles 8, 1567219. doi:10.1080/20013078.2019.1567219
 Bosset, J. F., Collette, L., Calais, G., Mineur, L., Maingon, P., Radosevic-Jelic, L., et al. (2006). Chemotherapy with Preoperative Radiotherapy in Rectal Cancer. N. Engl. J. Med. 355 (355), 1114–1123. doi:10.1056/NEJMoa060829
 Cai, G., Sun, M., Li, X., and Zhu, J. (2021). Construction and Characterization of Rectal Cancer‐related lncRNA‐mRNA ceRNA Network Reveals Prognostic Biomarkers in Rectal Cancer. IET Syst. Biol. 15, 192–204. doi:10.1049/syb2.12035
 Campayo, M., Navarro, A., Benítez, J. C., Santasusagna, S., Ferrer, C., Monzó, M., et al. (2018). miR-21, miR-99b and miR-375 Combination as Predictive Response Signature for Preoperative Chemoradiotherapy in Rectal Cancer. PLoS One 13, e0206542. doi:10.1371/journal.pone.0206542
 Dossa, F., Acuna, S. A., Rickles, A. S., Berho, M., Wexner, S. D., Quereshy, F. A., et al. (2018). Association between Adjuvant Chemotherapy and Overall Survival in Patients with Rectal Cancer and Pathological Complete Response after Neoadjuvant Chemotherapy and Resection. JAMA Oncol. 4 (4), 930–937. doi:10.1001/jamaoncol.2017.5597
 Enright, A. J., John, B., Gaul, U., Tuschl, T., Sander, C., and Marks, D. S. (2003). MicroRNA Targets in Drosophila. Genome Biol. 5, R1. doi:10.1186/gb-2003-5-1-r1
 Gaertner, W. B., Kwaan, M. R., Madoff, R. D., and Melton, G. B. (2015). Rectal Cancer: An Evidence-Based Update for Primary Care Providers. World J. Gastroenterol. 21 (21), 7659–7671. doi:10.3748/wjg.v21.i25.7659
 Grant, C. E., Bailey, T. L., and Noble, W. S. (2011). FIMO: Scanning for Occurrences of a Given Motif. Bioinformatics 27 (7), 1017–1018. doi:10.1093/bioinformatics/btr064
 Hausser, J., and Zavolan, M. (2014). Identification and Consequences of miRNA-Target Interactions - beyond Repression of Gene Expression. Nat. Rev. Genet. 15, 599–612. doi:10.1038/nrg3765
 Hong, S., Hu, S., Kang, Z., Liu, Z., Yang, W., Zhang, Y., et al. (2020). Identification of Functional lncRNAs Based on Competing Endogenous RNA Network in Osteoblast Differentiation. J. Cel Physiol 235, 2232–2244. doi:10.1002/jcp.29132
 Jathar, S., Kumar, V., Srivastava, J., and Tripathi, V. (2017). Technological Developments in lncRNA Biology. Adv. Exp. Med. Biol. 1008, 283–323. doi:10.1007/978-981-10-5203-3_10
 Ji, Y., Gu, Y., Hong, S., Yu, B., Zhang, J. H., and Liu, J. N. (2020). Comprehensive Analysis of lncRNA‐TF Crosstalks and Identification of Prognostic Regulatory Feedback Loops of Glioblastoma Using lncRNA/TF‐mediated ceRNA Network. J. Cel Biochem 121, 755–767. doi:10.1002/jcb.29321
 Kunigenas, L., Stankevicius, V., Dulskas, A., Budginaite, E., Alzbutas, G., Stratilatovas, E., et al. (2020). 3D Cell Culture-Based Global miRNA Expression Analysis Reveals miR-142-5p as a Theranostic Biomarker of Rectal Cancer Following Neoadjuvant Long-Course Treatment. Biomolecules 10, 10. doi:10.3390/biom10040613
 Lagos-Quintana, M., Rauhut, R., Lendeckel, W., and Tuschl, T. (2001). Identification of Novel Genes Coding for Small Expressed RNAs. Science 294 (294), 853–858. doi:10.1126/science.1064921
 Lai, C. H., Liang, X. Z., Liang, X. Y., Ma, S. J., Li, J. G., Shi, M. F., et al. (2019). Study on miRNAs in Pan-Cancer of the Digestive Tract Based on the Illumina HiSeq System Data Sequencing. Biomed. Res. Int. 2019, 8016120. doi:10.1155/2019/8016120
 Lee, Y., Ahn, C., Han, J., Choi, H., Kim, J., Yim, J., et al. (2003). The Nuclear RNase III Drosha Initiates microRNA Processing. Nature 425 (425), 415–419. doi:10.1038/nature01957
 Li, J.-H., Liu, S., Zhou, H., Qu, L.-H., and Yang, J.-H. (2014). starBase v2.0: Decoding miRNA-ceRNA, miRNA-ncRNA and Protein-RNA Interaction Networks from Large-Scale CLIP-Seq Data. Nucl. Acids Res. 42, D92–D97. doi:10.1093/nar/gkt1248
 Li, J., Wang, X., Tang, J., Jiang, R., Zhang, W., Ji, J., et al. (2015). HULC and Linc00152 Act as Novel Biomarkers in Predicting Diagnosis of Hepatocellular Carcinoma. Cell Physiol Biochem 37, 687–696. doi:10.1159/000430387
 Li, Y., Wang, J., Ma, X., Tan, L., Yan, Y., Xue, C., et al. (2016). A Review of Neoadjuvant Chemoradiotherapy for Locally Advanced Rectal Cancer. Int. J. Biol. Sci. 12, 1022–1031. doi:10.7150/ijbs.15438
 Ludmir, E. B., Palta, M., Willett, C. G., and Czito, B. G. (2017). Total Neoadjuvant Therapy for Rectal Cancer: An Emerging Option. Cancer 123, 1497–1506. doi:10.1002/cncr.30600
 Mestdagh, P., Van Vlierberghe, P., De Weer, A., Muth, D., Westermann, F., Speleman, F., et al. (2009). A Novel and Universal Method for microRNA RT-qPCR Data Normalization. Genome Biol. 10, R64. doi:10.1186/gb-2009-10-6-r64
 Noguchi, S., Arakawa, T., Fukuda, S., Furuno, M., Hasegawa, A., Hori, F., et al. (2017). FANTOM5 CAGE Profiles of Human and Mouse Samples. Sci. Data 4, 170112. doi:10.1038/sdata.2017.112
 Salmena, L., Poliseno, L., Tay, Y., Kats, L., and Pandolfi, P. P. (2011). A ceRNA Hypothesis: The Rosetta Stone of a Hidden RNA Language?Cell 146, 353–358. doi:10.1016/j.cell.2011.07.014
 Sauer, R., Becker, H., Hohenberger, W., Rödel, C., Wittekind, C., Fietkau, R., et al. (2004). Preoperative versus Postoperative Chemoradiotherapy for Rectal Cancer. N. Engl. J. Med. 351, 1731–1740. doi:10.1056/NEJMoa040694
 Shannon, P., Markiel, A., Ozier, O., Baliga, N. S., Wang, J. T., Ramage, D., et al. (2003). Cytoscape: a Software Environment for Integrated Models of Biomolecular Interaction Networks. Genome Res. 13, 2498–2504. doi:10.1101/gr.1239303
 Slaby, O., Svoboda, M., Michalek, J., and Vyzula, R. (2009). MicroRNAs in Colorectal Cancer: Translation of Molecular Biology into Clinical Application. Mol. Cancer 8, 102. doi:10.1186/1476-4598-8-102
 Svoboda, M., Sana, J., Fabian, P., Kocakova, I., Gombosova, J., Nekvindova, J., et al. (2012). MicroRNA Expression Profile Associated with Response to Neoadjuvant Chemoradiotherapy in Locally Advanced Rectal Cancer Patients. Radiat. Oncol. 7, 195. doi:10.1186/1748-717X-7-195
 Swarr, D. T., Herriges, M., Li, S., Morley, M., Fernandes, S., Sridharan, A., et al. (2019). The Long Noncoding RNA Falcor Regulates Foxa2 Expression to Maintain Lung Epithelial Homeostasis and Promote Regeneration. Genes Dev. 33, 656–668. doi:10.1101/gad.320523.118
 Vegter, E. L., van der Meer, P., de Windt, L. J., Pinto, Y. M., and Voors, A. A. (2016). MicroRNAs in Heart Failure: from Biomarker to Target for Therapy. Eur. J. Heart Fail. 18, 457–468. doi:10.1002/ejhf.495
 Wang, H., Huo, X., Yang, X. R., He, J., Cheng, L., Wang, N., et al. (2017). STAT3-mediated Upregulation of lncRNA HOXD-AS1 as a ceRNA Facilitates Liver Cancer Metastasis by Regulating SOX4. Mol. Cancer 16, 136. doi:10.1186/s12943-017-0680-1
 Xu, C.-Z., Jiang, C., Wu, Q., Liu, L., Yan, X., and Shi, R. (2016). A Feed-Forward Regulatory Loop between HuR and the Long Noncoding RNA HOTAIR Promotes Head and Neck Squamous Cell Carcinoma Progression and Metastasis. Cel Physiol Biochem 40, 1039–1051. doi:10.1159/000453160
 Yang, X. Z., Cheng, T. T., He, Q. J., Lei, Z. Y., Chi, J., Tang, Z., et al. (2018). LINC01133 as ceRNA Inhibits Gastric Cancer Progression by Sponging miR-106a-3p to Regulate APC Expression and the Wnt/β-Catenin Pathway. Mol. Cancer 17, 126. doi:10.1186/s12943-018-0874-1
 Zhang, W., Sun, Z., Su, L., Wang, F., Jiang, Y., Yu, D., et al. (2018). miRNA-185 Serves as a Prognostic Factor and Suppresses Migration and Invasion through Wnt1 in colon Cancer. Eur. J. Pharmacol. 825, 75–84. doi:10.1016/j.ejphar.2018.02.019
 Zhang, Y., Guan, B., Wu, Y., Du, F., Zhuang, J., Yang, Y., et al. (2021). LncRNAs Associated with Chemoradiotherapy Response and Prognosis in Locally Advanced Rectal Cancer. Jir 14, 6275–6292. doi:10.2147/jir.s334096
 Zhou, X.-g., Huang, X.-l., Liang, S.-y., Tang, S.-m., Wu, S.-k., Huang, T.-t., et al. (2018). Identifying miRNA and Gene Modules of colon Cancer Associated with Pathological Stage by Weighted Gene Co-expression Network Analysis. Ott 11, 2815–2830. doi:10.2147/ott.s163891
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 © 2022 Tang, Yu, Song, Pan, Xu, Wu and Zhang. 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-13-792984-g005.gif





OPS/images/fgene-13-792984-g006.gif





OPS/images/fgene-13-792984-g003.gif





OPS/images/fgene-13-792984-g004.gif





OPS/images/inline_1.gif





OPS/images/math_qu1.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Comprehensive Analysis of miRNA-Mediated Regulatory Network and Identification of Prognosis Biomarkers in Rectal Cancer		Introduction

		Materials and Methods		Data Sets

		Differential Expression Analysis

		Construction of Rectal Cancer-Related miRNA-mRNA Network

		Construction of Rectal Cancer-Related miRNA-lncRNA Network

		Construction of Rectal Cancer-Related ceRNA Network

		Construction of Rectal Cancer-Related TF-lncRNA Network

		Analysis of Topological Features

		Identification of Functional Modules

		Survival Analysis

		Immune Cell Infiltration of lncRNAs in Patients





		Results		miR-20a-5p May be a Potential Prognosis Biomarker of Rectal Cancer

		MiRNA-mRNA Network and its Functional Module Show Prognosis Potential

		MiRNA-lncRNA Network and Its Hub Nodes can Improve Overall Survival

		RNA Crosstalk has Implications in the Survival of Rectal Cancer Patients

		TF MEIS1 and MEIS2 Coordinately Regulate Multiple lncRNAs





		Discussion

		Data Availability Statement

		Author Contributions

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Genetics






OPS/images/fgene-13-792984-g001.gif





OPS/images/fgene-13-792984-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Genetics





