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Ganoderic acid Me (GA-Me) is a natural bioactive compound derived from Ganoderma lucidum. Our present results suggested that GA-Me inhibited proliferation, induced DNA fragmentation and significantly activated caspase-9 and caspase-3 in HCT116 cells. As shown in our previous studies, GA-Me targets several genes to prevent cancer, including colorectal cancer (CRC). Thus, we hypothesized that GA-Me might be a multitarget ligand against cancer. However, its exact mechanism in CRC remains unclear. Here, whole-transcriptome sequencing was employed to assess the long noncoding RNA (lncRNA), circular RNA (circRNA), microRNA (miRNA), and messenger RNA (mRNA) profiles of GA-Me-treated HCT116 cells. In total, 1572 differentially expressed (DE) lncRNAs, 123 DEcircRNAs, 87 DEmiRNAs, and 1508 DEmRNAs were identified. DCBLD2 and RAPGEF5 were validated as two core mRNAs in the DElncRNA, DEcircRNA, and DEmiRNA networks. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses revealed the biological functions and potential mechanisms of TCONS-00008997, XR-925056.2, circRNA-07908, hsa-miR-100-3p, hsa-miR-1257, hsa-miR-3182, NAV3, ADAM20, and STARD4, which were altered after GA-Me treatment. The regulatory relationships of the XR-925056.2-hsa-miR-3182-NAV3/ADAM20/STARD4, circRNA-07908|Chr22:38986298-39025349-hsa-miR-3182-NAV3/ADAM20, ENST00000414039/ENST00000419190-novel874_mature-MMP9 and circRNA-00314|Chr1:35470863-35479212/circRNA-05460|Chr17:72592203-72649268-novel874_mature-MMP9 immune-regulatory networks involved both noncoding RNAs (ncRNAs) and mRNAs. Molecular docking studies showed that Zn2+ and the His201, His205, His211, Glu202, and Ala165 residues of MMP2 contributed to its high affinity for GA-Me. Zn2+ and the Glu402 and Gly186 residues of MMP9 are important for its interaction with GA-Me. Our results suggested and confirmed that GA-Me is a potential multitarget lead compound for CRC treatment with unique polypharmacological advantages.
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Introduction

Colorectal cancer (CRC) is a common, often fatal malignancy and the third leading cause of cancer in both men and women (1). According to global statistics, CRC affected more than 1.8 million new patients and was expected to cause 0.88 million cancer-related deaths in 2018 (2). In the United States, the number of new CRC cases reached 104,610, and the number of deaths reached 53,200 in 2020 (3). In recent years, because of the high recurrence rate and poor prognosis, the current therapies for CRC do not provide a very effective therapeutic outcome, and its mortality rate is still unacceptably high, even with advances in CRC diagnosis and therapies (4). Therefore, new CRC therapies and bioactive compounds are urgently being researched and developed.

Noncoding RNAs (ncRNAs), which are abundant in cells, regulate the expression of functional proteins but do not encode proteins. Based on their size and biogenesis pathways, ncRNAs are usually subdivided into several families, including long ncRNAs (lncRNAs, with a length >200 nucleotides), circular RNAs (circRNAs, with a closed continuous loop), and microRNAs (miRNAs, with <200 nucleotides), and some RNA–protein complexes regulate gene expression (5). Based on accumulating evidence, ncRNAs are involved in important biological functions (6). Moreover, multiple studies have indicated that ncRNA mutations and dysregulation are involved in various human diseases, especially cancers (7). Colorectal cancer is characterized by genetic and epigenetic modifications, and ncRNAs are emerging as important regulators of gene expression in CRC (8, 9).

Approximately 60% of current antitumor drugs are derived from natural products, and natural compounds are recognized as an invaluable resource in drug discovery and have been developed for treating various diseases, including cancer (10). As a natural compound that has great potential as a resource, Ganoderma lucidum (Fr.) Karst (Polyporaceae), a traditional Chinese medicinal mushroom, has been used for centuries in East Asia to prevent and treat various human diseases, including cancer (11–17). Triterpenes from Ganoderma lucidum induce cell cycle arrest and apoptosis and inhibit proliferation, angiogenesis, invasion and metastasis in human and murine carcinoma cells and mice (14, 18–23). As described in our previous study, our group purified ganoderic acid Me (GA-Me), a natural bioactive compound from G. lucidum, and showed that it induced HCT116 cell apoptosis by upregulating p53, Bax and caspase-3 (16, 17), suppressed tumor invasion by inhibiting MMP2 and MMP9 expression (11), and inhibited tumor growth and lung metastasis by increasing interleukin-2 (IL-2)/interferon-γ (IFN-γ) expression and activating immune natural killer (NK) cells (12). GA-Me also induced T cell apoptosis, reduced the number of CD8+ T cells, and increased Treg-mediated immunosuppression by affecting the indoleamine 2,3-dioxygenase (IDO)-mediated microenvironment in lung tumors (24). Additionally, GA-Me obviously reversed multidrug resistance by inhibiting the expression of MDR1, MRP1 and MRP2 (25). These results implied that GA-Me may target several proteins individually or simultaneously.

Because drug development has recently tended toward systems-level polypharmacology, a more systems biology-oriented approach considering pleiotropy in biological networks at a molecular and cellular level (26), this approach is able to identify the ligands that bind several selected therapeutic targets. Small-molecule compounds may be able to interact with diverse targets individually or simultaneously (27). Our previous studies confirmed the antitumor efficacy of GA-Me, but the systematic mechanisms of its anti-CRC effects remain largely unknown. In addition, its system-level polypharmacological profile still must be elucidated to clarify its potential as an antitumor lead compound for drug development. Therefore, we hypothesized that GA-Me might be a multitarget ligand, but its polypharmacological effects are still largely unknown and should be elucidated with a systems biology approach.

Hence, large-scale systematic data are required for the deep interpretation of the mechanisms underlying the anti-CRC effects of GA-Me. However, few studies have been published describing the effects of GA-Me on CRC at the transcriptomic level, and many questions remain unanswered regarding the integration of ncRNA and mRNA expression profiling approaches with respect to GA-Me treatment. Thus, whole-transcriptome and miRNA sequencing were applied to profile the coding transcriptome and ncRNA changes after GA-Me treatment of HCT116 cells. Then, the identified differentially expressed (DE) mRNAs and DEncRNAs were explored to determine their biological functions and signaling pathways. In particular, this study reports a systems-level polypharmacological profile based on Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses and molecular docking studies in silico. Additionally, coexpression networks were constructed to disclose the multitarget interactions according to these sequencing results and the bioinformatics analysis. Furthermore, molecular docking studies showed that Zn2+ and the His201, His205, His211, Glu202, and Ala165 residues of MMP2 contributed to its high affinity for GA-Me. Zn2+ and the Glu402 and Gly186 residues of MMP9 are important for its interaction with GA-Me. Using the Search Tool for the Retrieval of Interacting Genes/Proteins (STRING, https://string-db.org/), the protein symbols corresponding to the top protein-coding genes were annotated, and their interactions were visualized by constructing a PPI network. Our results might provide novel insights into the polypharmacological profile of GA-Me and its anti-CRC efficacy to improve the application of GA-Me lead compounds.



Materials and Methods


Materials

McCoy’s 5A modified medium and dimethyl sulfoxide (DMSO) were obtained from Sigma-Aldrich (St. Louis, MO, USA). PrimeScript™ reverse transcriptase was obtained from TransGen Biotech, Beijing, China. The generated transcripts were then subjected to qRT–PCR using the SYBR Green PCR Reagent Kit, and SYBR Green Master mix was obtained from Takara (Tokyo, Japan).

GA-Me was purified with semipreparative liquid chromatography and identified using ESI-MS, 13C NMR, and 1HNMR methods (28), and the purity was approximately 99% (11, 16, 17). A stock solution of GA-Me was prepared in DMSO and stored at -80°C. Further dilutions were prepared with McCoy’s 5A modified medium just before use. The final concentration of DMSO was less than 0.1%.



Cell Culture

The human highly metastatic lung cancer cell line 95-D, an epithelial-like, non-small cell lung epithelial cancer cell line, was cultured in RPMI 1640 medium. HCT116 colon carcinoma cells were cultured in McCoy’s 5A modified medium and 10% (v/v) dialyzed heat-inactivated FBS at 37°C in a humidified atmosphere composed of 95% air and 5% CO2 (17, 29).



Cell Proliferation Assay

For the proliferation assay, cells were grown at a density of 1×106 cells/ml in 6-well Costar plates containing McCoy’s 5A Modified Medium at 37°C for 4 days in a 95% air, 5% CO2 incubator. Aliquots of cells and medium were removed at 2-day intervals. Cultures containing 18.1 µM GA-Me were examined, and viable cell numbers were counted at each time interval with a trypan blue staining cell viability assay after the cells were harvested by trypsinization (30).



DNA Fragmentation Assay

DNA fragmentation in apoptotic cells was determined using gel electrophoresis. The cells (2×105) were treated with 83.4 µM Dox (doxorubicin) and the indicated concentrations of GA-Me for 24 h, then washed with PBS, followed by an incubation with extraction buffer (10 mM Tris, pH 8.0; 0.1 mM EDTA, 0.5% SDS; and 20 μM RNase) at 37°C for 1 h. Subsequently, 100 μg/ml of proteinase K was added, and the sample was incubated at 50°C for 3 h. DNA was extracted with phenol/chloroform and chloroform. The aqueous phase was precipitated with two volumes of 100% ethanol and 1/10 volume of 3 M sodium acetate for 30 min on ice. The DNA pellet was then washed with 70% ethanol and suspended in 50 μl of Tris-EDTA buffer. The absorbance of the DNA solution at 260 and 280 nm was determined using a spectrophotometer. The extracted DNA (40 μg/lane) was subjected to electrophoresis on 2% agarose gels. The gels were stained with ethidium bromide and then photographed (30, 31).



Caspase Activity Assay

Caspase 3 and 9 catalytic activities were assessed using Caspase-Glo 3/7 and 9 assay kits (Promega, USA) according to the manufacturers’ instructions (16, 32). For Caspase-Glo 9 substrates, the mixture was treated with the inhibitor MG132. Briefly, HCT116 cells were seeded at a density of 2×103 cells/well in a white-walled 96-well plate and cultured for 8 h. HCT116 cells were subsequently incubated with or without 54.3 μM GA-Me for 24 hours. Then, 100 μl of medium were carefully removed from each well without disturbing the cells before 100 μl of Caspase-Glo reagent were added to the cells. The plate was placed on an orbital shaker for 30 s and subsequently incubated at room temperature for 1 hour. The luminescence was measured using a GENios Pro plate reader (Tecan, Research Triangle Park, NC, USA).



RNA Extraction and Quality Monitoring

The transcriptomic analysis was performed on untreated HCT116 cells and HCT116 cells treated with 54.3 μM GA-Me for 24 h. First, total RNA was extracted from HCT116 cells analyzed in three independent experiments using TRIzol reagent and treated with DNase I (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. RNA quantity and quality were measured using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Wilmington, DE, USA) and an Agilent 2100 Bioanalyzer (Agilent Technologies) to obtain an RNA integrity number (RIN) > 9.



cDNA Synthesis and qPCR

Total RNA was extracted using TRIzol reagent (Takara, Japan). DNA was removed from the samples using DNase I (Takara, Shiga, Japan). The purity of the isolated RNA was determined, and the A260/A280 ratio of each RNA sample was greater than 1.8. The cDNA templates were synthesized using PrimeScript™ reverse transcriptase (TransGen Biotech, Beijing, China). The generated transcripts were then subjected to qRT–PCR using the SYBR Green PCR Reagent Kit (Takara, Tokyo, Japan). Quantitative assays were performed in triplicate using 1 mL of cDNA templates (1:10 dilution) and SYBR Green Master Mix (Takara, Tokyo, Japan). Data were collected using the Eppendorf MasterCycler® ep RealPlex4 (Wesseling-Berzdorf, Germany). Target gene expression was normalized to that of β-actin to determine relative abundance using the 2− CT method or fold change (FC) compared to the mock control using the 2−  CT method. The primers used in these experiments are shown in Table 1. The PCR protocol used included a 1 min denaturation step at 95°C followed by 40 cycles of 15 s at 95°C and 1 min at 60°C, as described in our previous studies (33). The primers are shown in Table 1.


Table 1 | Primers designed for qRT–PCR validation of DEGs.





RNA library construction, quality control, sequencing, and transcript assembly

A small RNA library (sRNA library) was constructed with the TrueSeq Small RNA Library Prep Kit (Cat. No. RS-200-0012, Illumina San Diego CA, USA) according to the manufacturer’s instructions, and 1 μg of RNA per sample was used as the initial amount. T4 RNA ligase 1 was ligated to the 3’ end of the RNA, followed by the ligation of T4 RNA ligase 2 (truncated) to the 5’ adaptor. Afterward, the RNA was reverse transcribed to synthesize cDNAs with SuperScript II Reverse Transcriptase. Finally, small RNA libraries were obtained by screening the recovered fragments using gel separation technology. During the construction of the lncRNA library (chain-specific library for removal of ribosomal RNA), the epicenter Ribo-Zero Gold kit was used to remove ribosomal RNA. Then, rRNA-depleted RNA was fragmented and used as a template to construct the cDNA library. The qualities of the libraries were further tested using the following steps: 1) initial quantification was performed using Qubit 2.0, and the insert size of the library was tested by Agilent 2100 and 2) the qPCR method was used to accurately quantify the effective concentration of the library (effective library concentration > 2 nM). After the libraries passed quality testing, different libraries were pooled according to the amount of target data and then sequenced with the Illumina HiSeq2000 platform. Duplicate/triple samples of cells treated with the mock control or GA-Me for 24 h were used to prepare RNA libraries for sequencing with the Illumina HiSeq2000 platform (Illumina) to generate 100-bp paired-end sequencing reads. Raw data were filtered to remove adaptor sequences and low-quality reads. The remaining rRNA reads were removed by mapping to known human rRNA sequences. The clean, high-quality data were mapped to the human reference genome (GRCh37.p10/hg19) using TopHat (2.0.10). The mapped reads for each sample were independently assembled into annotated and novel transcripts using the Cufflinks (2.1.1) suite of programs. Gene expression levels were evaluated as the sum of the fragments per kilobase of exon model per million reads mapped (FPKM) in each exon. For more accurate results, samples showing estimated FPKM values less than 1.0 in either cell line were filtered (for reference, the lowest level of expression commonly used is 0.05 FPKM).



Bioinformatics Analysis

Read counts for each RNA were generated using HTSeq (0.6.0) for each sample and analyzed using the DESeq2 (1.2.10) program to assess differential expression between control and GA-Me-treated samples (33). Significance was calculated using the Wald test, and a Benjamini–Hochberg false discovery rate cutoff of 5% was used to assess statistically significant differential expression. The lowest quartile of RNAs based on expression was excluded from further analysis. RefSeq genomic feature distribution information for coding exons, introns, 3′ and 5′ untranslated regions (UTRs), promoters (-1 kb), and transcription termination sites (+1 kb) was downloaded from the University of California, Santa Cruz (UCSC) Genome Browser (http://genome.ucsc.edu/) and analyzed using the BEDtools program. The Database for Annotation, Visualization, and Integrated Discovery (DAVID) (6.8), an online functional annotation tool, was used to conduct the gene enrichment analysis. A list of gene symbols corresponding to DERNAs was mapped to DAVID gene IDs to determine which GO biological processes (BPs) and KEGG pathways were enriched. Clustering analysis of enriched GO BPs was performed using the DAVID heuristic fuzzy multiple-linkage partitioning method. An enrichment score cutoff of 3 was used to determine significance. The base-by-base PhastCons conservation score across 100 vertebrates was downloaded from the UCSC Genome Browser. For each RNA, a mean score was calculated if a score was available for at least 80% of the bases in the sequence. PhyloCSF software was locally installed and used to determine the coding potential of the longest start-to-stop open reading frame in each RNA. The multiple species alignments needed for this analysis were prepared with the Galaxy web platform at usegalaxy.org. The overlapping host factors identified by transcriptomics methods were identified and visualized using Venny v2.0, a Venn diagram web resource (http://bioinfogp.cnb.csic.es/tools/venny/).



GO and KEGG Pathway Analyses

We performed GO enrichment and KEGG pathway analyses with the predicted target genes of DElncRNAs, the source genes of DEcircRNAs, the predicted target genes of DEmiRNAs, and the DEmRNAs to better understand the biological functions and potential mechanisms of ncRNAs and mRNAs in the effects of GA-Me on CRC. Briefly, GO (www.geneontology.org) results consist of three components: BP, cellular component (CC), and molecular function (MF). KEGG analyses were conducted to investigate the potential significant pathways (http://www.genome.jp/kegg/).



Construction of a Coexpression Network

The lncRNAs, circRNAs, and mRNAs that competitively bind miRNAs and serve as miRNA sponges are named competing endogenous RNAs (ceRNAs). The lncRNA-miRNA-mRNA and circRNA-miRNA-mRNA networks were constructed with Cystoscope software v3.8.0 (San Diego, CA, USA) to investigate the role and interactions between ncRNAs and mRNAs after GA-Me treatment. The lncRNA-miRNA–mRNA network analysis included two scenarios: (1) upregulated lncRNA-downregulated miRNA-upregulated mRNA and (2) downregulated lncRNA-upregulated miRNA-downregulated mRNA. Analogously, the circRNA-miRNA–mRNA pair network also covered two scenarios: (1) upregulated circRNA-downregulated miRNA-upregulated mRNA and (2) downregulated circRNA-upregulated miRNA-downregulated mRNA. Cytoscape software was used to build and visually display the networks. Different shapes and colors represent different RNA types and regulatory relationships, respectively.



Molecular Docking Studies

We implemented SYBYL-X 1.3 in a molecular docking study to explore the detailed interactions between GA-Me and MMP2 and MMP9. The crystal structure of MMP2 (Protein Data Bank [PDB] entry: 1QIB) was downloaded from the PDB (34, 35). The MOLCAD module in SYBYL-X 1.3 was used to define the binding pocket of MMP2. Our predicted pocket was similar to the reported S1’ pocket of matrix metalloproteinases (MMPs) (36). Based on the pocket information, detailed interactions between GA-Me and MMP2 were explored with the docking program Surflex-Dock GeomX (SFXC) in SYBYL-X 1.3. The cocrystal structure of the MMP9 complex with a reverse hydroxamate inhibitor (PDB entry: 1GKC) was acquired from the PDB (37). The original ligand, STN-BUM, was used to predict the binding pocket. Afterward, it was removed in PyMOL to avoid unnecessary blocks and interactions (38). The docking results showed several hydrogen bonds, hydrophobic contacts, and conjugation to Zn2+-stabilized GA-Me within a defined pocket.



PPI Network and Module Analysis

All 1508 DEmRNAs were imported into the STRING database for the PPI network analysis (39). Interactions with a composite score > 0.4 were considered statistically significant. The node proteins obtained from the STRING database were then imported into the CytoHubba plug-in of Cytoscape software to analyze and identify the top 20 crucial node proteins that were imported to the STRING database to construct the PPI network. We also analyzed the top 20 differentially expressed genes (DEGs) involved in the immune response after GA-Me treatment.



Statistical Analysis

All data are presented as the means ± SD of triplicates. Statistical analyses were performed using Student’s t test (between two groups), one-way or two-way ANOVA followed by Dunnett’s multiple comparison tests (OriginPro 8 Origin Lab Inc., between three and more than three groups) to evaluate the significance of differences. For sequencing data, we analyzed DEncRNAs and DEmRNAs using DESeq (Anders and Huber, 2010) software, with p < 0.05 and |log2FC| > 1 as the screening criteria. The statistical significance of differences between untreated and GA-Me-treated cells was assayed, and differences with p < 0.05 were considered statistically significant.




Results


Transcriptomic Analysis of DEncRNAs and DEmRNAs in GA-Me-Treated HCT116 Cells

The cDNA and sRNA libraries of HCT116 cell samples treated with or without GA-Me were sequenced. The counts of clean reads and the mapped ratios of sequencing data are shown in Table 2. Overall, we detected 51392 lncRNAs (including 973 new lncRNAs), 12842 circRNAs, 2879 miRNAs (including 1375 new miRNAs), and 20030 mRNAs in our project. The top 30 downregulated and top 30 upregulated lncRNAs, circRNAs, miRNAs, and mRNAs in the GA-Me-treated cells compared with the untreated cells are listed in Tables S1–S4.


Table 2 | Deep RNA sequencing analysis of different groups.



Visualization of the expression ratios in a heatmap (Figures 1A–D), MA plot (Figures 1E–H), or volcano plot (Figures 1I–L) revealed the widespread extent of GA-Me-mediated regulation of the transcriptome. The heatmap indicated good clustering of samples. A clear distinction was observed between the treated and untreated groups, and the DElncRNA, DEcircRNA, DEmiRNA, and DEmRNA expression profiles were able to discriminate between the two groups (Figures 1A–D). Figures 1E–H shows the MA plots of the DElncRNA, DEcircRNA, DEmiRNA, and DEmRNA expression profiles between GA-Me-treated cells and untreated cells. The volcano plot shows a large number of statistically significant differences in the DElncRNA, DEcircRNA, DEmiRNA, and DEmRNA expression profiles (Figures 1I–L). Moreover, the ratio of differentially expressed RNAs (FC, illustrated in the abscissa of the volcano plot) was remarkable.




Figure 1 | RNA-Seq revealed distinct expression levels and patterns of lncRNAs, circRNAs, miRNAs, and mRNAs in untreated and GA-Me-treated HCT116 cells. (A–D) Unsupervised clustering analysis comparing the expression profiles of DElncRNAs, DEcircRNAs, DEmiRNAs, and DEmRNAs between untreated and GA-Me-treated HCT116 cells. (E–H) MA plot of DElncRNA, DEcircRNA, DEmiRNA, and DEmRNA expression profiles between untreated and GA-Me-treated HCT116 cells. (I–L) Volcano plot of DElncRNA, DEcircRNA, DEmiRNA, and DEmRNA expression profiles between untreated and GA-Me-treated HCT116 cells. Histogram showing the number of up- and downregulated ncRNAs and mRNAs (M). Venn diagram showing the number of overlapping DEmRNAs, DElncRNA-target trans mRNAs, DEmiRNA-target mRNAs, and DEcircRNA-host genes. RNA-Seq revealed distinct expression patterns of lncRNAs, circRNAs, miRNAs, and mRNAs between untreated and GA-Me-treated HCT116 cells (N). GA-Me 1, GA-Me 2, and GA-Me 3 represent the three groups of HCT116 cells treated with GA-Me. Control 1, Control 2, and Control 3 represent three groups of untreated HCT116 cells.



We performed a global overlapping gene analysis to further pinpoint the genes involved in the mechanism of GA-Me in CRC. Compared with the control group, 1572 DElncRNAs (807 downregulated and 765 upregulated), 123 DEcircRNAs (56 downregulated and 67 upregulated), 87 DEmiRNAs (58 downregulated and 29 upregulated), and 1508 DEmRNAs (911 downregulated and 597 upregulated) were observed after GA-Me treatment, and these altered RNAs are shown in Figure 1M. The intersections of DEmRNAs, DEmiRNA-target mRNAs, DElncRNA-target trans mRNAs, and DEcircRNA-host genes are shown in Figure 1N and Table S5. These results indicate two reliable core mRNAs that were validated by different platforms and across different institutions: discoidin, CUB and LCCL domain-containing protein 2 (DCBLD2) and Rap guanine nucleotide exchange factor 5 (RAPGEF5). DCBLD2 is a type-I transmembrane protein with significantly higher expression in CRC tissues than in adjacent normal tissues. High DCBLD2 expression was significantly associated with shorter overall survival (40), consistent with our findings that GA-Me significantly downregulated DCBLD2. RAPGEF5 expression is elevated in tumor samples compared to normal samples, indicating its involvement in tumorigenesis (41); in addition, the expression of the RAPGEF5 mRNA is upregulated after GA-Me treatment, indicating that it might be regulated at the protein level via posttranscriptional modification.



GA-Me Inhibited the Proliferation of HCT116 Cells

In our previous study, GA-Me inhibited the growth of human colon carcinoma HCT116 cells (IC50 of 36.9 µM at 24 h) (16). We conducted a trypan blue staining cell viability assay to further study the effect of GA-Me on the proliferation of HCT116 cells. Figure 2A shows that 18.1 µM (approximately half of its IC50, 10 µg/ml) GA-Me treatment obviously reduced the number of viable HCT116 cells on the indicated days. Thus, GA-Me inhibited the proliferation of HCT116 cells.




Figure 2 | (A): GA-Me inhibited the proliferation of HCT116 cells. After HCT116 cells were incubated with or without 18.1 µM GA-Me, the growth-inhibitory effects of GA-Me were compared by performing trypan blue staining and cell viability assays. Statistical significance of differences between DMSO and GA-Me groups: ** p<0.01 and *** p<0.001. (B): GA-Me induced DNA fragmentation in HCT116 and 93-D cells. The indicated concentrations of GA-Me (Lane 7) and Dox (Lane 3, positive control) induced DNA fragmentation in 95-D cells; additionally, 90.4 µM GA-Me induced DNA fragmentation in HCT116 cells (Lane 9). The DNA marker is shown as Lane M. (C): GA-Me significantly activates caspase-9 and caspase-3 in HCT116 cells. HCT116 cells were treated with or without 54.3 μM GA-Me for 24 hours. Caspase-3/7 and caspase-9 activity was measured using a Caspase-Glo-3/7 or Caspase-Glo-9 assay kit as described in “Materials and Methods”. Data are presented as the means ± SD. Statistical significance was determined using Student’s t test, where *** indicates p < 0.001 compared with 54.3 µM GA-Me. (D) The differential expression of mRNAs was validated using qRT–PCR. The expression levels of the UPS3, BCL2, BAX, caspase-8, Cyclin E1, CDK6, MMP9 and IFNAR1 mRNAs were downregulated in GA-Me-treated HCT116 cells compared to untreated HCT116 cells. The heights of the columns in the chart represent the FC. The qRT–PCR results were consistent with the RNA-Seq data. GA-Me represents HCT116 cells treated with GA-Me. Control represents untreated HCT116 cells.





GA-Me Induced DNA Fragmentation in HCT116 Cells

DNA fragmentation is a key feature of apoptosis. Many chemotherapeutic drugs that cause DNA damage are known to induce apoptosis (42). Here, the GA-Me-induced apoptotic response was confirmed by performing DNA fragmentation experiments. In Figure 2B, 83.4 μM Dox (positive control) and 90.4 μM GA-Me (approximately two-fold higher than its IC50, 50 µg/ml) induced nuclear DNA fragmentation in 95-D cells (Lanes 3 and 7), whereas their controls (Lanes 2 and 4) did not. At the same time, GA-Me initiated DNA fragmentation in HCT116 cancer cells (Figure 2B, Lanes 8 and 9). The nuclear DNA of control cells was not obviously fragmented (Lane 8), and the HCT116 cells showed an apparent increase in nuclear DNA fragmentation when cultured in the presence of 90.4 μM GA-Me (Lane 9) for 24 h. These results confirmed that GA-Me induced DNA fragmentation in cancer cells.



GA-Me Significantly Activates Caspase-9 and Caspase-3 in HCT116 Cells

We examined the effect of GA-Me on the downstream effectors of the mitochondrial cascade to analyze the downstream apoptotic pathway. As shown in Figure 2C, GA-Me treatment resulted in a significant increase in caspase-3 and caspase-9 activities, consistent with our previous result (16).



Validation of the Expression Profile

Our previous and other studies reported that GA-Me regulated the apoptosis, cell cycle, invasion, immune and protein degradation pathways. Thus, we selected the UPS3, Bcl2, Bax, Caspase-8, Cyclin E1, CDK6, MMP9, and INFAR1 genes involved in these pathways to validate the accuracy and reliability of the RNA sequencing (RNA-Seq) results using qRT–PCR analysis. As shown in Figure 2D, the sequencing results were similar to the qRT–PCR results for the validated mRNAs.



GO Classification and Enrichment Analysis

Based on the GO classification analysis of the total genes targeted by lncRNAs (Figure 3A), the most significantly enriched BP, CC, and MF terms were leucine import, negative regulation of protein phosphorylation, nuclear pore central transport channel, mRNA cap methyltransferase complex, mRNA (guanine-N7-)-methyltransferase activity, and polynucleotide 5’-hydroxyl-kinase activity. For the downregulated cis-targeted genes of lncRNAs (Figure S1A), the most significantly enriched BP, CC, and MF terms were midbrain morphogenesis, transcriptional repressor complex, and retinoic acid-responsive element, respectively. For the trans-targeted genes of lncRNAs (Figure S1B), the most significantly enriched BP, CC, and MF terms were negative regulation of protein autophosphorylation, mRNA cap methyltransferase complex, and mRNA (guanine-N7-)-methyltransferase activity, respectively.




Figure 3 | GO annotation was performed to analyze the functions of the top 30 DEGs. GO functional analyses of the top 30 (A) DElncRNAs, (B) DEcircRNAs, (C) DEmiRNAs, and DEmRNAs (D) between untreated and GA-Me-treated HCT116 cells. The x-axis represents the GO categories, and the y-axis represents the –log10 p value of the DEGs.



Based on the GO classification of the total genes targeted by DEcircRNAs (Figure 3B), the most significantly enriched BP, CC, and MF terms were the regulation of intracellular pH, stereocilium, and inorganic anion exchanger activity, respectively. For the source genes of DEcircRNAs (Figure S1C), the most significantly enriched BP, CC, and MF terms among the downregulated factors were ER to Golgi vesicle-mediated transport, endoplasmic reticulum exit site, and chromatin binding, respectively. The most significantly enriched BP, CC, and MF terms among the upregulated factors were regulation of intracellular pH, stereocilium, and inorganic anion exchanger activity, respectively (Figure S1D).

Based on the GO classification of the total genes targeted by DEmiRNAs (Figure 3C), the most significantly top enriched BP, CC, and MF terms were regulation of transcription, DNA-templated; nucleus; and metal ion binding, respectively. For the downregulated target genes of DEmiRNAs (Figures S1E, F), the most significantly enriched BP, CC, and MF terms were regulation of photoreceptor cell differentiation, presynaptic membrane, and cAMP binding, respectively (Figure S1E). Conversely, the most significantly enriched BP, CC, and MF terms for the upregulated DEmiRNA target genes were regulation of bone regeneration, an intrinsic component of the Golgi membrane, and myosin light chain kinase activity, respectively (Figure S1F).

Based on the GO enrichment analysis of the total target genes of DEmRNAs (Figure 3D), the most significantly enriched BP, CC, and MF terms were the protein cholesterol biosynthetic process via desmosterol, condensed chromosome outer kinetochore, and metal ion binding, respectively. For the cis-targeted genes of mRNA (Figure S1G), the most significantly enriched BP, CC, and MF terms were protein transcription, DNA-templated; condensed chromosome outer kinetochore; and DNA binding, respectively. The most significantly enriched BP, CC, and MF terms for the trans-targeted genes of mRNAs (Figure S1H) were the stimulatory cholesterol biosynthetic process via desmosterol, dense bodies, and natural killer cell lectin-like receptor binding, respectively. The results of the GO analysis indicated that immune responses, lipid metabolism, infectious diseases, signal transduction, cell growth, and death pathways were activated in GA-Me-treated cells.



KEGG Pathway Enrichment Analysis

Gene set enrichment analysis of KEGG pathways was performed to clarify the biological processes in which the DEGs were involved, as shown in Figures 4A–H and S2; the DEGs were associated with pathways involved in cell growth and death, signal transduction, cancers, infectious diseases, lipid metabolism, and the endocrine system- and immune system-regulated gene expression of DElncRNA-targeted genes (Figures S2A, B), host genes of DEcircRNAs (Figures S2C, D), and targets of miRNAs (Figures S2E, F) and DEmRNAs (Figures S2G, H).




Figure 4 | KEGG pathway analysis of DEGs in different groups and scatter plot of the top 20 enriched KEGG pathways. KEGG pathway enrichment analysis of all (A) DElncRNAs, (C) DEcircRNAs, (E) DEmiRNAs, and DEmRNAs (G) between untreated and GA-Me-treated HCT116 cells. Scatter plot of the top 20 enriched KEGG pathways. Top 20 KEGG pathways identified for all (B) DElncRNAs, (D) DEcircRNAs, (F) DEmiRNAs, and DEmRNAs (H) between untreated and GA-Me-treated HCT116 cells.



The most significantly enriched KEGG pathways are shown in Figures 4 and S3. For the cis-targeted genes of DElncRNAs, ferroptosis and amino acid (glycine, serine, and threonine) metabolism were the most significantly enriched pathways (Figure S3A). For the trans-targeted genes of DElncRNAs (Figure S3B), steroid biosynthesis, pyrimidine metabolism, mTOR signaling pathway, and antigen processing and presentation were the most significantly enriched pathways. For the downregulated proteins corresponding to the host genes of DEcircRNAs, endocrine resistance and protein processing in the endoplasmic reticulum were the most significantly enriched pathways (Figure S3C); human T-cell leukemia virus 1 infection (Figure S3D) was the most significantly enriched pathway for the upregulated proteins. For the targets of miRNAs (Figures S3E, F), steroid biosynthesis, terpenoid backbone biosynthesis, and aldosterone synthesis and secretion were the most significantly enriched pathways. Nitrogen metabolism, RNA polymerase, and the IL-17 signaling pathway were the most significantly enriched pathways for the downregulated DEmRNAs (Figure S3G). Similarly, for the positively regulated proteins (Figure S3H), steroid biosynthesis and terpenoid backbone biosynthesis were the most significantly enriched pathways. The main biochemical pathways and signal transduction pathways determined by the KEGG analysis provide further insight into future research directions for ncRNAs and mRNAs. We further analyzed immune system-related genes, including MDM2, MMP2, MMP9, caspase-8, and other DEGs involved in the GA-Me-induced immune response after GA-Me treatment. These results also suggested that GA-Me is a multitarget ligand with polypharmacological efficacy in the treatment of CRC.



ceRNA-Mediated Regulation of Interaction Networks

The study of the relationship between ncRNAs and mRNAs may increase our understanding of the molecular mechanisms of GA-Me against CRC. According to the ceRNA regulatory hypothesis, ncRNAs and mRNAs compete for the same miRNAs, resulting in additional layers of regulation of gene expression. Based on the analysis of DE lncRNAs, circRNAs, miRNAs, and mRNAs, a network of lncRNAs or circRNAs interacting with mRNAs was first constructed, as indicated in Figures 5A, B. Figure 5A illustrates our findings: 8 DElncRNAs interacted with 45 DEmRNAs. Interestingly, NR_109783.1, TCONS_00008997, TCONS_00031064, XR_001740433.2, XR_001746601.1, and XR_925056.2 regulated the ADAM20, STARD4, and NAV3 DEmRNAs. In addition, 6 DEcircRNAs interacted with 76 DEmRNAs after GA-Me treatment, as shown in Figure 5B. Importantly, circRNA-01071|Chr1:223954477-223962708, circRNA-07908|Chr22:38986298-39025349 and circRNA-11015|Chr7:73476868-73478569 regulated the ADAM20, STARD4, and NAV3 mRNAs after GA-Me treatment, which might be one of the reasons why GA-Me activated multiple targets to exert anti-CRC activity.




Figure 5 | ceRNA–mRNA and ceRNA-miRNA–mRNA regulatory networks in GA-Me-treated HCT116 cells. (A) Interaction network of lncRNAs and mRNAs in HCT116 cells after GA-Me treatment. (B) Interaction network of circRNAs and mRNAs in HCT116 cells after GA-Me treatment. (C) Interaction network of lncRNAs, miRNAs, and mRNAs in HCT116 cells after GA-Me treatment. (D) Interaction network of circRNAs, miRNAs, and mRNAs in HCT116 cells after GA-Me treatment. Red and green represent up- and downregulation, respectively.



The circRNA–miRNA–mRNA regulatory network and lncRNA–miRNA–mRNA network were constructed based on the ceRNA theory to explore the molecular mechanisms of ncRNAs. Using lncRNAs as a decoy, miRNAs as the center, and mRNAs as a target, the lncRNA–miRNA–mRNA regulatory network that contained 7 mRNAs, 3 lncRNAs, and 39 miRNAs was built (Figure 5C). Using circRNAs as a decoy, miRNAs as the center, and mRNAs as the target, a circRNA–miRNA–mRNA regulatory network containing 8 mRNAs, 1 circRNA, and 37 miRNAs was generated (Figure 5D). In these two networks, different shapes represent different RNA types; red and green represent up- and downregulation, respectively. Interestingly, the circRNA-07908 (22:38986298|39025349)-hsa-miR-100-3p-NAV3, circRNA-07908 (22:38986298|39025349)-hsa-miR-100-3p-ADAM20, TCONS-00008997-hsa-miR-100-3p-NAV3 and TCONS-00008997-hsa-miR-100-3p-ADAM20 interactions implied that circRNA-07908 (22:38986298|39025349) regulated NAV3 and ADAM20 expression by competitively binding hsa-miR-100-3p. Other examples of this relationship are the TCONS-00008997-hsa-miR-1257-NAV3/ADAM20/STARD4, circRNA-07908|Chr22:38986298-39025349-hsa-miR-1257-NAV3/ADAM20/STARD4, XR-925056.2-hsa-miR-3182-NAV3/ADAM20/STARD4, circRNA-07908|Chr22:38986298-39025349-hsa-miR-3182-NAV3/ADAM20/STARD4, circRNA_07908|Chr22:38986298_39025349-hsa-miR-27b-5p-NAV3/STARD4, and TCONS_00008997-hsa-miR-27b-5p-NAV3/STARD4 interactions. These results suggest that circRNAs and lncRNAs harbor miRNA response elements and play pivotal regulatory roles in the polypharmacological mechanisms of GA-Me in CRC treatment.

Previous studies reported that GA-Me clearly regulates immune function (12, 24). We next assessed the molecular mechanism by which ncRNAs modulate the immunological pathway after GA-Me treatment. The lncRNA–miRNA–mRNA regulatory immunological networks suggested that MMP9 was regulated by the novel874_mature miRNA, ENST00000414039 and ENST00000419190 after GA-Me treatment (Figures 6A, B and Table S6). The circRNA–miRNA–mRNA regulatory immunological networks suggested that MMP9 was downregulated by the novel874_mature miRNA, circRNA-00314|Chr1:35470863-35479212, and circRNA-05460|Chr17:72592203-72649268 after GA-Me treatment (Figures 6C, D and Table S7). The interactions between ncRNAs and the MMP9 mRNA suggested the activation of novel immunoregulatory mechanisms after GA-Me treatment, consistent with the results of the present study (Figure 2D) and our previous results (11). In addition, NAV3, STARD4, ADAM20 (Figure 5), and caspase-8 (Figure 6) participated in similar ceRNA regulatory ncRNA networks. These results also suggested that GA-Me might be a multitarget ligand with polypharmacological efficacy in terms of anti-CRC activity.




Figure 6 | ceRNA–miRNA–mRNA regulatory immunological networks in GA-Me-treated HCT116 cells. (A) Downregulated components of the lncRNA–miRNA–mRNA interaction network in GA-Me-treated HCT116 cells. (B) Upregulated components of the lncRNA–miRNA–mRNA interaction network in GA-Me-treated HCT116 cells. (C) Downregulated components of the circRNA–miRNA–mRNA interaction network in GA-Me-treated HCT116 cells. (D) Upregulated components of the circRNA–miRNA–mRNA interaction network in GA-Me-treated HCT116 cells. Red and green represent up- and downregulation, respectively.





Docking Analysis

In our previous studies, we showed that GA-Me decreased MMP2 and MMP9 mRNA and protein levels. These results also confirmed that GA-Me inhibited the expression of the MMP2 and MMP9 targets. We performed docking calculations in silico to further show that GA-Me also has the potential to bind to the ligand binding domain (LBD) of MMP2 and MMP9. We implemented SYBYL-X 1.3 in a molecular docking study to explore the detailed interactions between GA-Me and the MMP2 protein and the related molecular mechanisms, as shown in Figure 7A. The crystal structure of MMP2 (PDB entry: 1QIB) was downloaded from the PDB (34, 35). The MOLCAD module in SYBYL-X 1.3 was used to define the binding pocket of MMP2 (Figure 7A, purple area). Our predicted pocket was similar to the reported S1’ pocket of MMPs (36). Based on the pocket information, the detailed interactions between GA-Me and MMP2 were explored using the docking program Surflex-Dock GeomX (SFXC) in SYBYL-X 1.3. As shown in Figure 7C, hydrogen bonds and hydrophobic interactions coupled with conjugation to Zn2+ contributed to the high affinity of GA-Me for MMP2. Zn2+ is bound by three histidine residues (His201, His205, and His211) and forms a bond (2.0 Å) with the oxygen of GA-Me (Figure 7E). GA-Me may be a novel zinc-binding group (ZBG) MMP inhibitor. In addition to the interaction of GA-ME with Zn2+, the hydroxyl group of GA-Me donates a hydrogen, forming a hydrogen bond (3.2 Å) with the carboxyl group of Glu202, and accepts a hydrogen from the amino group of Ala165, forming another strong hydrogen bond (3.0 Å). Other residues (highlighted in green in Figure 7) within the binding pocket stabilize GA-Me by forming hydrophobic contacts. As reported in the literature, many of these highlighted residues are conserved in MMPs (34, 36). We obtained a docking score of 7.02 from the interactions between GA-Me and MMP2, indicating that we predicted a Kd = 10-7.02.




Figure 7 | Interactions between MMP2/9 and GA-Me. The red dashed lines represent the hydrogen bonds between the ligands and targets. The blue dashed lines represent the metal contact. (A) Pocket information from the MMP2 crystal structure, highlighted in purple. (B) Pocket information from the MMP9 crystal structure, highlighted in purple. (C) The docking results for GA-Me and MMP2. The predicted Kd value of GA-Me is 7.02. (D) The docking results for GA-Me and MMP9. The predicted Kd value of GA-Me is 5.87. (E) 2D visualization of the interactions between GA-Me and MMP2. (F) 2D visualization of the interactions between GA-Me and MMP9. The important residues are circled.



We used a similar approach to assess the interaction between GA-Me and MMP9. The cocrystal structure of the MMP9 complex with a reverse hydroxamate inhibitor (PDB entry: 1GKC) was acquired from the PDB (37). The original ligand, STN-BUM, was used to predict the binding pocket. Afterward, it was removed in PyMOL to avoid unnecessary blocks and interactions (38). The docking results showed several hydrogen bonds, hydrophobic contacts, and conjugation to Zn2+-stabilized GA-Me within a defined pocket. As shown in Figure 7B, the amino group of Ala191 donates a hydrogen to the carboxyl group of GA-Me (2.9 Å). In addition, the nearby carboxyl group of Glu402 accepts a hydrogen from the hydroxyl group of GA-Me (3.0 Å). The oxygen of GA-Me also forms a bond (2.6 Å) with Zn2+ (Figure 7D). These three close interactions coupled with hydrophobic contacts with the surrounding nonpolar residues contribute to the stabilization of the carboxyl moiety of GA-Me within the part of the pocket near the Zn2+ bond. The other side of GA-Me interacts with MMP9 by forming a hydrogen bond with Gly186 (3.3 Å). The four-membered ring moiety of GA-Me is fixed within the pocket by forming hydrophobic contacts with the surrounding residues (Figure 7F). The total score of GA-Me binding to MMP9 was 5.87, with a predicted Kd = 10-5.87. Therefore, the docking results showed that GA-Me binds to the LBDs of human MMP2/9 and suggested that GA-Me might be an MMP2 and MMP9 inhibitor. These results matched our experimental results (Figure 2) and previous results (11). According to our predictions from the molecular docking study, mutation of the key residues listed above are worth performing in the future.



PPI Network

From the 1508 identified DEmRNAs identified from GA-Me-treated versus untreated HCT116 cell samples, 1443 nodes and 5461 interacting edges were obtained for the PPI network analysis using the STRING database. As shown in Figure 8A, a topological analysis was performed using CytoHubba, a Java plug-in for Cytoscape software, to analyze the 1443 nodes and identified 30 key nodes: GNG8, CXCL2, CCL20, CXCR2, CXCL3, DRD4, GRM2, PYY, GPER1, CCL28, GPR37, TAS1R3, NPB, P2RY4, HRH4, MTNR1A, NPW, GPR37L1, MX1, IFIT1, OAS1, RSAD2, OAS2, IFIT3, IFIT2, IFI44, IFI44L, XAF1, SAMD9L, and DDX58. These nodes were considered key proteins in the whole network and ultimately constituted 219 key interactions (Figure 8A). The CXCR2 protein was the key node with the highest degree in the GA-Me response network.




Figure 8 | PPI network analysis of DEGs in GA-Me-treated and untreated HCT116 cells. (A) The PPI network showed the top 30 hub DEGs among the total DEGs and their interactions with each other. (B) The PPI network showed the top 30 hub DEGs among 94 immune-related DEGs and their interactions with each other. The darker the color, the more critical the effect. Line colors indicate the type of interaction evidence (red: predicted interaction based on gene fusion; yellow: text mining; green: predicted interaction based on gene neighborhood; blue: predicted interaction based on gene cooccurrence; light blue: known interaction from a curated database; purple: known interaction experimentally determined; black: coexpression; lilac: protein homology). (C) Systems pharmacological analysis of GA-Me. The green solid line indicates experimentally verified ligand-target interactions. The blue dashed line indicates predicted ligand-target interactions.



Among the top 94 DEGs involved in the immune response after GA-Me treatment, the topological PPI network analysis using the STRING database revealed 30 nodes, namely, CSF2, TLR3, ICAM1, MMP9, ITGAM, CXCL2, MYD88, CCL20, CXCR2, FOS, CASP8, SYK, ACTB, KRAS, IL23A, SPP1, MMP1, CXCL3, SERPINE1, LCK, KLRD1, CD8A, TNFAIP3, CARD9, DDX58, MALT1, ANPEP, GNG8, CCL28, and CD247, and identified 170 key interacting edges (Figure 8B). The MMP9 and CASP8 proteins were the key nodes involved in the immune response during GA-Me treatment of CRC cells.

Overall, the PPI network analyses suggest that high-degree nodes (GNG8, CXCL2, CCL20, CXCR2, CXCL3, CCL28, and DDX58) are clustered in the immune response.



Polypharmacological Analysis of GA-Me

In Figure 8C, the green solid line indicates experimentally verified ligand-target interactions. The blue dashed line indicates predicted ligand-target interactions. Notably, p53 was experimentally validated as a target in our previous paper, and ten other targets were predicted using the CRC HTDocking platform (http://www.cbligand.org/CRC/docking_search.php) and data from previous reports (43).

All results strongly suggested that GA-Me is a multitarget ligand with polypharmacological efficacy in CRC treatment.




Discussion

Multiple studies have documented the anti-CRC efficacy of GA-Me (11, 12, 16, 17, 24, 25), but the exact mechanism underlying its antitumor effects remains unclear. To the best of our knowledge, this comprehensive report of lncRNAs, circRNAs, miRNAs, and mRNAs reveals regulatory pathways involved in the anti-CRC efficacy of GA-Me. In general, our previous data confirmed that GA-Me inhibits proliferation and induce apoptosis in HCT116 cells. With FC ≥ 2.0 and p value < 0.05 as the thresholds, 1572 lncRNAs, 123 circRNAs, 87 miRNAs, and 1508 mRNAs with significant differential expression were identified in GA-Me-treated cells compared with untreated cells (Figure 1A). We found that several DEmRNAs and DEmiRNAs may be associated with the anti-CRC efficacy of GA-Me. However, a large majority of the DElncRNAs and DEcircRNAs had not been previously identified, mainly due to the lack of research in this area. Moreover, 8 identified dysregulated mRNAs were selected for qRT–PCR validation, and the results confirmed the sequencing findings to some extent (Figure 2). Based on the KEGG analysis, all four RNAs were significantly enriched in three pathways: MAPK signaling, IL-17 signaling, and the p53 signaling pathway. Previous studies have reported that the p53 signaling pathway may be the possible molecular mechanism of GA-Me treatment of CRC (16). Our research results confirmed this hypothesis in a more comprehensive and systematic manner.

First, we focused on the differentially expressed coding genes. The MYC, KRAS, TGFB2, PIK3R3, CDKN1A, FOS, and GADD45B DEmRNAs were regarded as the most important DEmRNAs involved in the mechanism by which GA-Me treats CRC, as their dysregulation might result in the progression of CRC. The KEGG pathway analysis indicated that GA-Me-responsive gene alterations in HCT116 cells were significantly enriched in the IL-17 signaling pathway, a widely known immune pathway. MMP9 and caspase-8 were enriched in the IL-17 signaling pathway, which has been strongly associated with shorter overall survival of patients with CRC (44). MMP9 was consistently upregulated in primary colorectal tumors (45, 46). In the present study, MMP9 was proven to be downregulated in GA-Me-treated cancer cells compared to untreated cancer cells, consistent with our previous study (11). These investigations indicated that MMP9 might be one of the potential anti-CRC targets of GA-Me that facilitates the regulation of the IL-17 signaling pathway.

MMP9 was regulated by the novel874_mature miRNA and ENST00000414039 and ENST00000419190 after GA-Me treatment (Figures 6A, B). The circRNA–miRNA–mRNA regulatory immunological networks suggested that MMP9 was regulated by the novel874_mature miRNA, circRNA-00314|Chr1:35470863-35479212, and circRNA-05460|Chr17:72592203-72649268 after GA-Me treatment (Figures 6C, D). The interactions between ncRNAs and the MMP9 mRNA suggest the activation of novel immunoregulatory mechanisms by GA-Me treatment.

The effects of GA-Me on ncRNAs, including miRNAs, lncRNAs, and circRNAs, were also evaluated in the current study. Previous studies indicated that hsa-miR-3182 (47) and hsa-miR-27b-5p (48) dysregulation may contribute to the progression of CRC. In our study, hsa-miR-27b-5p and hsa-miR-3182 were significantly downregulated in GA-Me-treated HCT116 cells compared to untreated cells. Thus, hsa-miR-27b-5p and hsa-miR-3182 may be important in the anti-CRC mechanism of GA-Me. Additionally, four DEmiRNAs were identified as the most likely candidate miRNAs associated with the mechanism of GA-Me. Among these, hsa-miR-100-3p and hsa-miR-1257 were expressed at significantly lower levels in CRC tissues than in normal tissues. In our research, these two miRNAs were downregulated in GA-Me-treated HCT116 cells compared to control cells. These observations suggest that hsa-miR-100-3p and hsa-miR-1257 may play vital roles in the anti-CRC mechanism of GA-Me. Furthermore, some DEmiRNAs, such as novel1056_mature, novel1056_mature, novel296_mature, novel331_mature, novel357_mature, novel377_mature, novel483_mature, novel572_mature,novel655_mature,novel703_mature, novel740_mature, novel75_mature, novel779_mature, novel90_mature, and novel943_mature, were also significantly differentially expressed between CRC cells treated with and without GA-Me, suggesting that these miRNAs play important roles in the anti-CRC mechanism of GA-Me.

We noticed that protein degradation was a significantly enriched GO term among DElncRNAs and their target genes. This phenomenon is very illuminating, given the importance of protein stabilization and K48-linked polyubiquitin modification-dependent protein binding in cancer (Figure 3A). Consistent with the results from the GO analysis, the KEGG pathway analysis also revealed that protein folding, sorting, and degradation (Figure 4A) and ubiquitin-mediated proteolysis (Figure 4B) were among the top enriched pathways.

The lncRNA–miRNA–mRNA network analysis revealed that TCONS_00008997 and XR-925056.2 were coexpressed with NAV3, which plays important roles in the anti-CRC mechanisms of GA-Me through competitively binding to hsa-miR-3182. Additionally, ENST00000651844 was identified to competitively bind hsa-miR-3182 and subsequently regulate ADAM20 expression. These lncRNAs were first reported to have functions in the effect of GA-Me on CRC.

Based on accumulating evidence, circRNAs modulate miRNA activity by functioning as endogenous sponges and affect mRNA splicing and transcription by interacting with the Pol II complex in the nucleus. As many circRNAs are not allocated to functional modules, limited public data about these circRNAs are available. In this study, based on the constructed circRNA–miRNA–mRNA coexpression network, we observed that one important circRNA contained one or more miRNA binding sites. Thus, circRNA_07908|Chr22:38986298_39025349 interacts with NAV3 through competitive binding with hsa-miR-3182. This competitive binding mode was similar to that by which hsa-miR-100-3p, hsa-miR-1257, and hsa-miR-27b-5p regulate NAV3. Therefore, further study is warranted to reveal the interaction relationships of circRNA_07908|Chr22:38986298_39025349–hsa-miR-3182–NAV3 in the mechanism of action of GA-Me. Although altered ncRNAs and mRNAs were identified and their possible roles in the anti-CRC mechanisms of GA-Me were investigated, several limitations should be considered when interpreting our findings. According to these results, circRNAs and lncRNAs harbor miRNA response elements and play pivotal regulatory roles in the polypharmacological mechanisms of GA-Me in CRC treatment.

Our previous studies reported that GA-Me targets and affect MMP2, MMP9 (11), IL-2, IFN-γ (12), caspase-9, caspase-3, STAT1, JAK1 (24), MDR1, MRP1, MRP2 (25), Bax, Bcl-2, Cyto-c (16, 25), and p53 (16, 17, 25) expression in GA-Me-treated cancer cells, implying that GA-Me might be a multitarget ligand with polypharmacological efficacy in CRC treatment (Figure 8C). However, those nonsystematic studies did not show the whole profile and network underlying the effects of GA-Me on cancers. Additionally, these analyses were only performed on HCT116 cells. Global changes in ncRNA and mRNA expression require further study to more accurately elucidate the anti-CRC mechanisms of GA-Me in other CRC cell lines and CRC animal models. One limitation of RNA-Seq technology is that inaccessible transcriptome complexities are difficult to determine. Importantly, the functions of ncRNAs remain mostly unknown, and the interpretation of our data is not straightforward. Further studies should include a proteomic analysis of expression profiles in GA-Me-treated and untreated cells to solve these problems. Finally, future studies should include knockout or overexpression of the TCONS_00008997, XR-925056.2 circRNA_07908, and hsa-miR-3182 ncRNAs and the NAV3 and DCBLD2 mRNAs to validate these results using molecular methods and to further confirm the main targets of GA-Me in CRC treatment. Overall, the PPI network analyses suggested that the high-degree nodes (GNG8, CXCL2, CCL20, CXCR2, CXCL3, CCL28, and DDX58) were clustered in the immune response. Additional experiments that manipulate the expression of the top potential targets identified in this study are needed to further elucidate the mechanisms by which GA-Me treats CRC.



Conclusions

Drug discovery usually focuses on highly selective drugs to avoid potential side effects. However, drug research has recently tended toward systems-level polypharmacology, a more systems biology-oriented approach that considers the pleiotropy of biological networks at the molecular and cellular levels (26); this approach facilitates the identification of ligands that hit a set of selected, therapeutically relevant targets. Small-molecule compounds interact with diverse targets individually or simultaneously (27).

Whole-transcriptome sequencing and bioinformatics analysis of HCT116 cells treated with and without GA-Me were performed, and these results might provide a better understanding of the potential roles of lncRNAs, circRNAs, miRNAs, and mRNAs in the anti-CRC efficacy of GA-Me. This study suggested that GA-Me is a potential multitarget lead compound for CRC treatment with unique polypharmacological advantages, corresponding roles and molecular mechanisms, especially the polypharmacological mechanisms of these ncRNAs and mRNAs. This study provides a useful example of the study of the multitarget mechanism of GA-Me, in particular, the study of western medicine of this traditional Chinese medicine. This research has also laid a certain theoretical foundation for the in-depth development of traditional Chinese herbal medicine, which provides insights for follow-up studies and should be further explored in the future, such as we would investigate the effect of GA-Me on additional CRC cells to further focus on the broad spectrum antitumor effect and mechanism in CRC cells, perform whole-transcriptome profiling and bioinformatics analysis of paired CRC and adjacent normal tissue after GA-Me treatment in the CRC HCT116 tumor xenograft mouse model, including the unique DElncRNAs, DEcircRNAs, DEmRNAs and DEmiRNAs regulated by GA-Me in the future.



Data Availability Statement

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



Author Contributions

NC contributed to the conception of the design, conducted the experiments and data analysis, and drafted and revised the final version of the manuscript. GW conducted the qPCR experiments. XZ provided some important suggestions and made critical revisions. All authors have reviewed the final version of the manuscript and approved the final manuscript for publication.



Funding

This work was supported by grants from the Shanghai Science and Technology Commission (No. 054319933) and the Shanghai Municipal Education Commission-Young Teacher Training Projection Program (ZZJKYX18004).



Acknowledgments

We thank Dr. B. Vogelstein (Johns Hopkins University Medical Institutions, Baltimore, MD) for generously providing HCT116 colon carcinoma cell lines, and we also appreciate Dr. Zhong (State Key Laboratory of Microbial Metabolism, and School of Life Sciences & Biotechnology, Shanghai Jiao Tong University) for kindly providing the GA-Me compound. We also thank Xiaomeng Xu for participating in the molecular docking studies and OE Biotechnology Company (Shanghai, China) for assisting with RNA sequencing and bioinformatics analyses.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fonc.2022.833375/full#supplementary-material

Supplementary Figure 1 | Top 30 significantly enriched up- and downregulated GO terms in GA-Me-treated HCT116 cells. GO enrichment analysis of the cis-targeted genes of DElncRNAs (A), the trans-targeted genes of DElncRNAs (B), the host genes that were downregulated (C) and upregulated by DEcircRNA targeting (D), and the genes that were downregulated (E) and (F) by upregulated DEmiRNA targeting. The downregulated (G) and upregulated (H) DEmRNAs identified after GA-Me treatment are shown. The GO enrichment analysis provided a controlled vocabulary for describing the coexpressed genes of the DEncRNAs and DEmRNAs. The GO terms covered three domains: BP, CC, and MF. The abscissa represents the number of genes annotated in the GO term, the ordinate represents the GO term, and the color of the column represents the corrected p value. GO, Gene Ontology.

Supplementary Figure 2 | KEGG pathway analysis of DEGs in different groups of GA-Me-treated HCT116 cells. KEGG pathway enrichment analysis of the cis-targeted genes of DElncRNAs (A), the trans-targeted genes of DElncRNAs (B), the host genes that were downregulated (C) and upregulated by DEcircRNA targeting (D), and the genes that were downregulated (E) and upregulated (F) by DEmiRNA targeting. The downregulated (G) and upregulated (H) DEmRNAs identified after GA-Me treatment are shown. The abscissa gene ratio represents the proportion of genes of interest in the pathway, and the ordinate represents each pathway. The size of the dots represents the number of genes annotated in the pathway, and the color of the dots represents the corrected p value from the hypergeometric test. KEGG, Kyoto Encyclopedia of Genes and Genomes.

Supplementary Figure 3 | Scatter plot of the top 20 enriched KEGG pathways in GA-Me-treated HCT116 cells. The top 20 KEGG pathways enriched among the cis-targeted genes of DElncRNAs (A), the trans-targeted genes of DElncRNAs (B), the host genes that were downregulated (C) and upregulated by DEcirRNA targeting (D), and the genes that were downregulated (E) and upregulated (F) by DEmiRNA targeting. The downregulated (G) and upregulated (H) DEmRNAs identified after GA-Me treatment are shown. The abscissa enrichment score represents the proportion of genes of interest in the pathway, and the ordinate represents each pathway. The size of the dots represents the number of genes annotated in the pathway, and the color of the dots represents the corrected p value of the hypergeometric test. KEGG, Kyoto Encyclopedia of Genes and Genomes.
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GA-Me, ganoderic acid Me; GA-T, ganoderic acid T; DEGs, differentially expressed genes; GO, Gene Ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; BP, biological process; MF, molecular function; CC, cellular component; DMSO, dimethyl sulfoxide; PBS, phosphate-buffered saline; qRT–PCR, quantitative real-time polymerase chain reaction; DElncRNAs, differentially expressed long noncoding RNAs; DEcircRNAs, differentially expressed circular RNAs; DEmiRNAs, differentially expressed microRNAs; DEmRNAs, differentially expressed messenger RNAs; MMPs, matrix metalloproteinases.



References

1. Siegel, RL, Miller, KD, and Jemal, A. Cancer Statistics, 2020. CA Cancer J Clin (2020) 70(1):7–30. doi: 10.3322/caac.21590

2. Bray, F, Ferlay, J, Soerjomataram, I, Siegel, RL, Torre, LA, and Jemal, A. Global Cancer Statistics 2018: GLOBOCAN Estimates of Incidence and Mortality Worldwide for 36 Cancers in 185 Countries. CA Cancer J Clin (2018) 68(6):394–424. doi: 10.3322/caac.21492

3. Siegel, RL, Miller, KD, Goding Sauer, A, Fedewa, SA, Butterly, LF, Anderson, JC, et al. Colorectal Cancer Statistics, 2020. CA Cancer J Clin (2020) 70(3):145–64. doi: 10.3322/caac.21601

4. Araghi, M, Soerjomataram, I, Jenkins, M, Brierley, J, Morris, E, Bray, F, et al. Global Trends in Colorectal Cancer Mortality: Projections to the Year 2035. Int J Cancer J Int  Cancer (2019) 144(12):2992–3000. doi: 10.1002/ijc.32055

5. Matsui, M, and Corey, DR. Non-Coding RNAs as Drug Targets. Nat Rev Drug Discov (2017) 16(3):167–79. doi: 10.1038/nrd.2016.117

6. Mercer, TR, Dinger, ME, and Mattick, JS. Long Non-Coding RNAs: Insights Into Functions. Nat Rev Genet (2009) 10(3):155–9. doi: 10.1038/nrg2521

7. Esteller, M. Non-Coding RNAs in Human Disease. Nat Rev Genet (2011) 12(12):861–74. doi: 10.1038/nrg3074

8. Beermann, J, Piccoli, MT, Viereck, J, and Thum, T. Non-Coding RNAs in Development and Disease: Background, Mechanisms, and Therapeutic Approaches. Physiol Rev (2016) 96(4):1297–325. doi: 10.1152/physrev.00041.2015

9. Zhang, Z, Li, B, Xu, P, and Yang, B. Integrated Whole Transcriptome Profiling and Bioinformatics Analysis for Revealing Regulatory Pathways Associated With Quercetin-Induced Apoptosis in HCT-116 Cells. Front Pharmacol (2019) 10:798. doi: 10.3389/fphar.2019.00798

10. Fang, J, Liu, C, Wang, Q, Lin, P, and Cheng, F. In Silico Polypharmacology of Natural Products. Brief Bioinform (2018) 19(6):1153–71. doi: 10.1093/bib/bbx045

11. Chen, NH, Liu, JW, and Zhong, JJ. Ganoderic Acid Me Inhibits Tumor Invasion Through Down-Regulating Matrix Metalloproteinases 2/9 Gene Expression. J Pharmacol Sci (2008) 108(2):212–6. doi: 10.1254/jphs.SC0080019

12. Wang, G, Zhao, J, Liu, J, Huang, Y, Zhong, JJ, and Tang, W. Enhancement of IL-2 and IFN-Gamma Expression and NK Cells Activity Involved in the Anti-Tumor Effect of Ganoderic Acid Me In Vivo. Int Immunopharmacol (2007) 7(6):864–70. doi: 10.1016/j.intimp.2007.02.006

13. Sun, JG, Chen, CY, Luo, KW, Yeung, CL, Tsang, TY, Huang, ZZ, et al. 3,5-Dimethyl-H-Furo[3,2-G]Chromen-7-One as a Potential Anticancer Drug by Inducing P53-Dependent Apoptosis in Human Hepatoma HepG2 Cells. Chemotherapy (2011) 57(2):162–72. doi: 10.1159/000326915

14. Min, BS, Gao, JJ, Nakamura, N, and Hattori, M. Triterpenes From the Spores of Ganoderma Lucidum and Their Cytotoxicity Against Meth-A and LLC Tumor Cells. Chem Pharm Bull (Tokyo) (2000) 48(7):1026–33. doi: 10.1248/cpb.48.1026

15. Chen, NH, Liu, JW, and Zhong, JJ. Ganoderic Acid T Inhibits Tumor Invasion In Vitro and In Vivo Through Inhibition of MMP Expression. Pharmacol Rep (2010) 62(1):150–63. doi: 10.1016/S1734-1140(10)70252-8

16. Zhou, L, Shi, P, Chen, N-H, et al. Ganoderic Acid Me Induces Apoptosis Through Mitochondria Dysfunctions in Human Colon Carcinoma Cells. Process Biochem (2011) 46(1):219–25. doi: 10.1016/j.procbio.2010.08.014

17. Chen, N-H, and Zhong, J-J. Ganoderic Acid Me Induces G1 Arrest in Wild-Type P53 Human Tumor Cells While G1/S Transition Arrest in P53-Null Cells. Process Biochem (2009) 44(8):928–33. doi: 10.1016/j.procbio.2009.03.018

18. Gao, JJ, Min, BS, Ahn, EM, Nakamura, N, Lee, HK, and Hattori, M. New Triterpene Aldehydes, Lucialdehydes A-C, From Ganoderma Lucidum and Their Cytotoxicity Against Murine and Human Tumor Cells. Chem Pharm Bull (Tokyo) (2002) 50(6):837–40. doi: 10.1248/cpb.50.837

19. Kimura, Y, Taniguchi, M, and Baba, K. Antitumor and Antimetastatic Effects on Liver of Triterpenoid Fractions of Ganoderma Lucidum: Mechanism of Action and Isolation of an Active Substance. Anticancer Res (2002) 22(6A):3309–18.

20. Li, CH, Chen, PY, Chang, UM, Kan, LS, Fang, WH, Tsai, KS, et al. A Lanostanoid Triterpene, Inhibits Topoisomerases and Induces Apoptosis of Cancer Cells. Life Sci (2005) 77(3):252–65. doi: 10.1016/j.lfs.2004.09.045

21. Jiang, J, Grieb, B, Thyagarajan, A, and Sliva, D. Ganoderic Acids Suppress Growth and Invasive Behavior of Breast Cancer Cells by Modulating AP-1 and NF-kappaB Signaling. Int J Mol Med (2008) 21(5):577–84. doi: 10.3892/ijmm.21.5.577

22. Liu, RM, and Zhong, JJ. Ganoderic Acid Mf and S Induce Mitochondria Mediated Apoptosis in Human Cervical Carcinoma HeLa Cells. Phytomedicine (2011) 18(5):349–55. doi: 10.1016/j.phymed.2010.08.019

23. Yue, QX, Cao, ZW, Guan, SH, Liu, XH, Tao, L, Wu, WY, et al. Proteomics Characterization of the Cytotoxicity Mechanism of Ganoderic Acid D and Computer-Automated Estimation of the Possible Drug Target Network. Mol Cell Proteomics (2008) 7(5):949–61. doi: 10.1074/mcp.M700259-MCP200

24. Que, Z, Zou, F, Zhang, A, Zheng, Y, Bi, L, Zhong, J, et al. Ganoderic Acid Me Induces the Apoptosis of Competent T Cells and Increases the Proportion of Treg Cells Through Enhancing the Expression and Activation of Indoleamine 2,3-Dioxygenase in Mouse Lewis Lung Cancer Cells. Int Immunopharmacol (2014) 23(1):192–204. doi: 10.1016/j.intimp.2014.08.001

25. Jiang, Z, Jin, T, Gao, F, Liu, J, Zhong, J, and Zhao, H. Effects of Ganoderic Acid Me on Inhibiting Multidrug Resistance and Inducing Apoptosis in Multidrug Resistant Colon Cancer Cells. Process Biochem (2011) 46(6):1307–14. doi: 10.1016/j.procbio.2011.02.023

26. Lavecchia, A, and Cerchia, C. In Silico Methods to Address Polypharmacology: Current Status, Applications and Future Perspectives. Drug Discov Today (2016) 21(2):288–98. doi: 10.1016/j.drudis.2015.12.007

27. Jacobson, KA, Tosh, DK, Toti, KS, and Ciancetta, A. Polypharmacology of Conformationally Locked Methanocarba Nucleosides. Drug Discov Today (2017) 22(12):1782–91. doi: 10.1016/j.drudis.2017.07.013

28. Nishitoba, T, Sato, H, Shirasu, S, and Sakamura, S. Novel Triterpenoids From the Mycelial Mat at the Previous Stage of Fruiting of Ganoderma-Lucidum. Agr Biol Chem Tokyo (1987) 51(2):619–22. doi: 10.1271/bbb1961.51.619

29. Bunz, F, Dutriaux, A, Lengauer, C, Waldman, T, Zhou, S, Brown, JP, et al. Requirement for P53 and P21 to Sustain G2 Arrest After DNA Damage. Science (1998) 282(5393):1497–501. doi: 10.1126/science.282.5393.1497

30. Fujioka, S, Schmidt, C, Sclabas, GM, Li, Z, Pelicano, H, Peng, B, et al. Stabilization of P53 Is a Novel Mechanism for Proapoptotic Function of NF-Kappab. J Biol Chem (2004) 279(26):27549–59. doi: 10.1074/jbc.M313435200

31. Ignacio Barrasa, J, Olmo, N, Perez-Ramos, P, Santiago-Gomez, A, Lecona, E, Turnay, J, et al. Deoxycholic and Chenodeoxycholic Bile Acids Induce Apoptosis via Oxidative Stress in Human Colon Adenocarcinoma Cells. Apoptosis (2011) 16(10):1054–67. doi: 10.1007/s10495-011-0633-x

32. Takahashi, P, Polson, A, and Reisman, D. Elevated Transcription of the P53 Gene in Early S-Phase Leads to a Rapid DNA-Damage Response During S-Phase of the Cell Cycle. Apoptosis (2011) 16(9):950–8. doi: 10.1007/s10495-011-0623-z

33. Huang, W, Gu, X, Wang, Y, Bi, Y, Yang, Y, Wan, G, et al. Effects of the Co-Administration of MK-801 and Clozapine on MiRNA Expression Profiles in Rats. Basic Clin Pharmacol Toxicol (2021) 128(6):758–72. doi: 10.1111/bcpt.13576

34. Dhanaraj, V, Williams, MG, Ye, Q-Z, Molina, F, Johnson, LL, Ortwine, DF, et al. X-Ray Structure of Gelatinase A Catalytic Domain Complexed With a Hydroxamate Inhibitor. Croatica Chem Acta (1999) 72(2-3):575–91. doi: 10.1016/S1387-1609(00)86439-7

35. Berman, HM, Westbrook, J, Feng, Z, Gilliland, G, Bhat, T, Weissig, H, et al. The Protein Data Bank. Nucleic Acids Res (2000) 28(1):235–42. doi: 10.1093/nar/28.1.235

36. Jacobsen, JA, Jourden, JLM, Miller, MT, and Cohen, SM. To Bind Zinc or Not to Bind Zinc: An Examination of Innovative Approaches to Improved Metalloproteinase Inhibition. Biochim Biophys Acta (BBA)-Mol Cell Res (2010) 1803(1):72–94. doi: 10.1016/j.bbamcr.2009.08.006

37. Rowsell, S, Hawtin, P, Minshull, CA, Jepson, H, Brockbank, SM, Barratt, DG, et al. Crystal Structure of Human MMP9 in Complex With a Reverse Hydroxamate Inhibitor. J Mol Biol (2002) 319(1):173–81. doi: 10.1016/S0022-2836(02)00262-0

38. DeLano, WL. The PyMOL Molecular Graphics System. San Carlos, California, USA: DeLano Scientific LLC. (2002).

39. Liu, J, Yang, X, Zhang, L, Yang, B, Rao, W, Li, M, et al. Microarray Analysis of the Expression Profile of Immune-Related Gene in Rapid Recurrence Early-Stage Lung Adenocarcinoma. J Cancer Res Clin Oncol (2020) 146(9):2299–310. doi: 10.1007/s00432-020-03287-7

40. He, J, Huang, H, Du, Y, Peng, D, Zhou, Y, Li, Y, et al. Association of DCBLD2 Upregulation With Tumor Progression and Poor Survival in Colorectal Cancer. Cell Oncol (Dordr) (2020) 43(3):409–20. doi: 10.1007/s13402-020-00495-8

41. Chen, W, Yuan, L, Cai, Y, Chen, X, Chi, Y, Wei, P, et al. Identification of Chromosomal Copy Number Variations and Novel Candidate Loci in Hereditary Nonpolyposis Colorectal Cancer With Mismatch Repair Proficiency. Genomics (2013) 102(1):27–34. doi: 10.1016/j.ygeno.2013.02.003

42. Li, Z, Niu, J, Uwagawa, T, Peng, B, and Chiao, PJ. Function of Polo-Like Kinase 3 in NF-kappaB-Mediated Proapoptotic Response. J Biol Chem (2005) 280(17):16843–50. doi: 10.1074/jbc.M410119200

43. Xu, X, Ma, S, Feng, Z, Hu, G, Wang, L, and Xie, XQ. Chemogenomics Knowledgebase and Systems Pharmacology for Hallucinogen Target Identification-Salvinorin A as a Case Study. J Mol Graph Model (2016) 70:284–95. doi: 10.1016/j.jmgm.2016.08.001

44. Vitiello, GA, and Miller, G. Targeting the Interleukin-17 Immune Axis for Cancer Immunotherapy. J Exp Med (2020) 217(1):e20190456. doi: 10.1084/jem.20190456

45. Illemann, M, Bird, N, Majeed, A, Sehested, M, Laerum, OD, Lund, LR, et al. MMP-9 Is Differentially Expressed in Primary Human Colorectal Adenocarcinomas and Their Metastases. Mol Cancer Res MCR (2006) 4(5):293–302. doi: 10.1158/1541-7786.MCR-06-0003

46. Yu, J, He, Z, He, X, Luo, Z, Lian, L, Wu, B, et al. Comprehensive Analysis of the Expression and Prognosis for MMPs in Human Colorectal Cancer. Front Oncol (2021) 11:771099. doi: 10.3389/fonc.2021.771099

47. Pehserl, AM, Ress, AL, Stanzer, S, Resel, M, Karbiener, M, Stadelmeyer, E, et al. Comprehensive Analysis of Mirnome Alterations in Response to Sorafenib Treatment in Colorectal Cancer Cells. Int J Mol Sci (2016) 17(12):2011. doi: 10.3390/ijms17122011

48. Fattahi, F, Kiani, J, Khosravi, M, Vafaei, S, Mohammadi, A, Madjd, Z, et al. Enrichment of Up-Regulated and Down-Regulated Gene Clusters Using Gene Ontology, miRNAs and lncRNAs in Colorectal Cancer. Comb Chem High Throughput Screen (2019) 22(8):534–45. doi: 10.2174/1386207321666191010114149




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.


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.

Copyright © 2022 Chen, Wan and Zeng. 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.


OEBPS/Images/fonc-12-833375-g005.jpg
LNCRNA-MRNA CIrcRNA-mRNA

IncRNA-miRNA-mRNA circRNA-miRNA-mRNA

hsa Vaap novel5@iiature
mvel hsa-Mi25-5p

257 aa(Sp novel atuve / ,
hsa-ml Oa-sp \ature
hsa- 48p M " )0c-5p
novel \
‘ / \ W /¥ i
hsa- 5p 82

/ -1 0a-5
|
0a-5p

n ature
novel ‘
\ . 573
\\ ‘ i P

{ h V
hsa-mig81b-3p ; ; olels
& hsa¥5| awre>noveMre>mvenoa_ma«ure
novele_mature>novel/ifture>novel103, maturd/, . N> novel Silfnature
hsa-miRigZa-1-5p X
hsa- 'b-5p

V.

novel \ature
novell ature





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Integrated Whole-Transcriptome Profiling and Bioinformatics Analysis of the Polypharmacological Effects of Ganoderic Acid Me in Colorectal Cancer Treatment

      

        		

          Introduction

        



        		

          Materials and Methods

        

          		

            Materials

          



          		

            Cell Culture

          



          		

            Cell Proliferation Assay

          



          		

            DNA Fragmentation Assay

          



          		

            Caspase Activity Assay

          



          		

            RNA Extraction and Quality Monitoring

          



          		

            cDNA Synthesis and qPCR

          



          		

            RNA library construction, quality control, sequencing, and transcript assembly

          



          		

            Bioinformatics Analysis

          



          		

            GO and KEGG Pathway Analyses

          



          		

            Construction of a Coexpression Network

          



          		

            Molecular Docking Studies

          



          		

            PPI Network and Module Analysis

          



          		

            Statistical Analysis

          



        



        



        		

          Results

        

          		

            Transcriptomic Analysis of DEncRNAs and DEmRNAs in GA-Me-Treated HCT116 Cells

          



          		

            GA-Me Inhibited the Proliferation of HCT116 Cells

          



          		

            GA-Me Induced DNA Fragmentation in HCT116 Cells

          



          		

            GA-Me Significantly Activates Caspase-9 and Caspase-3 in HCT116 Cells

          



          		

            Validation of the Expression Profile

          



          		

            GO Classification and Enrichment Analysis

          



          		

            KEGG Pathway Enrichment Analysis

          



          		

            ceRNA-Mediated Regulation of Interaction Networks

          



          		

            Docking Analysis

          



          		

            PPI Network

          



          		

            Polypharmacological Analysis of GA-Me

          



        



        



        		

          Discussion

        



        		

          Conclusions

        



        		

          Data Availability Statement

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Supplementary Material

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fonc-12-833375-g003.jpg
Top 30 GO Term (Total)

A B
Category
2 . =la:<olivqlul process.
2 3 zZ .
Z § %
T g
= = '
w @ysf a 1
\a' S R @ \‘\dp BICIE IR
(@] fdsr" A J" ,@"" &Fa;@e&‘y ;\"KZ, *‘Z«‘ é,«‘" <, J \&fd *i oy é‘i
J“ s qv‘f. i&e‘@ﬂ&yyy& :"é e g@i@j«”o gzsp‘&’
a“’;f“:f& d $ .“":*@,f &
< @ﬂ,@: @sq@ ‘Qf‘
& f’ &
,@fv" &
«
(&7 D

category
Biological process.
Cellular component

WMolecular function

n\.v".s”" ¢, "&""d‘s y’fv c«} d"@\ Q‘s’*&“ﬁ;‘t

v-“ \be\ & & ‘o"
y«*’;ﬁ"" \@‘@‘ ex"@ j :r“

Gane Num

nlll II lll“l II'IIII'IIIII

f«v TEIS S y@«“&y@y
B asaa«vsp‘.«‘,a_ N’*‘*“ o
sa’\\x oSS .\*,.xs.@?\v‘&o *‘o’a\v‘“\ w‘
,»f'o’ﬁe- & ¢ &

& fﬁ,ff;f

DEmRNAs

DEmiRNAs






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/fonc-12-833375-g001.jpg
MA plot

Volcano plot

GA-Me vs Control p<0.05 [log2FCi>1

Logz Fold Change
2 o 2

DEINnCRNAs

T

M) I\ i

"“I‘-“:‘_‘A_.L"

GA-Me vs Control p<0.05 [log2FC/>1

z

.....‘ :
= ¥

3

DECIrcRNAs

DEMIRNAS

e o= |

GA-Me vs Control p<0.05 [logzFCI>1

‘GA-Me vs Control p<0.05 llog:FCI>1

-

R E———

PPy

1e-01

1e+01 16403 16405

Mean of normalized counts

GA-Me vs Control p<0.05 [log2FCl> 1

05 10 20 50 100 200 500 100.0

Mean of normalized counts.

GAMe vs Control p< 0.05 |log2FCI> 1

1e-01 1e401 16403
Mean of normalized counts

GA-Me vs Control : p < 0.05 [log2FC}> 1

1405

RNAs

DEm

T T T
1e401 10403 10405,

Mean of normalized counts

GA-Me vs Control p <0.05 [log2FCl> 1

g [ rmerea

up
< Down

< Fitarea
o up
< oown

°
Logz fold change

i ~inared
Bt g ||su
o |15 g | [* 0
ER g
a
i+ ;
§q
2
1 o it '
.4 PR
Log: Fold Changs Log: Fold change
N
DEmiRNA target DEmRNA
(12552) (3906)

DEIncRNA partnergene
(1126)





OEBPS/Images/fonc.2022.833375_cover.jpg
, frontiers ‘ Frontiers in Oncology

Integrated Whole-Transcriptome
Profiling and Bioinformatics Analysis
of the Polypharmacological Effects of

Ganoderic Acid Me in Colorectal

Cancer Treatment





OEBPS/Images/table2.jpg
Sample ID IncRNA + mRNA+ circRNA sequencing miRNA sequencing

Clean reads Q30 (%) Mapped ratio Clean reads Q20 (%) Mapped ratio

GA-Me GA-Me 1 94532654 94.6 85.11% 32036838 94.51 84.36%
GA-Me 2 109358418 94.42 85.74% 27108639 93.86 86.72%
GA-Me 3 108789698 94.19 85.91% 27621360 93.66 85.29%
Control Control 1 103013400 94.41 88.57% 29786975 94.44 83.19%
Control 2 116198446 94.62 87.75% 29944864 93.53 83.00%
Control 3 113590758 94.4 89.02% 30854058 95.38 83.05%

GA-Me 1, GA-Me 2, and GA-Me 3 represent three groups of HCT116 cells treated with GA-Me. Control 1, Control 2, and Control 3 represent three groups of untreated HCT116 cells.





OEBPS/Images/fonc-12-833375-g007.jpg
MMP2 NMMPY






OEBPS/Images/logo.jpg
& frontiers | Frontiers in Oncology





OEBPS/Images/fonc-12-833375-g008.jpg
DDX58

SAMDIL

Experimentally validated targets with molecular
biology methods

ABBREVIATION FULL NAME

CDK2
CASP3
NOs2
CDK4
MMP9
MMP2
P53
CCND1
BAX
BCL2
P21

Cyclin-dependent kinase 2
Caspase-3

Nitre oxide synthase 2
Cyclin-dependent kinase-4
Matrix metalloproteinase-9
Matrix metalloproteinase-2
Cellular tumor antigen p53
G1/S-specific cyclin-D1
Apoptosis regulator BAX
Bcl-2-like protein 1
Cyclin-dependent kinase inhibitor 1





OEBPS/Images/fonc-12-833375-g002.jpg
Cell growth ( % of control )

Caspase activity (% of control)

100

o
o

60

40

20

500

400

300

200

100

kkk

Caspase 3

COOH

mm Control (DMSO)
= GA-Me 54.3uM

kkk

Caspase 9

B

Compounds _Dox GA-Me
—
Cell lines

95-D HCT116

Dose(uM) ¢ 834 0 18.1 36.2 90.4 0 90.4
- A

15000
1000
7500
5000
2500
1000
500 bp

o

mRNA expression of Control

(Fold change)

B3 gRT-PCR
B RNA-seq






OEBPS/Images/fonc-12-833375-g004.jpg
DEmiRNAs DEcircRNAs DEIncRNAs

DEmRNAs

KEGG Pathway Classification (Total)

Sansory system
Nervous system

Immune system

Excretory system
Environmental sdaptation

‘Endocrine system

Digestive system

Deveiopment

Circulatory system

‘Aging
Xenoblotics blodegradation and metabolism
Nucieotide metabalism
Matabolism of other amino acids.
Metaboliam of cofactors and vitamins.

Lipid metabolism
Giycan biosynthesis and metabolism

Energy metabolism

Carbonydrate metabolism
Blosynthesis of other secondary metablites.
‘Amino acid matabolism

Immune diseases
Endocrine and metabolic diseases
Drug resistance

Cardiovascular diseases.
Cancers

Transiation

Tanscription

Roplication and repair

Folding, sorting and degradation
ing molecues and interaction
Signal transduction
Membrans transport
Transport and catabolism
Cellular communiy - eukaryotes
‘milty

ol growth and death

—
—

—
—

n

—— 0
—
—

—

I cotutar processes

1 Envronmentat ormaton Procssing
Geneticnformation Processing

1 buman Disasses

I vtabolism

B Organiamat systoms

Percent of Genes(%)

20 30

Sensory system:
Nervous systom
Immune system

Endocrine systom

Digestive system I Human Diseases
Development I 1] Metabolism
Nucleotide metaboiism { [ [ organismai systems.
Upid metabolsm { "
iycan biosynthesis and metaboram |
Garbonyarate metabotsm |
Neurodegenerative diseases —
infoctious iseases N 10
immune dis [
Endocrine and metaboic iseases |  IEEEGEG—_—_:_—-
Drug resistance {  EEE—
Cardiovascuiar disesses |
Concers {
ansiation | I
Replcation and repair | I

Folding, sorting and degradation
Signal transduction

Membrane transport _—
Tansportandcatabotsm | -
Cellular community - eukaryotes. I
Cell motility —

el growth and death

1 cotar processes
18 Environmentat nformatin processing
1 Gonetcitormation rocessing

Sensory system
Nervous system

Immune system

Excretory system:

Environmental adaptation

Endocrine system

Digesiive system

‘Development

Circulatory system

Aging

Xenobiotics biodegradation and metaboiism.
Nucleotide metabolism.

Metabolism of Gofactors and vitamins-
Lipld metabolism

Glycan biosynthesis and metabolisim:
Energy metabolism:

Carbohydrate metabolism
Blosynthesis of other secondary metabollies
‘Amino acid metabolism

Substance dependence
Neurodegenerative diseases.
Infectious diseases

Immune diseases

Endocrine and metabolic diseases.
Drug resistance

Cardiovascular diseases

Cancers

Transiation

Transcription

Replication and repalr-

Folding, sorting and degradation
Signaling molecules and interaction
Signal transduction

Membrane transport

Transport and catabollsm

Cellular community — eukaryotes
Cell motiity

Cell growth and death

Percent of Genes(%)

T—
— 535
——— 2045
— 34

— 1021

E— 1191 o
— 1103

— o3

— .50

-

119

Cettuar Processes
[ Environmentl inormation Processing
I Genetic nformation Processing

I Human Diseases

I Organismai systems

20 30

Percent of Genes(%)

Environmental sdaplation
Endocrine systom

Digestive systom

Development

Girculatory system.

‘Aging

Xenobiotics biodegradtion and metabollsm:
Nucisotide metabaliem:

Metabolism of terpenolds and polyketides.
“Metabollam of ther amino acids.
Metabalism of cofactors and vitamins.

Lipid metabolism

Giycan biosynthesis and metabolism:
Energy metabolism

Carbohydrate metabolism

Biosynthesis of other secondary metabolies:
“Amino acid metabolism.

Substance dependence

Neurodegenerative diseases:

Transiation | s
Transcription.
Replication and repair{ w0
Folding, sorting and degradation:
Signaling molecules and interaction
Signal transduction
Membrane transport{ B+

I cotutr processes
1 Snvironmental nformation procsssin)
1 enetc itormation rocassing

1 Human Dissases

15 wetabotsm

I orgarismai systems

Tansport and catabolismy  F——
Celluar community - eukaryotes  F———7
Coll motiity {  F—1
Cell growth and death__ e
S © 2 £y
Percent of Genes(%)

KEGG Enrichment top 20 (Total)

[IOCT S,
hs204910: Insulin signating pacrway | @

heso813: Anigan processing and prsaniion
[ES—

[P —
ha204141:Prsainprcessing nandoplsmie s
S ———

nesooss

sianaiing patnuay °
2303460: Fancen! anemis pathiay

he203060: Protein export {

h=303040; Spliceosome

1£300310: Nirogen metsbolism

h2300640: Propanoste metabolism

"h=200630; Giyoxylate and dicarbaxyiats mtabollsm:
hs300620: Pyruvate metsbolism |

hs300600; Sphingalipid metabtismy

h2300310: Lysine degradstion

1£300260: Giycine, serine and threonine metsbolisms
h2300100: Stroid biosyriesia

1£300010: Giycolysia | Gluconeoganesis

I3
Enrichment Score

Number
s
®n
o

o

@

p value
o010

0008

he105202 Transcriptonsi misreguistion n cancer

5305200: Pathways in cancer { &

15308170: Human immnodafiiency virus 1 infection

h£305166: Human T—cel leukemia virus 4 infection

nsa05164: Influenza A

he305142: Chagas disaase (American trypanosomissie)

he504926: Retaxin signaing pathwsy

ha20439: Hippe signaiing pathway

hsa0atas: Endocytosis

hea04110: Call yele

hsa04014: Ras signaiing pathway

hes01622: Endocrine resistance.

Number

3
Enrichment Score

15305225: Heptocelluiar carcinoma
n£305223: Non-small calllung cancar.
hs305218: Malanoms

hea04974: Protein digestion and sbsorption

hs304810: Reguiation of ctin eytoskelston

asosso:

ignaling pathways regulating puripotency of stem calla]
hs304514: Coll adhesion molecules (CAM)

2304512 ECM-receptor interscton

n£304510: Focal adhesion

he304360: Axon guidance

h5304211: Longeviy regulating pathay

h4a04151: PI3K-AKt signating pathway

nsa04184: Endocytos

2304072 Phospholipase D signaiing pathway
he504070: Phasphatiaylinosito signsing system
1£304020: Calium signaiing pathway

18304018: Rapt signaiing pathway

hs304010: MAPK signaiing pathway

hss01521: EGFR tyrosine kinase inhiitor resistance

hs300472: O-Arginine and O~
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15305340: Primary Immuncdeficiency

hsa05226: Gastric cancer Y

ha05224: Breast ancer °

1220218: Blacder cancer
hs205205: Protwogiycans in cancer § @)
12305202: Transeriptonsi misreguition n cancer{ (1)

h3a05134: Laglonelosis

hsa04525: Aldostarone synthesis and secretion 3
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hs304870: Leukocyte ransendothelil migration

2s04808; THE signsin paisy o

13304657: 1L-17 signaling pathway

hsa04115: 583 signaling patiwey.

hs304064: NF-kappa 8 signaling pathway. e

hsa04015: Rap1 signaling pathway.

1£304010: MAPK signsting pathway.
1£300810: Nirogen metabolism

1h2300100: Starid ioaynihesia

h2300072: Syrhesic and degradation of ketone bodies
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Gene Name

UsP3
Bcl2

Bax
Caspase 8
Cyclin E1
CDK6
MMP9

IFNAR1

DEGSs, denote differentially expressed genes.

Direction

USP3-F
USP3-R
Bel2-F
Bcl2-R

BaxF

Bax-R
Caspase 8-F
Caspase 8-R
Cyclin E1-F
Cyclin E1-R
CDK6-F
CDK6-R
MMP9-F
MMP9-R
IFNAR1-F
IFNAR1-R

Sequence (5’-3))

5'-TAGCCCAGAGTCCTTATTTTATGTT-3'
5'-CGTTGAAACCGCCCTGAA-3'
5'-TTTGAGTTCGGTGGGGTCAT-3’
5"-GAGACAGCCAGGAGAAATCAAAC-3'
5’- TTCTGACGGCAACTTCAACTG-3

5'- AGGGACATCAGTCGCTTCAGT-3’
5'-GGGGTAATGACAATCTCGGACT-3'
5'-TCAAAGGTCGTGGTCAAAGC-3’
5'-AGCGGTAAGAAGCAGAGCAG-3'
5'-CGCTGCAACAGACAGAAGAG-3
5'-GCCCACTGAAACCATAAAGGA-3'
5'-AGGTTAGAGCCATCTGGAAACTAT-3'
5'-TCGTGGTTCCAACTCGGTTT-3'
5'-GCGGCCCTCGAAGATGA-3'
5'-GCAAAGCTCAGATTGGTCCTC-3
5'-AAACCATCCAAAGCCCACA-3’
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