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Abstract: Hepatocellular carcinoma (HCC) is a worldwide malignant tumor that caused irreversible consequences. Tanshinone IIA has been shown to play a notable role in HCC treatment. However, the potential targets and associating mechanism of Tanshinone IIA against HCC remain unknown. We first screened out 105 overlapping genes by integrating the predicted targets of Tanshinone IIA from multiple databases and the differentially expressed genes of HCC from the Cancer Genome Atlas (TCGA) database. Then, we performed weighted gene co-expression network analysis (WGCNA) using the RNA-seq profiles of overlapping genes and HCC-related clinical information. 23 genes related to clinical tumor grade in the important module were imported for Gene Ontology (GO) enrichment, Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis and protein-protein interaction (PPI) analysis. Comparing the key genes in the important module from WGCNA with the high connectivity nodes from the PPI network, we identified three hub genes, AURKB, KIF11, and PLK1. For further verification, we tested the binding of Tanshinone IIA to three hub genes. The survival curve, receiver operating characteristic (ROC) curve, mRNA expression, and protein expression were also used to validate the hub genes. In the study, WGCNA revealed grade-specific gene modules, and the following KEGG pathway analysis indicated that Tanshinone IIA probably plays therapeutical effect in the development of HCC, especially in the cell cycle. Our result partially explained the pharmacological mechanism of Tanshinone IIA against HCC.
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Introduction

Hepatocellular carcinoma (HCC), the leading kind of liver cancer, is a heterogeneously distributed malignant tumor (Longerich, 2020). Risk factors, such as chronic hepatitis B/C virus, genetic and epigenetic factors, have been identified as the causes of HCC (Forner et al., 2018; Llovet et al., 2016). Despite the development of surgical treatment and immunotherapy (Khemlina et al., 2017), the survival rates remain low (Torre et al., 2015). The prognosis of HCC is very poor because of the recurrence rate and metastasis rate. Liver transplantation is the most effective treatment in early-stage liver cancer therapy (Forner et al., 2018; Grandhi et al., 2016). However, the donor resources are quite scarce and limited. The persistently high recurrence rate and metastasis rate and inadequate liver function after surgery also challenged the effect of liver transplantation. This makes the treatment less curable although the surgery seems to be considerably successful in a sense. Sorafenib is the only effective drug that was approved by the Food and Drug Administration (FDA) for advanced stage HCC (Knudsen et al., 2014). However, it causes many side effects (Deng et al., 2015; Llovet et al., 2008). In addition, the patient’s prognosis remains dismal (Llovet et al., 2008), because of the low response rate of sorafenib and the low median overall survival. Therefore, the development of innovative treatments for HCC is of paramount clinical importance. We must consider many aspects to find a more effective and safer treatment for HCC.

Tanshinone IIA is extracted from Chinese medicine Salvia miltiorrhiza Bunge (Gao et al., 2012). It has been reported that Tanshinone IIA participates in numerous biological functions, containing widely accepted antiangiogenic function (Lee et al., 2017), antioxidant (Gao et al., 2008) and anti-inflammatory effect (Yin et al., 2012). From clinical cases, Tanshinone IIA has been used for the treatment of cancer. The studies reported that the patient with acute promyelocytic leukemia achieved complete remission after nearly 8 weeks or 8–12 weeks of Tanshinone IIA treatment by different administration methods and doses (80 mg, i.v. once per day, or 30 mg, oral, twice per day) (Yang et al., 2010; Yang and Liu, 2006). The above case reports suggest that Tanshinone IIA is a promising clinical anticancer drug candidate. Meanwhile, more and more experimental studies have also indicated that Tanshinone IIA has a new use in anticancer (Lu et al., 2009; Shi et al., 2019; Wang et al., 2005). In recent years, its positive effects in anti-HCC have been studied in clinical (Ting et al., 2017) and more in experiments (Dai et al., 2012; Hu et al., 2016; Liu et al., 2020; Long et al., 2011; Ma et al., 2013). The experimental studies found that Tanshinone IIA inhibits HCC by inhibiting proliferation, and inducing apoptosis of cancer cells (Lin et al., 2016; Ren et al., 2017), through arresting the cell cycle in the G0/G1 phase (Dai et al., 2012; Tang et al., 2003), G1 phase (Ren et al., 2017), and G2/M phase (Cheng and Su, 2010). Additionally, Tanshinone IIA inhibits HCC cell migration, invasion and metastasis, which may be related to targeting of the TGF-β1/Smad pathway (Zhong et al., 2017), inhibition of the NF-κB pathway, decreased expression of matrix metalloproteinase (MMP)-2 and MMP-9 (Xu et al., 2009) and promoting VEGFR1/PDGFR-related vascular normalization (Wang et al., 2012). Previous studies indicated that Tanshinone IIA can exert anticancer activity probably through a multi-target and multi-pathway pattern. However, the exact targets of Tanshinone IIA against HCC are unclear, and so is its anti-HCC mechanism. Thus, it is necessary to reveal and discover the therapeutic target and mechanism of Tanshinone IIA in HCC therapy.

Network pharmacology is becoming a popular approach for drug target prediction against disease (Boezio et al., 2017; Chen and Cui, 2017; Huo et al., 2017). It offers a comprehensive understanding of the new drug or complex mechanisms of an existing drug against a new disease. Moreover, network pharmacology provides a systematic method to promulgate the interaction between a drug and a disease via the overlapping genes. Weighted gene co-expression network analysis (WGCNA), which was an analysis method to set up a gene co-expression network among the interested genes to extract the associations between gene modules and specific clinical properties (Chi et al., 2020).

In our work, we obtained the overlapping target genes of Tanshinone IIA against HCC by integrating data from databases containing TCMSP, BATMAN-TCM, SymMap, STITCH, SEA, Swiss, and PharmMapper, the Cancer Genome Atlas (TCGA). RNA-seq data of the overlapping genes and the related clinical information of HCC from TCGA were used for WGCNA. To further estimate the genes connections, the genes of the important module were analyzed for the PPI network using Cytoscape. Compared with the key genes from WGCNA and the high connectivity nodes from the PPI network, we screened out the hub genes. Then, we further verified the potential hub targets, which may explain the mechanism of Tanshinone IIA against HCC to some extent.

Materials and Methods

Our workflow chart is shown in Fig. 1.
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Figure 1: The whole framework of targets prediction and verification.

The ADME-related characters assessment of Tanshinone IIA

As Tanshinone IIA will be used as a drug in HCC treatment, we need to evaluate whether Tanshinone IIA has a druggable property at first. From the TCMSP database (https://tcmspw.com/tcmsp.php), we obtained the absorption, distribution, metabolism, and excretion (ADME) related properties. The specific parameters we used include molecular weight (MW), oral bioavailability (OB), intestinal epithelial permeability (Caco-2), blood brain barrier (BBB), drug-likeness (DL), fractional negative surface area (FASA−), the polar surface area (TPSA), and RBN (Ru et al., 2014). From which, OB ≥ 30% and DL ≥ 0.18 were common used as the criteria to screen out the druggable compounds (Tao et al., 2013).

Overlapping target genes of Tanshinone IIA against HCC

First, we identified the targets related to Tanshinone IIA from database. TCMSP (https://tcmspw.com/tcmsp.php), SymMap (https://www.symmap.org/), BATMAN-TCM (http://bionet.ncpsb.org/batman-tcm/) database were searched using the name “Tanshinone IIA”. Then we obtained the corresponding “smiles” or 2D/3D structure of Tanshinone IIA from PubChem (https://pubchem.ncbi.nlm.nih.gov/). Then, the targets of Tanshinone IIA were also screened by uploading the required structure to STITCH (http://stitch.embl.de/), SWISS(http://swisstargetprediction.ch/), SEA(http://sea.bkslab.org/) and Pharmmapper (http://www.lilab-ecust.cn/pharmmapper/) database according to the chemical similarity (Daina et al., 2019; Keiser et al., 2007; Kuhn et al., 2014; Liu et al., 2010). The small molecule of the drug can target specific proteins and predicted interaction genes were obtained. By removing the duplicated targets, we acquired the predicted targets. Second, we got the different expression genes (DEGs) of HCC through downloading the whole mRNA expression profile data (372 HCC vs. 50 paracancerous) using SangerBox software (http://sangerbox.com/). Further, we obtained the DEGs between the HCC tissue and paracancerous tissue by edgR analysis. Tanshinone IIA targets and HCC related DEGs were imported to the Venn diagram (https://bioinfogp.cnb.csic.es/tools/venny/) to obtain the overlapping targets. Finally, these overlapping genes were the targets of Tanshinone IIA against HCC used in the subsequent analysis.

Important module and key genes sorted by WGCNA

WGCNA is a specific technique to analyze the genes correlation with the clinical phenotypes. Here, we used WGCNA to seek for the genes related with tumor stage or grade. We prepared the matrix of the RNA-seq of the above 105 overlapping genes at first, the corresponding clinical data were screened according to the expression matrix. The analysis procedure was performed, as described previously (Chi et al., 2020). First, there was constructed the co-expression network of overlapping genes; then, the the screening of gene modules. Last, there were identified the key genes. Module membership (MM) and gene significance (GS) represent the importance of genes included in modules and the degree of association between genes and traits, respectively. The gene with a higher MM plays a more important role in the corresponding module (Bao et al., 2020; Tang et al., 2018), thus, we set MM > 0.9 and GS > 0.3 for the screening criteria.

Functional enrichment analysis of genes in the important module

From the WGCNA results, we obtained the genes in the important module. Furthermore, we performed functional annotation analysis on genes of important module using DAVID v6.8 (https://david.ncifcrf.gov/). Three terms of GO enrichment were classified into biological process (BP), cell component (CC), and molecular function (MF) to reflect the functional annotation. To understand the high-level functions of the sorted genes, we also analyzed KEGG pathways. GO terms and KEGG analysis with P-values < 0.05 is regarded as significant. Further, we constructed a drug-target-pathway network to reveal the interaction of Tanshinone IIA, target genes, and involved pathway intuitively in Cytoscape3.6.1.

Protein-protein interaction (PPI) analysis of genes in the important module

To explore the gene interactions, we input the genes of the important module into the STRING (https://string-db.org/). Although the proteins network with nodes and edges was shown in STRING, we still needed the visualization and operability of the network. The medium interactions with score >0.4 were selected for the next analysis in Cytoscape3.6.1. We analyzed the network after importing the nodes and the interaction information in Cytoscape3.6.1. The degree information of genes represents the genes’ connectivity, which reflects the importance of the genes. Genes with a degree above 10 were chosen as highly connected genes. The plug-in CytoHubba was used to predict and explore important nodes and subnetworks in a given network by topological algorithm (MCC).

Identifying hub genes

By intersecting the key genes in the important module from WGCNA, and genes with the degree >10 from PPI network analysis, we obtained the hub genes. The hub genes coming from Tanshinone IIA, meanwhile with the highest correlation with HCC were obtained.

Molecular docking

Molecular docking was conducted using AutoDock Vina (version: 1.1.2) to verify the binding affinity of hub genes to Tanshinone IIA. Molecular docking can help us predict the interaction of the ligand and macromolecules, providing the possibility that the ligand might be effective for the macromolecular proteins (Nguyen et al., 2020; Seeliger and de Groot, 2010; Trott and Olson, 2010). In our work, we predicted that the protein molecular (AURKB, KIF11, PLK1) interacted with Tanshinone IIA in the bound state. Firstly, the required files lig.mol2 and rep.pdb were obtained. We downloaded the 3D structure of Tanshinone IIA from PubChem, saving as lig.mol2. Then, the structure of protein molecular was downloaded from RCSB PDB (https://www.rcsb.org/). PyMOL portable edition (version: 2.4.0) was used to remove solvent and organic of the protein molecular, saving as rep.pdb for the second step. Then, the files of rep.pdb and lig.mol2 were converted to rep.pdbqt and lig.pdbqt, respectively. Meanwhile, the grid.gpf was obtained in AutoDock. At last, we used the three files that were obtained in step two in Vina docking process, and the results were visualized in PyMOL soon afterwards. For AURKB, the space coordinate of the molecular docking is as follow: center_x = 15.553, center_y = −16.602, center_z = −3.528. For KIF11, the space coordinate of the molecular docking is as follow: center_x = 41.755, center_y = 49.181, center_z = −23.861; For PLK1, the space coordinate of the molecular docking is as follow: center_x = −6.357, center_y = 35.159, center_z = 67.051. The size of the docking box is size_x = 40, size_y = 40, size_z = 40 for all the three docking boxes.

Validation of the hub genes

To further validate the probability, we then collected related information from several databases. UALCAN (http://ualcan.path.uab.edu) is a powerful and comprehensive resource providing the expression of genes, methylation level, and its survival analyses in cancer (Chandrashekar et al., 2017). ROC curves were plotted with R package to test the diagnostic significance of the hub genes according to the area under curve (AUC) value. Oncomine (www.oncomine.org) is an enormous platform that can analyze gene expression profiles of a specific tumor (Rhodes et al., 2004). Here, we validated the expression of hub genes in different livers using Oncomine resource. To further verify protein expression of the three hub genes, we used the Human Protein Atlas (http://www.proteinatlas.org) to compare the immunohistochemistry slices (Uhlen et al., 2015).

Results

ADME-related characteristic of Tanshinone IIA

From the TCMSP results, the OB value of Tanshinone IIA is 49.89% and Tanshinone IIA showed a superior DL value 0.40, indicating that Tanshinone IIA can be absorbed effectively and has good druggability. The other properties of Tanshinone IIA, such as MW, AlogP, FASA, TPSA, and RBN were shown (Table 1). Therefore, it is reasonable to use Tanshinone IIA as a drug in HCC treatment.
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Overlapping genes of Tanshinone IIA against HCC

We predicted the targets of Tanshinone IIA by TCMSP, SymMap, BATMAN-TCM, STITCH, SWISS, SEA, Pharmmapper servers. The first three databases were searched using the name “Tanshinone IIA”, while the last four databases were obtained according to the structure of Tanshinone IIA. The numbers were 38, 25, 7, 9, 100, 20, and 256, respectively. Furthermore, set union and removed the duplicated genes of all the predicted targets, of which we obtained 384 targets for the next analysis. The mRNA related genes were screened out from the downloaded HCC expressed profile. Further, we obtained a total number of 3391 DEGs between the HCC tissue samples and paracancerous tissue using the edgR method. In other words, the predicted targets of Tanshinone IIA were 384, and there are 3391 DEGs. Then, Venn diagram showed the intersection genes. Finally, 105 overlapping genes were predicted (Fig. 2).
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Figure 2: Venn diagram of overlapping genes of Tanshinone IIA and HCC-related DEGs from TCGA. Blue: Tanshinone IIA predicted genes. Yellow: HCC-related DEGs in TCGA.

Important module and key genes screened by WGCNA

The expression matrix of 105 DEGs overlapping genes and the related clinical data were prepared for WGCNA analysis. With the module selection criteria (cut height: 0.1, minimum module size: 5), we obtained four modules. The correlation between the blue module and tumor grade was the most important (correlation coefficient = 0.37, P = 2e−13) (Fig. 3). There are 23 genes in the blue module, in which four key genes (PLK1, KIF11, AURKB, EZH2) were contained in the blue module with a strict criterion of MM > 0.9 and GS > 0.3.
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Figure 3: Exploring important modules related to target genes and clinical features through WGCNA. (A) Analysis of the scale-free fitting index (left) and average connectivity (right) of various soft threshold weights. (B) Tree map of all DEGs clustered based on dissimilarity measures. (C) Heatmap of the correlation between modular feature genes and clinical features. Each unit corresponds to a correlation coefficient and a P-value. (D) Scatter plot of module eigen genes in blue module and box plot in other modules.

Functional enrichment analysis of genes in the important module

There are 46 terms involved in BPs, 15 terms in CCs and 10 terms in MFs. In details, the BPs were enriched in mitotic nuclear division, G2/M transition of mitotic cell cycle, cell division, cell proliferation, regulation of cell cycle, spindle organization, response to drug, etc. The CCs were enriched in cytosol, spindle microtubule, nucleoplasm, spindle midzone, nucleus, and chromosome passenger complex, etc. The MFs were enriched in protein kinase binding, protein kinase activity, kinase activity, ATP binding, phosphoprotein phosphatase activity, drug binding, protein serine/threonine kinase activity, etc. We showed the top 10 of BPs, CCs and MFs (Fig. 4), and all the BPs, CCs and MFs with P < 0.05 (Table 2). KEGG pathway analysis showed seven enriched pathways (Fig. 5, Table 3), involving in the cell cycle, progesterone-mediated oocyte maturation, MicroRNAs in cancer, pyrimidine metabolism, viral carcinogenesis, etc. (Table 3). Then, we analyzed the drug-target-pathway interactions in Cytoscape (Fig. 6). The relations of Tanshinone IIA, the genes in blue module, and involved pathway analyzed in KEGG analysis were directly perceived through the senses. We suggested that Tanshinone IIA exerted a protective role in the HCC therapy by multi-target and multi-pathway.
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Figure 4: GO enrichment analysis of 23 genes in important module. Different categories of biological process, cellular component, and molecular function were represented by a green, orange, and blue bar, respectively. The length of the bar represented the number of genes observed in the category.
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Figure 5: KEGG enrichment analysis of 23 genes in the important module. The larger the bubble, the more enriched genes contained in the pathway.
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Figure 6: The drug-target-pathway interactions.

PPI network of genes in the important module and identification of hub genes

The network of 23 genes with the medium interactions score >0.4 from STRING were screened for the next visualized analysis in Cytoscape3.6.1 (Fig. 7A). From the network analysis, we chose the parameter of the degree as a screening criterion. Firstly, genes with a degree above 10 were regarded as high connectivity genes in the network. As a result, only 10 genes met the requirement (Fig. 7B). Then, the important nodes and the relative subnetworks were analyzed in the network by the plug-in CytoHubba. We obtained top 10 important nodes (Fig. 7C).

The final hub genes were obtained from the intersection between the four key genes from the blue module and the ten genes with a degree above 10 from PPI network analysis, namely PLK1, KIF11, and AURKB.
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Figure 7: PPI network visualized by Cytoscape. (A) The PPI network of 23 genes in the important module. (B) The PPI network of top 10 nodes with degree ≥10. The bigger the node size, the larger the degree value. The darker color of the node (orange), the larger the degree value. (C) The construction of submodule by the plug-in of CytoHubba in Cytoscape. The left panel represents the whole network. The right panel represents the top 10 most important nodes. The red color represents the more important of the gene, while orange color represents less important in the right panel.

Molecular docking

The computational docking simulation is based on the structure to explore the interaction between ligand and proteins (Geppert et al., 2010). In this study, the number of docking modes was set as 20, so there were 20 docking modes for the interactions between Tanshinone IIA and a target (AURKB, KIF11 or PLK1) using AutoDock Vina. The first mode, with the highest affinity, indicated a strong binding capacity between Tanshinone IIA and relative protein. We selected the candidate mode for further visualization. The affinity is −10.3 kcal/mol between Tanshinone IIA and AURKB. The affinity is −8.8 kcal/mol between Tanshinone IIA and KIF11. The affinity is −10.9 kcal/mol between Tanshinone IIA and PLK1. Then we obtain the visual results of the docking pictures in PyMOL (Fig. 8).
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Figure 8: Molecular docking validation by AutoDock Vina. (A) AURKB. (B) KIF11. (C) PLK1. (D), (E) and (F) is the enlarge pictures, respectively. Green represents the structure of Tanshinone IIA, cyan represents the target molecular.

Validation of hub genes

To further validate the importance of AURKB, KIF11, and PLK1, we explored the mRNA expression, protein levels, survival curve, and ROC curve. Comparing with the normal tissues, the mRNA expression of AURKB, KIF11 and PLK1 was increased in the HCC as shown by UALCAN (Fig. 9A). The DNA methylation levels of AURKB, KIF11, and PLK1 were decreased in cancer (Fig. 9B). By comparing the survival curves, the three hub genes showed significant prognostic effects for HCC (Fig. 9C). The expression levels increased in the advanced tumor stages and pathological grades (Fig. 10). Time-dependent ROC curves of AURKB (1 year AUC = 0.674, 3 years AUC = 0.616, 5 years AUC = 0.579) KIF11 (1 year AUC = 0.711, 3 years AUC = 0.645, 5 years AUC = 0.586) and PLK1 (1 year AUC = 0.735, 3 years AUC = 0.667, 5 years AUC = 0.611) were drawn from the TCGA database (Fig. 11). ROC curve indicated that AURKB, KIF11, and PLK1 demonstrated good diagnostic biomarkers. The gene expression levels were also validated using Oncomine4.5 platform. As a result, the expression was increased significantly in the two cancer livers than that in the normal (Fig. 12). Besides, we validated the protein levels using the HPA database, and the cancer tissues showed stronger immunohistochemical staining (Fig. 13).
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Figure 9: Box plot and survival curve of gene expression in HCC obtained by UALCAN. (A) Differential expression of AURKB, KIF11, PLK1 in normal tissues and liver cancer tissues. (B) Methylation analysis of AURKB, KIF11, PLK1 in normal tissues and liver cancer. (C) The effect of differential expression of AURKB, KIF11, PLK1 on survival rate of patients with liver cancer.

[image: images]

Figure 10: The expression of genes based on individual cancer stage and tumor grade obtained by UALCAN. (A) Differential expression of AURKB, KIF11, PLK1 based on individual cancer stage. (B) Differential expression of AURKB, KIF11, PLK1 based on tumor grade.
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Figure 11: Time dependent ROC curve of hub genes. (A) AURKB (1 year, AUC = 0.674, 3 years, AUC = 0.616, 5 years, AUC = 0.579), (B) KIF11 (1 year, AUC = 0.711, 3 years, AUC = 0.645, 5 years, AUC = 0.586), (C) PLK1 (1 year, AUC = 0.735, 3 years, AUC = 0.667, 5 years, AUC = 0.611).
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Figure 12: Gene expression in HCC and normal tissues from the Oncomine 4.5 database. (A) Expression of AURKB, KIF11 and PLK1 in Wurmbach Liver. (B) Expression of AURKB, KIF11 and PLK1 in Chen Liver (P < 0.05).
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Figure 13: Immunohistochemistry of the three hub genes based on the Human Protein Atlas. (A) Protein levels of AURKB in normal tissue (upper panel) and in tumor tissue (down panel). (B) Protein levels of KIF11 in normal tissue (upper panel) and in tumor tissue (down panel). (C) Protein levels of PLK1 in normal tissue (upper panel) and in tumor tissue (down panel). The arrows represent the stronger staining protein in tumor tissue.

Discussion

In our work, we predicted the targets of Tanshinone IIA, and then analyzed HCC-related DEGs. Further, we imported the 105 overlapping genes between Tanshinone IIA and HCC-related DEGs to construct a co-expression network for sorting important modules and key genes. AURKB, KIF11, and PLK1 were identified based on WGCNA results and PPI network analysis. Then, the validation of the hub genes was conducted by molecular docking, the expression level, the prognostic significance, diagnostic value, and the protein level. In total, we revealed that Tanshinone IIA had a protective role in the HCC therapy.

Studies have reported that Tanshinone IIA played a protection role in HCC. For instance, the usage of Tanshinone IIA inhibited the cell migration and invasion (Chiu et al., 2018). Tanshinone IIA treatment promoted cell death through the p53 pathway (Ren et al., 2017), calcium-dependent apoptosis (Dai et al., 2012), by inhibiting CYP2J2 activity (Jeon et al., 2015), by inhibiting the specific protein activities (Lin et al., 2016), in caspase-3 dependent apoptosis and CD31 related immune reaction (Chien et al., 2012). These studies of Tanshinone IIA and HCC are focused on cell death and apoptosis. However, does Tanshinone IIA exert its protective role in the opposite way, such as inhibiting cell proliferation? It provided us an opposite thought about Tanshinone IIA against HCC, though the direct evidence is insufficient. Our results of GO and KEGG pathway analysis demonstrated that most genes in the important module identified by WGCNA were involved in the cell cycle, suggesting that the Tanshinone IIA probably acted its protection role through inhibiting cell proliferation.

The analysis results suggested that AURKB, KIF11, and PLK1 are hub targets that Tanshinone IIA binding. AURKB (Aurora kinase B) is a mitotic kinase involved in the mitotic process, especially in various cancers, such as clear cell renal cell carcinoma (Wan et al., 2019), chronic myeloid leukemia (Zhou et al., 2020), acute lymphoblastic leukemia (Moreira-Nunes et al., 2020), and HCC (Sistayanarain et al., 2006). The selective AURKB inhibitor was evaluated as a treatment in human HCC cell lines (Aihara et al., 2010). KIF11 (kinesin family member 11), a member of the kinesin family, participates in chromosome navigation in the cell cycle (Muretta et al., 2018; Rath and Kozielski, 2012). Previous studies have demonstrated that kinesins might act as oncogenes in several cancer types (de et al., 2009; Lucanus and Yip, 2018; Rath and Kozielski, 2012). Silencing KIF11 with a specific small-molecule inhibitor would block the glioblastoma cells’ proliferation and reduced invasion in glioblastoma (Venere et al., 2015). Even targeting kinesin therapy for tumor have conducted (Liu et al., 2013). PLK1 (Polo like kinase 1), a Ser/Thr kinase, plays a pivotal role in cell division (Sun et al., 2014a). PLK1 played a role in cancer development and progression, such as breast cancer, ovarian cancer, lung cancer (Ahr et al., 2002; Lee et al., 2014; Takai et al., 2005). PLK1 presented abnormal increase in HCC (He et al., 2009; Takai et al., 2005). Moreover, PLK1 is involved in regulating the cell cycle and apoptosis (Sun et al., 2014b). Our results indicate that AURKB, KIF11, and PLK1 were abnormally increased in HCC samples. The hub genes were largely associated with the cell cycle, indicating that Tanshinone IIA might exert a protective effect in HCC therapy by regulating the cell cycle. The three hub genes were identified as treatment targets of Tanshinone IIA against HCC by WGCNA prediction and further verification.

Though the three hub genes screened out are AURKB, KIF11, and PLK1, some genes in the other modules analyzed by WGCNA may also be effective in HCC therapy. We may get different hub genes when using different screening criteria.

In our work, we chose seven databases to predict the targets of Tanshinone IIA, so the predicted targets were very comprehensive. However, the HCC-related DEGs used above were only downloaded from the TCGA database, so the gene expression data from Gene Expression Omnibus (GEO) were also downloaded (GSE101685, GSE117361, GSE101728) for supplementary notes. In the three GEO data, we obtained 1958 DEGs genes. The 77 overlapping genes (Suppl. Fig. S1) between Tanshinone IIA and HCC-related DEGs from GEO were imported into Cytoscape for the following PPI analysis. By analyzing the network, we calculated the degree of each node. Results showed that overlapping genes involving ALB, ESR1, AR, IGF1, CCNA2, CYP3A4, PLK1, CCNE1, FOS, EZH2, CYP1A1, AURKA, TYMS, REN, CDC25A, CHEK1, CYP1A2, JAK2, CCNE2, AURKB, KIF11 have a degree above 10 (Suppl. Fig. S2A). Topology analysis was carried out to identify functional clusters of the overlapping genes in the co-expression network by the plug-in MCODE. According to previous research, we chose the parameter k-core = 2 to extract subnetwork in the co-expression network (Zhang et al., 2013). Furthermore, we obtained four subnetworks (Suppl. Fig. S2B). Interestingly, the score of cluster 1 was 11.636, containing the main 12 genes, CCNA2, PLK1, AURKA, CCNE1, CDC25A, EZH2, CHEK1, CDC25C, TYMS, CCNE2, AURKB, KIF11, in which KIF11 was the seed, suggesting that KIF11 may be a hub node in the cluster 1. From the results, we concluded that HCC-related DEGs from GEO might have similar common essential genes compared with TCGA, though with a different method.

Our current research still has some shortages. Although we had completed the verification of the hub genes from the online database, follow-up experiments should be implemented to validate our findings with/without Tanshinone IIA. Furthermore, we did not explore upstream or downstream of AURKB, KIF11, and PLK1 in HCC. Future studies should investigate the mechanisms of AURKB, KIF11, and PLK1 in HCC cell lines.

Conclusion

Our study shows that Tanshinone IIA may inhibit mRNA expression of AURKB, KIF11, and PLK1 to arrest cell cycle for exerting its protective role in HCC, which partly explains the pharmacological mechanism of Tanshinone IIA in HCC.
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SUPPLEMENTARY FIGURES
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FIGURE S1: Venn diagram of overlapping genes of Tanshinone IIA and HCC-related DEGs from GEO database. Blue: Tanshinone IIA predicted genes; yellow: HCC-related DEGs in GEO database (GSE101685, GSE117361, GSE101728). Finally, 77 overlapping genes were obtained.
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Figure S2: Topology analysis of the coexpression network. (A) The PPI of the 77 overlapping genes. Green was the analysis of degree cemtrality >10. (B) Different four subnetworks extracted from (A) using MCODE plug-in. Green rectangles were common genes which meant query terms. Orange rectangles were seed genes in each cluster. The gray edges stand for the interactions among different genes.
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TABLE 1

ADME-related properties of Tanshinone IIA

MW AlogP OB (%) Caco-2 BBB DL FASA TPSA HL
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TABLE 3

KEGG pathway analysis of 23 genes in important module (P < 0.05)

Category Term Count P-value

KEGG_PATHWAY Cell cycle 7 4.73E-07
KEGG_PATHWAY Progesterone-mediated oocyte maturation 5 6.38E-05
KEGG_PATHWAY MicroRNAs in cancer 6 6.57E-04
KEGG_PATHWAY Pyrimidine metabolism 4 0.002136
KEGG_PATHWAY QOocyte meiosis 4 0.002797
KEGG_PATHWAY Hepatitis B 4 0.005934
KEGG_PATHWAY Viral carcinogenesis 4 0.015293
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TABLE 2

GO enrichment analysis of 23 genes in important module (P < 0.05)

Category Term Count  P-value
GOTERM_BP_DIRECT mitotic nuclear division 8 1.99E-08
GOTERM_BP_DIRECT G2/M transition of mitotic cell cycle 6 7.91E-07
GOTERM_BP_DIRECT cell division 7 4.42E-06
GOTERM_BP_DIRECT cell proliferation 7 5.71E-06
GOTERM_BP_DIRECT regulation of cell cycle 5 1.87E-05
GOTERM_BP_DIRECT spindle organization 3 1.94E-04
GOTERM_BP_DIRECT  response to drug 5 5.95E-04
GOTERM_BP_DIRECT liver regeneration 3 6.51E—04
GOTERM_BP_DIRECT  regulation of cyclin-dependent protein serine/threonine kinase activity 3 0.001179039
GOTERM_BP_DIRECT  protein autophosphorylation 4 0.001409272
GOTERM_BP_DIRECT  negative regulation of apoptotic process 5 0.002640736
GOTERM_BP_DIRECT  protein phosphorylation 5 0.002661809
GOTERM_BP_DIRECT cell cycle 4 0.002734091
GOTERM_BP_DIRECT  anaphase-promoting complex-dependent catabolic process 3 0.004749459
GOTERM_BP_DIRECT dTTP biosynthetic process 2 0.005230767
GOTERM_BP_DIRECT regulation of mitotic centrosome separation 2 0.005230767
GOTERM_BP_DIRECT  positive regulation of protein kinase B signaling 3 0.00535257
GOTERM_BP_DIRECT  mitotic centrosome separation 2 0.006534372
GOTERM_BP_DIRECT  peptidyl-tyrosine dephosphorylation 3 0.007360661
GOTERM_BP_DIRECT G1/S transition of mitotic cell cycle 3 0.007797363
GOTERM_BP_DIRECT protein localization to chromatin 2 0.007836347
GOTERM_BP_DIRECT  pyrimidine nucleoside biosynthetic process 2 0.007836347
GOTERM_BP_DIRECT  leukocyte migration 3 0.010998
GOTERM_BP_DIRECT  regulation of signal transduction by p53 class mediator 3 0.011345143
GOTERM_BP_DIRECT  positive regulation of protein phosphorylation 3 0.01187489
GOTERM_BP_DIRECT  regulation of vascular permeability 2 0.013027975
GOTERM_BP_DIRECT  protein ubiquitination involved in ubiquitin-dependent protein catabolic process 3 0.016907917
GOTERM_BP_DIRECT DNA replication 3 0.017327002
GOTERM_BP_DIRECT  cellular response to platelet-derived growth factor stimulus 2 0.023333544
GOTERM_BP_DIRECT regulation of cell proliferation 3 0.024132904
GOTERM_BP_DIRECT  regulation of protein binding 2 0.024614495
GOTERM_BP_DIRECT G2 DNA damage checkpoint 2 0.025893841
GOTERM_BP_DIRECT  cellular response to reactive oxygen species 2 0.025893841
GOTERM_BP_DIRECT  negative regulation of transcription, DNA-templated 4 0.026401266
GOTERM_BP_DIRECT  positive regulation of protein localization to nucleus 2 0.027171586
GOTERM_BP_DIRECT  positive regulation of protein autophosphorylation 2 0.027171586
GOTERM_BP_DIRECT  negative regulation of intrinsic apoptotic signaling pathway 2 0.028447731
GOTERM_BP_DIRECT  positive regulation of transcription, DNA-templated 4 0.028639666
GOTERM_BP_DIRECT  regulation of transcription involved in G1/S transition of mitotic cell cycle 2 0.029722278
GOTERM_BP_DIRECT  positive regulation of DNA binding 2 0.036071108
GOTERM_BP_DIRECT  mitotic spindle organization 2 0.03859952
GOTERM_BP_DIRECT  positive regulation of phosphatidylinositol 3-kinase activity 2 0.039861351
GOTERM_BP_DIRECT  positive regulation of protein serine/threonine kinase activity 2 0.044892884
GOTERM_BP_DIRECT protein destabilization 2 0.044892884
GOTERM_BP_DIRECT  positive regulation of cytokinesis 2 0.047399203
GOTERM_BP_DIRECT  substrate adhesion-dependent cell spreading 2 0.048650007
GOTERM_CC_DIRECT cytosol 16 3.58E-07
GOTERM_CC_DIRECT spindle microtubule 4 1.96E-05
GOTERM_CC_DIRECT nucleoplasm 13 2.27E-05
GOTERM_CC_DIRECT  spindle midzone 2.35E-04
GOTERM_CC_DIRECT  spindle 4.01E-04
GOTERM_CC_DIRECT  midbody 4.84E-04
GOTERM_CC_DIRECT  nucleus 15 0.001007924
GOTERM_CC_DIRECT  chromosome passenger complex 2 0.0060221
GOTERM_CC_DIRECT  spindle pole 3 0.007573146
GOTERM_CC_DIRECT  pronucleus 2 0.008421234
GOTERM_CC_DIRECT  cytoplasm 13 0.009503416
GOTERM_CC_DIRECT  condensed nuclear chromosome, centromeric region 2 0.012009573
GOTERM_CC_DIRECT  spindle pole centrosome 2 0.012009573
GOTERM_CC_DIRECT centrosome 4 0.014041802
GOTERM_CC_DIRECT  perinuclear region of cytoplasm 4 0.03746441
GOTERM_MF_DIRECT  protein kinase binding 8 3.29E-07
GOTERM_MF_DIRECT  protein kinase activity 6 8.27E-05
GOTERM_MF_DIRECT  kinase activity 5 2.42E-04
GOTERM_MF_DIRECT  ATP binding 9 3.83E-04
GOTERM_MF_DIRECT  phosphoprotein phosphatase activity 3 0.001551551
GOTERM_MF_DIRECT  drug binding 3 0.004358836
GOTERM_MF_DIRECT  histone serine kinase activity 2 0.006500008
GOTERM_MF_DIRECT  protein tyrosine phosphatase activity 3 0.007429052
GOTERM_MF_DIRECT  protein serine/threonine kinase activity 4 0.012329852
GOTERM_MF_DIRECT  protein serine/threonine/tyrosine kinase activity 2 0.037142678
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