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Object: This study aims to clarify the expression of plasma miRNA in CRC patients, and to clarify the potential use of these miRNAs in diagnosis and prognosis, and to establish a prognostic model to initially explore its clinical value.
Methods: We detected the expression of 6 miRNAs in normal colon epithelial cell lines and colorectal cancer cell lines by qRT-PCR and they were validated in the tissues of three subtypes: 20 healthy subjects, 41 pCRC and 49 mCRC patients. COX regression and ROC analyses use to evaluate the diagnostic and prognostic efficacy of candidate miRNAs. Subsequently, we initially established a nomogram prognostic model. MiRNA is also used to construct miRNA-mRNA interaction network and PPI network modules.
Results: Five miRNAs showed significant differential expression in pCRC, mCRC patients and normal groups. ROC analysis showed that CEA, miR-96, miR-99b and miR-96/miR-99b are distinguishable from pCRC and mCRC patients, with AUC ranging from 0.65 to 0.91; among them, the ratio of miR-96/miR-99b is stronger than any diagnostic indicators, such as CEA and CA125. Multivariate survival analysis identified miR-96, miR-99b, N stage, M stage and clinical stage as independent prognostic indicators of mCRC. The nomogram based on these 5 characteristics has satisfactory prognostic values.
Conclusion: Our data indicate that plasma miR-96/miR-99b can be used as a promising biomarker for early detection of mCRC patients; our nomogram has a promising evaluation value.
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INTRODUCTION
Colorectal cancer (CRC) is one of the leading causes of cancer-related deaths (Sung et al., 2021). The occurrence of colorectal liver metastasis (mCRC) is a multi-factor and multi-step process. About 20–25% of CRC patients are diagnosed with liver metastasis initially, and up to 30–50% of patients with liver metastases after primary tumor resection (Hur et al., 2017). Most patients with mCRC are not suited for radical resection surgery with its characteristic low five-year-survival rate ≤10% (Manfredi et al., 2006). Common strategies, such as laparoscopy, fine needle aspiration cytology and imaging modalities, such as enhanced computed tomography (CT), magnetic resonance imaging (MRI), are either invasive, characterized by a high degree of complication or the insufficiency of typical symptoms or signs (Metcalfe et al., 2004). Due to the limitations of CEA, we urgently require more effective biomarkers for mCRC.
MiRNAs consist of short (18–25 nucleotides), endogenous, non-coding RNAs, which regulate the expression of target genes at the post-transcriptional level through base-repair binding to their3″ untranslated regions (UTRs), thus, enhancing the inhibition of translation or messenger RNA cleavage (Bartel, 2009). Up to 20–30% of gene expression regulate by miRNAs (Kent and Mendell, 2006). Alteration and dysfunction of miRNAs play essential roles during carcinogenesis, metastasis, and recurrence by regulating biological and pathological processes (Yang et al., 2013). Many studies have shown that some miRNAs may be prognostic markers and therapeutic targets for CRC, including (Qin et al., 2017). A recent study showed that a circulating-miRNA panel can improve the risk prediction ability of miRNAs (Zhang et al., 2018). MiR-211 and miR-25 in the blood are used as diagnostic indicators for CRC (Gu et al., 2018). Another study also showed that Mir-208b in exosomes CRC patients could be used as an indicator of oxaliplatin response (Raut et al., 2021). In subsequent studies, miRNA-1290 in serum has also shown to be potential predictors for CRC diagnosis and prognosis (Radwan et al., 2021). In plasma, an 8-miRNA-set including miR-17 (Ning et al., 2021) could distinguish colorectal adenoma from healthy control, and miR-141 can be used to predict stage IV colorectal cancer (Imaoka et al., 2016).
In recent years, some studies have verified metastatic miRNAs in tumor tissues (Kanaan et al., 2013). It demonstrates that some miRNAs have tissue and disease specificity. Therefore, whether miRNAs signatures in plasma can use as diagnostic markers for mCRC remains worthy of study.
Our recent work and other studies have suggested that six different miRNAs (miR-96, miR-99a, miR-99b, miR-155, let-7a (let-7a), and let-7b) are associated with tumor progression and distant metastasis (Cheng et al., 2011). Here we investigated the role of miRNAs in colorectal cancer cell lines and pCRC and mCRC patients. We found that five differentially expressed miRNAs were associated with mCRC. Subsequently, we evaluated the diagnostic and prognostic values of these five candidate miRNAs for mCRC (Figure 1).
[image: Figure 1]FIGURE 1 | The workflow of the entire study.
MATERIALS AND METHODS
Acquisition of miRNA Expression Data
We screened the differentially expressed miRNAs in mCRC patients through the GEO database.
Cell Culture
Human colorectal cancer cell line (HCT16, LoVo, SW480, SW620, DLD1, RKO) and normal colon epithelial cell line NCM460 purchase from Shanghai Institute of Biological Sciences, Chinese Academy of Sciences. CRC cell lines were all cultured in Dulbecco’s modified Eagle’s medium (DMEM), supplemented with 10% FBS (both Gibco; Thermo Fisher Scientific, Inc.), in a humidified atmosphere at 5% CO2 and 37°C.
Patient’s Selection and Sample Collection
A total of 110 subjects enrolled from Guangxi Medical University Cancer Hospital between December 2009 and December 2017. The Clinical Research Ethics Committee approved this study of Guangxi Medical University Cancer Hospital. Each subject had provided written informed consent for the use of specimens and clinical data. Excluding co-existing diseases, plasma samples obtain from patients with CRC (stage I ∼ IV) before colorectal surgical treatment, preoperative radiotherapy or chemotherapy, which was consist of two subtypes, 41 stage I-III non-metastasis CRC patients and 49 stage IV mCRC patients. All stage I-III patients were diagnosed with no distant metastases and stage IV patients had liver metastases. Pathological classification of all patients was performed according to the International Union Against Cancer (UICC) and the American Joint Committee on Cancer (AJCC) for colon cancer. In the control group, 20 blood samples collected from age- and gender-matched healthy subjects who confirm to be without any malignancy or another benign disease after physical examination. Plasma samples from patients with different levels of CEA were acquired from the clinical database of Guangxi Medical University Cancer Hospital and measured by standard enzyme immunoassay. The overall survival (OS) data of all CRC patients were received from clinical databases, and the survival time is from the date of diagnosis to the date of cancer-related death or the date of the last follow-up. The median follow-up time was 87.8 months.
The blood samples were processed in tubes containing EDTA. Separate cell-free plasma from blood samples within 4 h of collection using a two-step protocol (1,900 × g for 10 min, 16,000 × g for 10 min) and then stored at −80°C until further processing.
RNA Extraction
RNA was extracted using the miRNeasy Serum/Plasma Kit (Cat no 217184, Qiagen). Each piece eluted in 14 μL of RNase-free water using Eppendorf Concentrator Plus 5301 (Eppendorf, Germany). The NanoDrop 2000 spectrophotometer used to measure the concentration and purification of total RNA. RNA stored at −80°C for subsequent qPCR assays.
Quantitative Real-Time PCR
The same amount of Caenorhabditis Elegans cel-39-3p miRNA spiked into each plasma sample as an external calibration for RNA extraction, reverse transcription, and miRNA amplification. Total RNA was reverse transcribed into cDNA with the miScript II RT kit (Qiagen, Hilden, Germany) following the manufacturer’s instructions. The products of R.T. were analyzed using an Agilent Mx3000 qPCR system with the miScript SYBR-Green PCR kit (Qiagen) under the manufacturer’s instructions. Each sample analyzed in triplicate. The primer sequences are as follows: UAG​CAG​CAC​GUA​AAU​AUU​GGC​G for hsa-miR-16-5p; UUU​GGC​ACU​AGC​ACA​UUU​UUG​CU for hsa-miR-96-5p; AAC​CCG​UAG​AUC​CGA​UCU​UGU​G for hsa-miR-99a-5p; CAC​CCG​UAG​AAC​CGA​CCU​UGC​G for hsa-miR-99b-5p; UUA​AUG​CUA​AUC​GUG​AUA​GGG​GU for hsa-miR-155-5p; UGA​GGU​AGU​AGG​UUG​UAU​AGU​U for hsa-let-7a-5p; UGA​GGU​AGU​AGG​UUG​UGU​GGU​U for hsa-let-7b-5p. MiR-16 was used as the housekeeping gene due to its previously published literature (O'Connor et al., 2013), and its usability and effectiveness have verify in our study (Supplementary Table S1). The qPCR primers come from Tiangen Biotech (Beijing) Co. Ltd. All PCR reactions were performed on an Agilent Mx3000 System and the relative levels of miRNAs expression calculated by the 2−ΔΔCt method.
Construction and Verification of Prognostic Model
First, Cox regression was used to screen independent risk factors related to prognosis. The independent prognostic factors obtained were used as independent variables to draw the Nomogram model to evaluate the prognosis of CRC patients. Next, we evaluate the discrimination of the prediction model constructed in the above two steps and calculate the C-Index. Finally, we use the Bootstrap resampling method to perform internal verification based on the data set and draw a calibration curve (Wang et al., 2013).
Prediction of MiRNAs Target Genes
The prediction of target candidates of selected miRNAs was performed using MiRWalk3.0 (http://mirwalk.umm.uni-heidelberg.de/). A functional enrichment analysis was conducted on all predicted target genes with miRWalk 3.0 (the newest version).
Functional Enrichment Analysis
To clearly elucidate the function and regulatory model of miRNAs at the cellular level, analyses including, G.O. and KEGG analyses of the miRNAs were performed using the clusterProfiler package (R software package, version 2.4.3). Result with p < 0.05 and count >2 is of significance. DIANA-miR Path (http://diana.cslab.ece.ntua.gr/pathways/) was adopted to perform online gene enrichment analysis of putative targets. Subsequently, KEGG was achieved to analyze the function of target genes.
PPI Network Construction and Module Analysis
Protein-protein interaction (PPI) network of target genes was construct by the Search Tool for the Retrieval of Interacting Genes (STRING, version 11.0, https://string-db.org/). STRING was a promising and user-friendly online database which may further illustrate the mechanisms between interactive genes. By applying STRING database, PPI network of genes was conducted and an interaction with a combined score >0.4 was defined as statistical significance. The plug-in Molecular Complex Detection (MCODE) app of Cytoscape (version 3.7.1) is constructed for clustering a interaction network to identify intensively correlated regions (Srihari and Leong, 2012). The PPI network was visualized with the app of Cytoscape and the most crucial module in PPI network was obtained using MCODE with the following criteria: node score cutoff = 0.2, degree cutoff = 2, k-core = 2 and max depth = 100.
Statistical Analysis
The expression levels of selected miRNAs were presented as mean ± standard deviation (mean ± S.D.) Student’s t-test, one-way ANOVA or non-parametric tests were used to assess differences in miRNA levels between different groups. Receiver operator characteristic (ROC) analysis was constructed to obtain diagnostic utility of miRNAs. Binary logistic regression analysis was used to access the diagnostic performance of the combination panels of miRNAs. Univariate and multivariate Cox proportional hazard models were performed. Survival curves were compared with log-rank test. All independent risk factors were analyzed in R software and rms packages were applied to establish nomogram model. Bootstrap analysis was conducted to perform internal validation. p < 0.05 is considered statistically significant.
RESULTS
MiRNAs Expression Data Mining
Differentially expressed miRNAs in primary/metastatic colorectal cancer tissues. The selected dataset is GSE72199 (Table 1). Chip samples collected from 28 primary colorectal cancer and eight liver metastases. According to whether there was statistical significance and the difference multiple, the qualified differential miRNA expression was shown in Supplementary Table S2.
TABLE 1 | Chip set of metastatic colorectal cancer.
[image: Table 1]In order to comprehensively evaluate the diagnostic and prognostic value of the above differential miRNAs for CRC/liver metastasis, six miRNAs including miR-96, miR-99a/b, miR-155, let-7a and let-7b were selected for subsequent studies according to the inclusion and exclusion criteria. The differences of miRNAs involved in the literature are shown in Supplementary Table S3.
MiRNAs in Cell Lines
We examined the expression of six miRNAs in intestinal epithelial cell lines and intestinal cancer cell lines. Our study found that, compared with NCM460 cells, miR-96, miR-99b, miR-155, let-7a and let-7b were differentially expressed in HCT116 and LoVo cell lines, while no significant differences were found in the expression of miR-99a. Among them, the level of miR-96, miR-155 and let-7a were up-regulated in HCT116 and LoVo, while miR-99b and let-7b were down-regulated (Figure 2).
[image: Figure 2]FIGURE 2 | The expression of miRNAs in normal intestinal epithelial NCM460 cell lines, HCT116 and LoVo were detected by qPCR. * Means p < 0.05, and ** means p < 0.01.
Study Population
The study consisted of 90 CRC patients and 20 healthy controls. No significant differences were detected between the CRC patients and authorities in the distribution of gender and age. Clinico-pathological characteristics of all subjects summarize in Table 2.
TABLE 2 | Baseline characteristics of 90 CRC patients and healthy controls.
[image: Table 2]Correlation of MiRNAs Expression Levels With Clinico-Pathological Characteristics
We selected five miRNAs differentially expressed in cell lines for further study. We analyzed the association between all five miRNAs expression and clinicopathological features (Table 3). Expression level of the five miRNAs were correlated with stage T, N, M, and clinical stage. Moreover, miR-96 and miR-99b were related to the CEA level.
TABLE 3 | Association of miRNAs expression levels with clinico-pathological factors of colorectal cancer patients (presented as mean ± SD).
[image: Table 3]Plasma miRNAs Differentially Expressed in pCRC and mCRC
To identify whether the plasma levels of miR-96, miR-99b, miR-155, let-7a and let-7b were altered in mCRC patients, qRT-PCR was performed to assess the plasma expression of the five miRNAs in patients and healthy controls. Statistical analysis revealed that miR-96, miR-155 and let-7a were increased, while the miR-99b and let-7b were reduced significantly in CRC patients compared to healthy subjects (Figure 3). Then, we compared the expression levels of plasma miR-96, miR-99b, miR-155, let-7a, and let-7b between pCRC and mCRC patients. These miRNAs are abnormally expressed between CRC patients and controls. Compared with pCRC patients, plasma miR-96, miR-155 and let-7a are up-regulated in mCRC patients, while miR-99b and let-7b are down-regulated. Detailed analysis showed that the expression of plasma miR-96, miR-155 and let-7a gradually increased with the progress of clinical stages, while the expression levels of miR-99b and let-7b showed a downward trend with the progress of clinical stages (Figure 4).
[image: Figure 3]FIGURE 3 | The relative expression level of miRNAs in plasma samples (90 CRC and 20 controls). (A) miR-96; (B) miR-99b; (C) miR-155; (D) Let-7a; (E) Let-7b; *p value < 0.05, **p value < 0.01 and *** means p value < 0.001.
[image: Figure 4]FIGURE 4 | The relative expression level of miRNAs in plasma samples (41 pCRC, 49 mCRC and 20 controls). (A) miR-96;(B) miR-99b;(C) miR-155;(D) Let-7a;(E) Let-7b; *p value < 0.05, *** means p value < 0.001.
Survival Analyses for CRC
To evaluate the correlation of the plasma miRNA expression levels and OS of CRC patients, we classified all CRC cases into high and low groups according to the median expression levels of miRNA. Univariate survival analysis demonstrated that M stage, CEA level, miR-96, miR-99b and miR-155 were associated with the OS of CRC patients, Multivariate Cox regression analysis showed that plasma miR-96 (high), low-level miR-99b (low) and M stage (present) are independent poor prognostic indicators for CRC patients (Table 4; Figure 5).
TABLE 4 | Univariate and multivariate analyses for overall survival of CRC patients with liver metastasis.
[image: Table 4][image: Figure 5]FIGURE 5 | Kaplan–Meier survival curves for CRC patients. Patients were categorized into two groups based on the medium expression levels of miRNAs (n = 45 respectively). (A) there is a significant difference in OS between patients with and without metastasis. (B) different miR-96 expression is significantly correlated with OS. C, different miR-99b expression is significantly correlated with OS.
Establish a Nomogram for Prognostic Evaluation
Based on the five independent prognostic indicators obtained by the multivariate cox regression model, we constructed a nomogram (Figure 6A). The C-index is 0.817, which indicates that the model has a favorable distinguishing ability. The 5-years and 8-years AUC values of the nomogram predicted are 0.77 and 0.86, respectively, indicating that the nomogram is accurate (Figures 6B,C). The calibration curve of the nomogram shows that the predicted survival probability is close to the patients’ actual survival probability, indicating that our model has promising practical application value and prediction accuracy (Figures 6D,E). Then, according to the median risk score, the patients were divided into high- and low-risk groups (Supplementary Figure S1). Kaplan-Meier analysis shows that the survival rate of patients in the high-risk group is lower than that of patients in the low-risk group (p < 0.001, Figure 7).
[image: Figure 6]FIGURE 6 | Using nomograms to predict OS in patients with CRC at 5 and 8 years. (A) A composite nomogram prognostic model based on miRNAs and clinical parameters. (B,C) Use nomogram to perform ROC analysis of OS. (D,E) 5-years and 8-years OS calibration curve of nomogram. Note: TP, true possibility; FP, false possibility.
[image: Figure 7]FIGURE 7 | Kaplan-Meier analysis of high-risk and low-risk patients based on risk score.
The Diagnostic Value of miR-96, miR-99b and CEA in Plasma
In order to explore whether the above two prognostic-related miRNAs (high miR-96 and low miR-99b associated with poor OS) have diagnostic value for CRC, we conducted ROC analysis on CRC patients. Considering the actual clinical situation and practicality, we also included CEA and the ratio of miR-96/miR-99b as research indicators. The results demonstrated that the AUC(AUC = 0.93) of miR-96/miR-99b is the highest among all indicators (better than any single indicator and CEA, Table 5; Figure 8). In this way, detecting the expression of miR-96 and miR-99b in plasma can see early CRC patients and have a certain guiding effect on prognosis and treatment. Our results show that the combination of plasma miR-96/miR-99b has excellent discrimination ability and can be adopted as a non-invasive and stable biomarker for the detection and monitoring of mCRC patients.
TABLE 5 | The diagnostic value of miRNAs between different groups of patients.
[image: Table 5][image: Figure 8]FIGURE 8 | ROC curve analyses in 49 mCRC and 41 pCRC patients. miR-96, miR-99b, CEA and miR-96/miR-99b have satisfactory diagnostic value for mCRC patients. Among them, miR-96/miR-99b is the most powerful combination indicator in our study, with AUC = 0.91.
GO Annotation and KEGG Enrichment Analyses
Several studies have shown the significant function of miRNAs in signaling pathways (Fan et al., 2018). In order to explain the roles of the miR-96 and miR-99b in the development and progress of CRC, we utilized database miRWalk (version.3.0) to identify the most plausible targets of miR-96 and miR-99b. To avoid the missing of crucial information due to merely taking the intersection of the predicted target genes into consideration, a functional enrichment analysis was conducted on all predicted target genes. We eventually obtained 9383 target genes for miR-96 and 8230 genes for miR-99b Supplementary Table S4 and Supplementary Table S5). The target genes of miR-96 are enriched in cancer-related pathways such as PI3K-Akt signaling pathway and mTOR signaling. In miR-99b, the KEGG pathway was enriched in pi3K-Akt and other signaling pathways (Figure 9).
[image: Figure 9]FIGURE 9 | The bubble plot of miRNA bioinformatics analyses. (A,B) Gene ontology (GO) analysis; (C,D) The KEGG signal pathway analyses.
Construction of PPI Network
Based on the KEGG pathway analyses, PPI network construction uses two common approaches. As shown in Figure 10A, the PPI network of the PI3K-Akt signaling pathway contained 266 nodes and 6308 interaction pairs. Four Module (Figures 10B–E) were obtained, and the details (degrees of each module) are shown in Supplementary Table S6 and Supplementary Table S7. As shown in Figure 11, the PPI network of mTOR signaling pathway contained 121 nodes and 1,647 interaction pairs. We obtained four Module and the degrees of the nodes of each module shown in Supplementary Table S8 and Supplementary Table S9.
[image: Figure 10]FIGURE 10 | Crucial modules in PPI network of PI3K-Akt signaling pathway. (A) module one, (B) module two, (C) module three. Green circles represent miR-96 target genes, blue circles represent miR-99b target genes, the common target genes are in red.
[image: Figure 11]FIGURE 11 | Important modules in PPI network of mTOR signaling pathway (A) module one, (B) module two, (C) module three, (D) module four. Green circles represent miR-96 target genes, blue circles represent miR-99b target genes, the common target genes are in red.
DISCUSSION
The TNM staging system is currently the gold standard for evaluating tumor prognosis, but the impact of genetic changes is not considered. Patients with the same disease stage often have different treatment and prognostic results. Efficient diagnostic methods for the screening of mCRC are the emphasis to better survival. Therefore, identifying new prognostic markers is an ongoing challenge in biomedical research.
Our model is a composite parameter nomogram composed of clinical features and miRNA, rather than just using many clinical parameters or markers (Borumandnia et al., 2021). Moreover, unlike many studies, this study uses the database of the research center to establish a prognostic model and verify it, instead of using online databases such as TCGA (Li et al., 2020). The C-index and calibration chart show that the 5-parameter prediction model has a satisfactory fit and better clinical applicability than the traditional TNM staging system.
Consistent with our findings, accumulating studies reported that miR-96 levels in CRC tissues were higher compared to adjacent normal mucosal tissues (Vega et al., 2013). MiR-96 antagomir may slow down the occurrence of CRC through AMPKα2-related m6A modification, highlighting a new mechanism related to the event of colorectal cancer (Yue et al., 2020). Moreover, Xu et al. suggested that miR-96 was correlated with liver metastasis in CRC patients (Xu et al., 2012). In addition, serum miR-96 also considered an indicator for distinguishing chemoresistance in advanced CRC (Jin et al., 2019).
In contrast with the research mentioned above, some reports have proposed a role of miR-96 as a tumor suppressor (Yue et al., 2020). For instance, Yu et al. suggested that miR-96 functions as a tumor-suppressor miRNA by targeting the KRAS gene in pancreatic cancer (Yu et al., 2010), this may be due to the different pathways where miR-96 works in various cancers. Our data demonstrate that plasma miR-99b was significantly reduced in CRC patients relative to healthy controls. Among the three groups, patients with mCRC (stage IV) showed the lowest expression level of plasma miR-99b, with the healthy individuals exhibiting the highest expression level. Li et al. indicated that miR-99b expression in stage III patients with CRC was significantly higher than patients with mCRC and found miR-99b was more than 6-fold higher in primary colorectal tumor tissues than in matched liver metastases. Slattery et al. identified that miR-99b was associated with survival in patients with colon cancer (Slattery et al., 2016) Zhao YJ et al. suggested that circulating miR-99b can be a diagnostic biomarker for CRC (Zhao et al., 2019), this result is consistent with another study (Jin et al., 2019).
Our research results indicate that miR-96 and miR-99b may participate in the mTOR and PI3K signaling pathways, and then play an important role in the occurrence, development and metastasis of CRC. Many studies have shown that induction of miR-96 can regulate downstream mTOR, thereby promoting tumor metastasis (Siu et al., 2015; Razaviyan et al., 2018). The down-regulation of miR-99b and the up-regulation of its target gene IGF-1R may over-induced the PI3K-AKT signaling pathway, leading to abnormal cell proliferation (Li et al., 2015); miR-99b also attenuates tumor cell migration and invasion by down-regulating the PI3K/AKT/mTOR signaling pathway, providing a therapeutic approach for tumor therapy (Li et al., 2019).
Previous evidence has indicated that plasma miRNAs might derived from the active release of secretory vesicles, necrosis, and apoptotic tumor cells. Therefore, plasma miRNAs could mirror tumor dynamics in different cancer tissues (Kawaguchi et al., 2013; Komatsu et al., 2014). Advanced patients often have a poor prognosis. Therefore, looking for predictive biomarkers that can detect CRC early can provide timely intervention and improve patient survival. If the changes of miR-96/miR-99b can be detected in the blood of patients early, patients with poor prognosis and risk of metastasis can be dynamically monitored and identified as early as possible, and corresponding treatment measures can be taken to reduce the possibility of CRC metastasis.
Our study detected miRNAs from the cell and plasma levels, and proposed a CRC prognosis model based on five indicators: N stage, M stage, clinical stage, and miR-96/miR-99b. However, our study has limitations. This study is a single-center study with small sample size; Our nomogram model still needs internal verification and external verification to improve its accuracy and practicality; In addition, follow-up in vivo and in vitro studies still needed to verify the results of this study.
In summary, our study proposes a compound-parameter nomogram prognostic model. miR-96 and miR-99b may have prognostic value, but further studies are needed to confirm our research. The PI3K pathway and mTOR pathway frequently dysregulated in CRC patients. Other well-designed, multi-center, large-scale studies should perform to verify our results before clinical application.
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