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Editorial on the Research Topic 


Combating Cancer With Natural Products: What Would Non-Coding RNAs Bring?


Natural products are innumerably diverse and exhibit different biological characteristics. Natural products have long been used as medicine for different applications. Chemotherapy is ranked as one of the leading cancer treatments, and a wide range of natural products are currently undergoing clinical evaluation for cancer treatment. However, there is still a large proportion of natural products that are not being used in a clinical setting. We have pointed out that managing factors in genetics, epigenetics, cancer stem cells, and the tumor microenvironment have the potential to broaden the application of natural products in cancer therapy (1, 2). Non-coding RNAs (ncRNAs) are an important component of epigenetics. Therefore, the present Research Topic aims to collect articles that evaluate the anti-tumor effect of natural products in relation to regulating ncRNAs.

The major types of ncRNAs include rRNA, tRNA, snRNA, snoRNA, siRNA, microRNA, lncRNA, and circRNA. The crosstalk among lncRNA, microRNA, and circRNA plays a key regulatory role in the progression of cancer. They can also affect cancer development and progression via regulating chromatin remodeling, RNA polymerase II binding to the promoter, mRNA splicing, RNA interference, protein stability and location, and more. In the Research Topic, the natural products chrysin (Chen et al.), cucurbitacin B (Tao et al.), ailanthone (Chen et al.), baicalein (Ma et al.), fucoidan (Ma et al.), casearlucin A (Li et al.), Wan-Nian-Qing prescription, bruceine D (Li et al.), and cinnamaldehyde (Chen et al.) were evaluated for their capacity to regulate ncRNAs to treat cancer (Figure 1). Through gathering these papers, many significant findings and implications were found.




Figure 1 | The schematic diagram of this Research Topic. Similar to the phenomenon in which rain with different chemical compositions can alter soil fertility to affect vegetation coverage, natural products with ncRNAs regulation can alter cancer cell survival rates by modulating genetics, epigenetics, the tumor microenvironment, and cancer stem cells. The gene-editing technique (i.e., Crispr/Cas9) and delivery system (i.e., exosomes) can enhance the application of natural products in cancer treatment.




Natural Products Regulate a Certain Type of Oncogenes and Tumor Suppressor Genes

For example, p53 is shown to be upregulated by cucurbitacin B treatment to suppress cell proliferation in tongue cancer. It is well known that p53, which is of vital importance in tumor inhibition, modulates cell death and survival processes via regulating the expression of many anti and pro-apoptotic genes (3). Besides the p53 signaling pathway, the PI3K-Akt, JAK-STAT, Wnt/β-catenin, MAPK, and NF-κB signaling pathways can be regulated by curcumin, another natural product (Wang et al.). In addition, authors screened differentially expressed genes using an RNA-seq technique in cancer cells with chrysin (Chen et al.), ailanthone (Chen et al.), and fucoidan (Ma et al.) treatment to find many more potential target genes to expand the application of natural products.



Epigenetic Factors are Central for Developing Anti-Tumor Applications of Natural Product

Epigenetics includes DNA methylation, chromatin remodeling, histone modification, expression of ncRNAs and RNA modification (4). As mentioned above, ncRNAs are critically important in tumorigenesis and cancer therapy. In addition, the competing endogenous RNAs (ceRNAs) network has been found to modulate gene expression, thus regulating the physical or pathological process. In this Research Topic, studies have revealed that lncRNA or circRNA functions as ceRNA with microRNAs and interacts directly with oncogenes and tumor-suppressor genes. In gastric cancer, chrysin is reported to trigger apoptosis via the H19/let-7a/COPB2 axis to suppress tumor growth (Chen et al.). COPB2, responsible for vesicular trafficking between the Golgi apparatus and endoplasmic reticulum, is involved in tumorigenesis in various kinds of cancer (5). In tongue cancer, cucurbitacin B inhibits cell survival via modulating the Xist/miR-29b/p53 axis (Tao et al.). In addition, bruceine D inhibits gastric cancer cell proliferation and chemoresistance by regulating the LINC01667/miR-138-5p/cyclin E1 axis (Li et al.). DNA methylation is another important type of epigenetic modification. The DNA methylation profile of the H19 differentially methylated region (DMR) in gastric cancer was also investigated by Chen et al. However, there are to date only a few papers addressing DNA methylation with the treatment of natural products. It would be helpful to employ precision medicine using natural products in cancer therapy by targeting such epigenetic modifications.



Natural Products Could Be Applied to Remodel the Tumor Microenvironment

The tumor microenvironment is one of the key elements supporting cancer progression and is also a major obstacle to cancer therapy. The tumor microenvironment can modulate drug metabolism and is considered a crucial contributor to the known differential response of patients to chemotherapy (6). Natural products, such as curcumin, resveratrol, epigallocatechin gallate, phloretin, and shikonin, have shown promise in modulating tumor microenvironment (7). In addition, ncRNAs may play a critical role in this process. As revealed by Xia et al., tumor-cell and non-tumor-cell-derived exosomes carrying ncRNAs are able to modulate cancerous derivations of target cells and remodel the tumor microenvironment. As an area of concern for cancer research, the targeting of the tumor microenvironment in clinical cancer therapy should be performed by applying natural products to determine their usefulness.



Cancer Stem Cells Could Also Be a Potential Target for Treatment With Natural Products

Cancer stem cells represent a minority subpopulation of cancer cells that possess self-renewal and differentiation abilities that drive tumorigenesis, cancer progression, and chemoresistance (8). Growing evidence has documented the close relationship between cancer stem cells and the tumor microenvironment, and many researchers have tried to determine the underlying mechanism of cancer stem cell plasticity to prevent cancer development, recurrence, and drug resistance. It is unfortunate that we did not gather papers addressing natural products targeting cancer stem cells in this Research Topic. In our previous investigation, we found that studies on this topic are not widespread (1). Some chemical modifications or techniques should be developed to improve natural products to target cancer stem cells directly and precisely in the future.

Besides obtaining theoretical advancement in this Research Topic, it also provides some useful strategies to enhance the application of natural products in cancer therapy. Exosomes are a kind of small extracellular vesicle secreted by various cell types. Exosomes are generated from late endosomes through several pathways. Most importantly, exosomes deliver various kinds of molecules, including proteins, lipids, iron, and nucleic acid. Research has indicated that exosomal ncRNAs are promising for early diagnosis and precise therapy of hepatocellular carcinoma (Xia et al.). Thus, combination with an exosomal delivery system would greatly enhance the effectiveness of natural products. Furthermore, applying gene-editing techniques in natural products-based cancer therapy could become an important strategy for anti-tumor treatment. In this Research Topic, the CRISPR/Cas9 system was used to knockout Xist in SCC9 cells to investigate the relationship between cucurbitacin B treatment and Xist expression (Tao et al.). Besides CRISPR/Cas9, A-to-I RNA editing is another advanced gene-editing technique that could be implemented in cancer treatment and investigation (Wang et al.). It would be possible to improve the anti-tumor function of natural products by applying A-to-I RNA editing to edit microRNA, lncRNA, and circRNA. Generally, the diverse research on this Research Topic provides important information for applying natural products to cancer therapy and indicates a promising direction for the future study of natural products for combating cancer in the realms of genetics, epigenetics, cancer stem cells, and the microenvironment.
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Lin Li1,2345†, Zhen Dong1,3456†, Pengfei Shi1,345, Li Tan1,345, Jie Xu1,345, Pan Huang1,345, Zhongze Wang1,345, Hongjuan Cui1,3456* and Liqun Yang1,345*
1State Key Laboratory of Silkworm Genome Biology, Institute of Sericulture and Systems Biology, College of Sericulture and Textile and Biomass Science, Southwest University, Chongqing, China
2Department of Immunology, School of Basic Medicine, Southwest Medical University, Luzhou, China
3Cancer Center, Reproductive Medicine Center, Medical Research Institute, Southwest University, Chongqing, China
4Engineering Research Center for Cancer Biomedical and Translational Medicine, Southwest University, Chongqing, China
5Chongqing Engineering and Technology Research Center for Silk Biomaterials and Regenerative Medicine, Southwest University, Chongqing, China
6NHC Key Laboratory of Birth Defects and Reproductive Health (Chongqing Key Laboratory of Birth Defects and Reproductive Health, Chongqing Population and Family Planning Science and Technology Research Institute), Chongqing, China
Edited by:
Yue Hou, Northeastern University, China
Reviewed by:
Yanlong Liu, Wenzhou Medical University, China
Guangyun Tan, The First Hospital of Jilin University, China
* Correspondence: Hongjuan Cui, hcui@swu.edu.cn, Liqun Yang, cysylq@swu.edu.cn
†These authors have contributed equally to this work
Specialty section: This article was submitted to Pharmacology of Anti-Cancer Drugs, a section of the journal Frontiers in Pharmacology
Received: 19 July 2020
Accepted: 13 October 2020
Published: 24 November 2020
Citation: Li L, Dong Z, Shi P, Tan L, Xu J, Huang P, Wang Z, Cui H and Yang L (2020) Bruceine D inhibits Cell Proliferation Through Downregulating LINC01667/MicroRNA-138-5p/Cyclin E1 Axis in Gastric Cancer. Front. Pharmacol. 11:. doi: 10.3389/fphar.2020.584960

Objective: Gastric cancer is one of the most common malignant tumors. Bruceine D (BD) is one of the extracts of Brucea javanica. In recent years, it has been reported that BD has anti-tumor activity in some human cancers through different mechanisms. Here, this study try to explore the effect of BD on gastric cancer and its regulatory mechanism.
Methods: Cell proliferation ability was detected by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assays, 5-bromo-2-deoxyuridine (BrdU) staining and soft agar colony formation assay, respectively. The tumor xenograft model was used to verify the effect of BD on the tumorigenicity of gastric cancer cells in vivo. Flow cytometry analysis and Western blot assay were performed to detect cell cycle and apoptosis. Gastric cancer cells were analyzed by transcriptome sequencing. The interaction between LINC01667, microRNA-138-5p (miR-138-5p) and Cyclin E1 was verified by dual luciferase experiment and RT-PCR assays.
Results: We found that BD significantly inhibited cell proliferation and induced cell cycle arrest at S phase in gastric cancer cells. Transcriptome analysis found that the expression of a long non-coding RNA, LINC01667, were significantly down-regulated after BD treatment. Mechanically, it was discovered that LINC01667 upregulated the expression of Cyclin E1 by sponging miR-138-5p. Furthermore, BD enhanced the chemosensitivity of gastric cancer cells to doxorubicin, a clinically used anti-cancer agent.
Conclusion: BD inhibit the growth of gastric cancer cells by downregulating the LINC01667/miR-138-5p/Cyclin E1 axis. In addition, BD enhances the chemosensitivity of gastric cancer cells to doxorubicin. This study indicates that BD may be used as a candidate drug for the treatment of patients with gastric cancer.
Keywords: bruceine D, gastric cancer, LINC01667, microRNA-138-5p, cell proliferation
INTRODUCTION
Gastric cancer is a malignant tumor originating from gastric mucosal epithelium. Despite the decline in the incidence and mortality of gastric cancer in the past 50 years, gastric cancer is still the fifth most commonly diagnosed cancer and the third largest cause of cancer-related death (Ferlay et al., 2010). In 2018, there are more than 1,033,701 new cases and 782,685 deaths of gastric cancer. On average, the incidence of gastric cancer in men is two to three times higher than that in women (Bray et al., 2018; Thrift and El-Serag, 2019). Although great progress has been made in a variety of treatments, including surgery, radiotherapy and chemotherapy, the prognosis of gastric cancer is still very poor (Lazar et al., 2016; Ilson, 2019). Therefore, screening or developing an effective drug is very important for the treatment of gastric cancer.
Brucea javanica (L.) Merr. is an herb which can play the similar role as artemisinin in anti-malaria and anti-cancer. Brucea javanica oil has been used in clinic, mainly for adjuvant treatment of digestive system tumors and lung cancer (Zhang et al., 2011; Wu et al., 2018; Zhu et al., 2018). The content of fatty oil in Brucea javanica seed is about 56.23%, including linoleic acid, oleic acid, etc. The chemical substances of Brucea javanica mainly include alkaloids, glycosides and flavonoids (Yu and Li, 1990). The seeds of Brucea javanica contain a variety of bitter ingredients similar to bitter lignin, including Brucea javanica bitter alcohol, bruceine A, B, C, D, E, F, G, H and so on. However, research on the bitter components of Brucea javanica is still in the primary initiation stage. At present, it has been confirmed that bruceine A has a certain inhibitory effect on the proliferation of non-small cell lung cancer cells, and induces apoptosis by causing DNA damage and activating mitochondrial apoptosis. In addition, bruceine A and D have antiparasite activity in goldfish (Wang et al., 2011). Bruceine D (BD) has anti-inflammatory activity and can be used as an effective leukocyte-endothelial cell adhesion inhibitor (Utoguchi et al., 1997).
BD is also one of these natural compounds extracted from Brucea javanica (Zhang et al., 1980; Shen et al., 2008). Previous studies have demonstrated that BD inhibits the proliferation of non-small cell lung cancer and induces apoptosis mediated by ROS mitochondria and JNK phosphorylation (Tan et al., 2019; Xie et al., 2019). BD inhibits the growth of hepatocellular carcinoma cells by targeting miR-95 (Xiao et al., 2014). Recent studies indicated that BD inhibits tumor growth and stem cell-like characteristics of osteosarcoma by inhibiting STAT3 (Wang et al., 2019). In chronic myeloid leukemia K562 cells, BD exerts its anti-tumor activity by inhibiting the phosphorylation of AKT and ERK and induces cellular apoptosis through mitochondrial pathway (Zhang et al., 2016). In addition, BD induces apoptosis in pancreatic cancer cells through inhibiting the anti-apoptotic activity of NF-κB, reducing mitochondrial membrane potential and activating redox sensitive p38-MAPK pathway (Lau et al., 2009; Yang et al., 2012).
However, the effect of BD in gastric cancer has not been explored. Based on previous findings, we hypothesize that BD may inhibit gastric cancer cell proliferation. This study firstly proves that BD has an anti-tumor activity in gastric cancer cells, which underpins a theoretical basis for the development and application of BD for the treatment of gastric cancer.
MATERIALS AND METHODS
Cell Culture
The human gastric cancer cell lines HGC27, MKN45 and SGC7901, the human normal gastric epithelial cell line GES-1 and the human embryonic renal cell line 293FT were purchased from the American Type Culture Collection (ATCC, Rockville, MD, United States). Gastric cancer cell lines and GES-1 were cultured in Roswell Park Memorial Institute-1640 (RPMI-1640, Gibco) with 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin (P/S, Invitrogen). 293FT cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM, Gibco) containing 10% FBS, 1% P/S, 1% Geneticin 418 (G418, Invitgen), 1% non-essential amino acids (Invitgen), 1% sodium pyruvate (Invitgen) and 2% L-glutamine (Invitgen). 293FT transfection medium did not contain P/S or G418. All cells were cultured in a humidified incubator containing 5% CO2 at 37°C.
Drug Treatment
BD was purchased from Chengdu Herbpurify (Chengdu, China) and then was dissolved in dimethyl sulfoxide (DMSO). The mother liquor concentration was 100 mM, and stored at −80°C. Human gastric cancer cells were treated with different concentrations of BD for different time. Cell morphology was photographed by an inverted microscope (Olympus, Japan).
Cell Proliferation Assays
Cell proliferation was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. The cells were seeded to 96-well plates with 1,000 cells/well and cultured overnight in the incubator. The medium mixed with specified concentration of BD or DMSO. After a specific time, 20 μl MTT was added to each well and cells were cultured in the incubator for 2 h. The medium was sucked and 150 μl DMSO was added. The absorbance was measured at 560 nm using a microboard reader (Thermo Fisher, Waltham, MA, United States). The change of cell viability was calculated by formula (1-average absorbance/control group average absorbance) × 100%.
5-Bromo-2-Deoxyuridine Staining
The cells were seeded to a 24-well plate with 20,000 cells/well and cultured overnight in the incubator. Then they were cultured in the incubator for 48 h after the medium containing DMSO or BD was added to each well. After incubated with BrdU (Abcam, United States, 30 μg/ml) for 45 min, the cells were washed with phosphate buffered saline (PBS) and fixed in 4% paraformaldehyde (PFA) for 15 min. Subsequently, 200 μl 2 M hydrochloric acid was added to each well at 37°C for 20 min. After washing with PBS for three times, 10% goat serum containing 0.5% Triton X-100 (ZSGB-Bio, Beijing, China) was used for blocking at room temperature (RT) for 2 h. The cells were incubated with anti-BrdU monoclonal rat first antibody (1: 1,000) overnight at 4°C. The samples were incubated at RT for 2 h with Alexa FluorR®488 goat anti-mouse IgG second antibody (HG L; 1: 10,000, antioxidant). The nuclei were stained with DAPI (1: 1,000). The percentage of BrdU staining was calculated from at least five microscopic visual fields.
Soft Agar Colony Formation Assay
The colony forming ability of gastric cancer cells was detected by soft agar colony formation assay (Hu et al., 2016). Briefly, 1 ml RPMI-1640 (Gibco) medium containing 0.6% agarose (Sigma-Aldrich, United States) was added to the 6-well plate as the basic agar. Then 1.5 ml RPMI-1640 (Gibco) medium containing 1,000 logarithmic cells, 0.3% agar mixed with a specific concentration of BD was added onto the basic agar. After cultured at 37°C for 2–3 weeks, the colonies were captured under microscope and counted after MTT staining.
Flow Cytometry Analysis
Cells were treated with DMSO or BD for 48 h, and then collected for flow cytometry analysis. DMSO was used as control. Cell cycle and apoptosis analysis were performed as previously reported (Dong et al., 2017). For cell cycle assay, the cells were washed with cold PBS and then fixed with 75% ethanol at 4°C for 24 h. After washing with PBS, the cells were incubated in 200 μl PBS containing 1 μl 5 mg/ml propidium iodide (PI, BD, San Jose, CA, United States) and 2 μl 4 mg/ml RNaseA (Sigma Aldrich, Sigma Aldrich) at 37°C for 30 min. The cells were analyzed by a BD Accuri C6 flow cytometry (BD, United States). For the determination of cell apoptosis, the cells were incubated in 100 μl binding buffer containing 5 μl 50 μg/ml PI (BD, United States) and 5 μl Annexin-V (BD, San Jose, CA, United States) at room temperature for 20 min. The cells were analyzed by a BD Accuri C6 flow cytometry. All samples were analyzed by the FlowJo 7.6 software (BD, United States).
Tumor Xenografts
Twelve 4-week-old female BALB/c nude mice (Beijing Laboratory Animal Research Center, China) were purchased and housed in the specific pathogen free room to acclimate for a week. The gastric cancer cells SGC7901 and MKN45 cells (1 × 106) in 100 μl PBS were subcutaneously injected into both sides of each mouse. Seven days after cell injection, the mice were randomly divided into two groups. One group was intraperitoneally injected with BD (1.5 mg/kg), and the other group was injected with DMSO as control every two days for 14 days. The tumor growth was measured by caliper every day, and the tumor volume was calculated by formula (volume = length × width 2 × π/6). At the end of the experiment, the tumor was removed and weighed. All animal experiments were pre-approved by the Animal Ethics Committee of Southwest University. H&E and immunohistochemical (IHC) staining were performed as previous report (Yang L. et al., 2019).
Western Blot Assay
Cells were collected and lyzed by using the RIPA lysis buffer (Beyotime, China) containing the complete protease inhibitor cocktail (Roche) and phosphatase inhibitors (Sigma Aldrich, St. Louis, MO, United States). Cell lysates were degenerated at 100°C for 15 min. Proteins were isolated with 8, 10 or 12% SDS-PAGE and transferred to the polyvinylidene fluoride (PVDF) membranes. The membrane was blocked with 5% bovine serum albumin (BSA) at RT for 2 h. The PVDF membrane was incubated with specific primary antibody against CDK2, Cyclin E1, Cyclin E2, PARP and Caspase3 (1: 1,000, cell Signal Technology, United States), α-tubulin (1: 1,000, Beyotime, China, United States) at 4°C overnight. The membrane was incubated with secondary antibodies (goat anti-mouse IgG and goat anti-rabbit IgG, 1:10,000, Beyotime, China) at RT for 2 h. The high sensitivity substrate of SuperSignal West Femto (Thermo Fisher, Waltham, MA, United States) was used to display protein bands, and Chemiscope 6000 chemiluminescence gel imaging system (Clinx Science, China) was used to capture proteins.
RNA-Seq
MKN45 cells were treated with 1.2 μM BD or isometric DMSO for 48 h. Each group consisted of three biological repeats. Then the total RNA of each sample was extracted by using the RNAiso Plus (Total RNA extraction reagent) (TaKaRa, Dalian, China). Afterward, the samples were shipped with enough dry ice to Sangon Biotech Co., Ltd. (Shanghai, China) The quality and quantity of total RNA were confirmed by agarose gel electrophoresis. cDNA was prepared by using the cDNA Synthesis Kit (Illumina Inc., San Diego, CA, United States) and then was used for library construction and further Illumina deep sequencing. The tool package SOAP2 was used for alignments for short oligo nucleotide analysis, and only up to two mismatches with reference sequences were allowed. The quality of the original sequencing data was evaluated by FastQC. Through Trimmomatic for mass shearing, relatively accurate and effective data can be obtained. The ENSEMBL database (Homo_sapiens.GRCh37.55.cdna.all.fa) were used for the alignment of the sequenced reads to analyze the transcript levels. HISAT2 was used to compare the effective data of the samples to the reference genome and count the mapping information. RSeQC was used to perform redundant sequence analysis and insert fragment distribution analysis based on the comparison results. Qualimap was used to perform uniform distribution check and genome structure distribution analysis based on the comparison results. BEDTools were used to perform statistical analysis of gene coverage and analysis of sequence distribution on chromosomes. Heml 1.0: Heatmap Illustrator was used to draw a heatmap.
Quantitative Real-Time PCR
After treated with DMSO or BD for 48 h, the cells were collected. Total RNA was extracted from cells using TRIzol™ reagent (Invitrogen) according to the manufacturer’s instructions. quantity real-time PCR (qRT-PCR) was conducted as previous report (Dong et al., 2020). Briefly, the total RNA was reversely transcribed to cDNA by using the M-MLV reverse transcriptase (Promega). SYBR PreMix Ex Taq II (Vazyme Biotech, Nanjing, China) was used to carry out qRT-PCR in 20 μL reaction system. RT-qPCR reaction was carried out by using a LightCycle96 real-time PCR system (Roche). The relative mRNA expression level was calculated by 2−ΔΔCT method. The primers used in this study are listed in Table 1.
TABLE 1 | Primers used in the quantity real-time PCR assay.
[image: Table 1]Transfection and Infection
Human full-length LINC01667 RNA (NR_038377.1) and CCNE1 (NM_001238) were downloaded from the National Center for Biotechnology Information and ligated into a pCDH-CMV-MCS-EF1-GFP-puro vector by Changsha Youbao Biotechnology Co., Ltd. (Changsha, China). The packaging plasmid (pLP1, pLP2, pLP/VSVG) and overexpression plasmid were co-transfected into 293FT cell line by lipofectamine 2000 (Invitrogen, Carlsbad, CA, United States). At 48 h after transfection, the supernatant of the virus was collected and infected with gastric cancer cells by adding with polybrene. Drug resistant cell lines were selected with 2 mg/ml puromycin for subsequent experiments.
Luciferase Reporter Assay
According to the predicted sites of TargetScanHuman 7.0 database (Agarwal et al., 2015), we constructed LINC01667 wild type and mutant double luciferase vectors (purchased from the Genecreate Biological Engineering Co., Ltd., Wuhan, China). 3 × 105 cells were placed in each well and placed in a 24-well plate for cell transfection. 600 ng PRL-TK and 600 ng LINC01667-WT/MUT, 50 nM miRNA NC/microRNA-138-5p (miR-138-5p) mimics were co-transfected into 293FT and MKN45 cells in Opti-MEM serum-lowering medium (Life Technologies). After 8 h, 3 ml medium was refreshed in each well. After 48 h, luciferase reporter assay was carried out according to Promega production instructions. Luciferase activity was normalized to PRL-TK activity.
Statistical Analysis
All experiments were confirmed by at least three technical and biological replicates. Quantitative data are expressed as the mean ± SD. Two-tailed Student’s t-test was performed for paired samples. p value < 0.05 was considered statistically significant.
RESULTS
Bruceine D Inhibits Cell Growth and Proliferation in Gastric Cancer Cells
To explore the biological function of BD in gastric cancer cells, the viability of cells treated with increasing doses of BD for 48 h was detected by MTT assay. The results showed that the IC50 of HGC27 and MKN45 cells were 0.32 and 1.11 μM, respectively (Figure 1A). According to the IC50 value, we selected the appropriate concentration of BD to treat gastric cancer cells (0.4 μM for HGC27 and 1.2 μM for MKN45). Observed by microscopy, HGC27 and MKN45 cells treated with BD showed significant morphological changes, and cell numbers decreased in a dose-dependent manner (Figures 1B–D). To confirm this result, MTT and BrdU staining assays were performed. MTT assay showed that gastric cancer cells treated with BD showed a sharp decline in the growth curve, compared to the DMSO group (Figures 1E,F). BrdU staining analysis also showed that the percentage of BrdU-positive cells treated with BD for 48 h was significantly lower than that in the DMSO group (Figures 1G,H). These results demonstrate that BD dramatically inhibits cell growth and proliferation in gastric cancer cells.
[image: Figure 1]FIGURE 1 | Bruceine D (BD) inhibits cell proliferation in gastric cancer cells. (A) HGC27, SGC7901 and MKN45 cells were treated with increasing concentrations of BD. After 48 h of BD treatment, cellular viability was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) assay. Non-linear regression analysis was performed to determine IC50 values. (B) The morphology of HGC27 and MKN45 cells. HGC27 cells were treated with BD in different concentrations of 0.2, 0.4, and 0.8 μM for 48 h. MKN45 cells were treated with BD in different concentrations of 0.6, 1.2, and 2.4 μM for 48 h. Dimethyl sulfoxide (DMSO) was used as control. Scale bar = 50 μm. (C,D) Counting the number of cells treated as in (B), and the histogram showed the quantity of cell proliferation rate. Cell numbers of DMSO-treated group were regarded as 100%. (E,F) Cell growth was monitored using MTT assays in cells treated with BD at the indicated times and concentrations. (G,H) Immunofluorescence staining for 5-bromo-2-deoxyuridine (BrdU) was performed. DAPI was used for nuclear staining. DMSO was used as control. Scale bar = 20 μm. The histogram shows the quantification of BrdU-positive HGC27 and MKN45 cells. All experiments were repeated at least three times. All data were used as mean ± SD, significant difference was tested by the two tailed and unpaired student’s t-test. Error bars, *p < 0.05, **p < 0.01, and ***p < 0.001.
Bruceine D Inhibits Cell Proliferation by Inducing Cell Cycle Arrest at the S Phase
Cell proliferation is usually regulated by the procession of cell cycle. In order to understand the mechanism of BD in the inhibition of the proliferation of gastric cancer cells, we used flow cytometry to analyze the cell cycle of gastric cancer cells treated with BD for 48 h. The results showed that BD induced cell cycle arrest at the S phase (Figures 2A,B). To confirm this result, we detected the expression of CDK2, Cyclin E1 and Cyclin E2 that promoted cells to go through the G1 checkpoint by Western blot analysis. We found that the expression levels of CDK2, Cyclin E1 (CCNE1) and Cyclin E2 (CCNE2) were decreased in BD-treated cells in a dose- and time- dependent manner (Figures 2C,D). These results suggest that BD induces cell cycle arrest at the S phase in gastric cancer cells.
[image: Figure 2]FIGURE 2 | Bruceine D (BD) induces cell cycle arrest at S phase. (A) The cell cycle of gastric cancer cells were performed using flow cytometry. HGC27 and MKN45 cells were treated with BD at concentrations of 0.4 and 1.2 μM for 48 h, respectively. DMSO was used as control. (B) The histogram demonstrates the quantification of percentage of indicated HGC27 and MKN45 cells in different phase. (C,D) The expression of Cyclin E1, Cyclin E2 and CDK2 were determined using Western blot analysis after cells were treated with BD at different concentrations (C) or at different time points (D). α-Tubulin was used as control. The gray ratio of Cyclin E1/α-Tubulin, Cyclin E2/α-Tubulin and CDK2/α-Tubulin was calculated. All experiments were repeated at least three times. All data were used as mean ± SD, significant difference was tested by the two tailed and unpaired student’s t-test. Error bars, *p < 0.05, **p < 0.01, and ***p < 0.001.
Bruceine D Inhibits Clonogenicity and Tumorigenecity of Human Gastric Cancer Cells
In order to study the effect of BD on tumor growth in gastric cancer cells, soft agar colony formation assay in vitro and subcutaneously xenograft in vivo were carried out. In the soft agar colony formation assay, it was revealed that fewer and smaller cell colonies were produced in the BD-treated group, compared with the DMSO control group (Figures 3A,B). Next, we examined the effect of BD on tumor growth in the nude mice. The results showed that BD significantly inhibited tumor growth (Figure 3C), and the tumor weight in the BD-treated group was significantly lighter than those in the control group (Figures 3D–G). There was no significant change in body weight and behavior of mice treated with BD (Figures 3H,I). In addition, we detected cell cycle-related proteins expressed in the xenograft tumors obtained from mice by using the Western blot. The results showed that the expressions of these cell cycle-related proteins CDK2, Cyclin E1 and Cyclin E2 were significantly down-regulated after BD treatment (Figure 3J). H&E and IHC staining further supported the above results. H&E staining showed that the number of cells was decreased and the nucleus became smaller in BD-treated group. IHC staining showed that the expression of Ki67, a marker of cell proliferation, was significantly reduced in BD-treated group (Figure 3K). These results suggest that BD significantly inhibits the tumorigenecity of gastric cancer cells.
[image: Figure 3]FIGURE 3 | Bruceine D (BD) inhibits clonogenicity and tumorigenecity of human gastric cancer cells. (A,B) Soft agar assays were performed, and the results were quantitated in SGC7901 (A) and MKN45 (B) cells treated with 1.2 μM BD for two weeks. DMSO was used as control. Scale bar = 100 μm. (C) Image of xenograft tumors from mice. (D,E) Tumor growth curves in mice were calculated (F,G) Tumor weight removed from mice were measured. (H,I) The body weight of nude mice were measured. (J) The expression levels of CDK2, Cyclin E1 and Cyclin E2 were determined using Western blot assays in xenograft tumors. α-Tubulin was used as control. (K) H&E staining and immunohistochemical staining for Ki67 were performed in xenograft tumors. Scale bar = 50 μm. All data were used as mean ± SD, significant difference was tested by the two tailed and unpaired student’s t-test. Error bars, *p < 0.05, **p < 0.01, and ***p < 0.001.
Bruceine D Inhibits the Proliferation of Gastric Cancer Cells by Inhibiting LINC01667
In order to reveal how BD inhibits cell proliferation, a transcriptome analysis was performed on gastric cancer cells treated with BD or DMSO. In recent years, long non-coding RNA (lncRNAs) has been proved to play an important role in epigenetic regulation, cell cycle regulation and cell differentiation regulation (Geisler and Coller, 2013; Cech and Steitz, 2014). Besides, lncRNAs are emerging as a kind of new prognostic, diagnostic and therapeutic targets for cancer (Huarte, 2015), especially are important in gastric cancer (Wei et al., 2020). Through the analysis of the transcriptome data, we screened 89 lncRNA with significant changes in expression level (Supplementary Figure S1). Then we further screened out LINC01667, which may be a potential differential expressed lncRNA, through qRT-PCR analysis (Figures 4A,B) and database (https://www.ncbi.nlm.nih.gov/Gene/) (Figure 4C). LINC01667 was rarely expressed in gastric cell GES-1, but it was highly expressed in gastric cancer cell lines (Figure 4D). Importantly, LINC01667 mRNA expression was also significantlt decreased in both HGC27 and MKN45 xenografts treated by BD (Figure 4E). These data suggested that LINC01667 could play an oncogenic role in gastric cancer. In order to verify whether LINC01667 has an effect on the proliferation of gastric cancer cells, we constructed LINC01667 overexpression vector (Figure 5A). Then MTT (Figures 5B,C) and BrdU assays (Figures 5D,E) were carried out. The results showed that overexpression of LINC01667 could rescue the inhibition of cell activity induced by BD treatment. In summary, these results suggest that BD inhibits cell proliferation by inhibiting LINC01667.
[image: Figure 4]FIGURE 4 | Bruceine D inhibits the expression of LINC01667. (A,B) The mRNA expression levels of several differential long non-coding RNAs weres detected by quantity real-time PCR (qRT-PCR) experiment. (C) The expression of LINC01667 in various parts of the human body. (D) The mRNA expression levels of LINC01667 in GES-1 and gastric cancer cell lines were detected by qRT-PCR experiment. (E) The mRNA expression levels of LINC01667 in HGC27 and MKN45 xenografts were detected by qRT-PCR experiment. All data were used as mean ± SD, significant difference was tested by the two tailed and unpaired student’s t-test. Error bars, *p < 0.05, **p < 0.01, and ***p < 0.001.
[image: Figure 5]FIGURE 5 | Bruceine D (BD) inhibits the proliferation of gastric cancer cells by inhibiting LINC01667. (A) The expression of LINC01667 in gastric cancer cell line was detected by quantity real-time PCR (qRT-PCR) assays. (B,C) Growth curve of LINC01667 overexpressing HGC27 and MKN45 cells after treating with BD at concentrations of 0.4 and 1.2 μM for the indicated time, respectively. Dimethyl sulfoxide (DMSO) and empty vector were used as control. (D) 5-bromo-2-deoxyuridine (BrdU)-positive cells in LINC01667-overexpressed HGC27 and MKN45 cells after treating with BD at concentrations of 0.4 and 1.2 μM for 48 h, respectively. DMSO and empty vector were used as control. Scale bar = 20 μm. (E) Quantification of BrdU-positive HGC27 and MKN45 cells in C. All data were used as mean ± SD, significant difference was tested by the two tailed and unpaired student’s t-test. Error bars, *p < 0.05, **p < 0.01, and ***p < 0.001.
LINC01667 Sponges MicroRNA-138-5p and Upregulates Cyclin E1 Expression
Results above suggested that overexpression of LINC01667 could restore the inhibition of BD on the proliferation of gastric cancer cells. Next, we explored the potential molecular mechanism of this phenomenon. A lncRNA may have many modes of actions via interacting with both proteins, nucleic acids and even metabolites, but the role of sponging microRNAs is the most well studied functions. Therefore, we tried to analyze whether LINC01667-regulated miRNAs also have the potential to regulate cell cycle and cell proliferation in human beings. Interstingly, the binding sites between miR-138-5p and LINC01667 or Cyclin E1 can be predicted by the TargetScanHuman 7.0 (Figure 6A). Importantly, from the database of TargetScanHuman 7.0, the binding site of CACCAGC in the 3′UTR of human are conserved in chimp, rhesus, squirrel, mouse, rat, rabbit, pig, cow, cat, dog, brown bat, elephant and lizard and microRNA-138-5p is the only conserved microRNA that targeted CCNE1 (Supplementary Figure S2; Supplementary Table S1).
[image: Figure 6]FIGURE 6 | LINC01667 sponges microRNA-138-5p (miR-138-5p) and regulates Cyclin E1 expression. (A) The schematic diagram of the binding sites between miR-138-5p and LINC01667 or Cyclin E1 predicted by the TargetScanHuman 7.0. (B) The mRNA expression levels of miR-138-5p in GES-1 and gastric cancer cell lines were detected by quantity real-time PCR (qRT-PCR) experiment. (C) The mRNA expression levels of miR-138-5p in HGC27 and MKN45 xenografts were detected by qRT-PCR experiment (D,E) qRT-PCR assays were performed to evaluate the expression of LINC01667 and miR-138-5p in LINC01667-overexpressed HGC27 and MKN45 cells after treating with bruceine D (BD) at concentrations of 0.4 and 1.2 μM for 48 h, respectively. (F) The schematic diagram of LINC01667 wild-type and mutant (G) The relative luciferase activity detected by the dual-luciferase reporter assay. (H) Cyclin E1 mRNA expression of LINC01667 overexpressing HGC27 and MKN45 cells after treating with BD at concentrations of 0.4 and 1.2 μM for 48 h, respectively. (I) The expression levels of Cyclin E1 were determined using the Western blot assay in HGC27 and MKN45 cells after treating with BD at concentrations of 0.4 and 1.2 μM for 48 h, respectively. α-Tubulin was used as control. The gray ratio of Cyclin E1/α-Tubulin was calculated. (J) The expression levels of Cyclin E1 were determined using Western blot assay in HGC27 and MKN45 cells after CCNE1 overexpression. (K) The relative mRNA expression levels of Cyclin E1 were determined using qRT-PCR in HGC27 and MKN45 cells after CCNE1 overexpression. (L) Cell viability was detected by using the MTT assay in HGC27 and MKN45 cells after CCNE1 overexpression and BD treatment. All data were used as mean ± SD, significant difference was tested by the two tailed and unpaired student’s t-test. Error bars, *p < 0.05, **p < 0.01, and ***p < 0.001.
As expected, miR-138-5p is downregulated in gastric cancer cell lines, compared with that of the GES-1 cells (Figure 6B). Besides, miR-138-5p was also significantly upregulated after BD treatment in HGC27 and MKN45 xenografts (Figure 6C). To further confirm the relationship between LINC01667 and miR-138-5p, LINC01667 was overexpressed (Figure 6D) and the results revealed that the expression of miR-138-5p was significantly upregulated in gastric cancer cells treated with BD, while overexpression of LINC01667 could inhibit the expression of miR-138-5p (Figure 6E). In order to verify the binding between LINC01667 and miR-138-5p, we constructed the luciferase reporter gene plasmid of LINC01667 wild-type or mutant-type (Figure 6F). Dual-luciferase reporter assays showed that miR-138-5p mimics considerably reduced the luciferase activity of LINC01667-WT, compared with LINC01667-MUT group (Figure 6G).
Since we have showed that Cyclin E1, an important cell cycle regulator, was significantly decreased after BD treatment, we thought that Cyclin E1, one of the potential target genes of miR-138-5p, might be the probable mechanism for regulating cell proliferation in gastric cancer. The results revealed that the expression of Cyclin E1 was remarkably decreased in both mRNA and protein levels after BD treatment in gastric cancer cells, but was recovered in some extent after LINC01667 restoration (Figures 6H,I). To confirm that Cyclin E1 is the downstream target of BD, we overexpressed it (Figures 6J,K) and the results showed that CCNE1 overexpression could rescued the inhibition of cell proliferation induced by BD treatment (Figure 6L).
These results confirm that LINC01667 could sponge miR-138-5p, thereby promoting the expression of Cyclin E1.
Bruceine D Enhances the Chemosensitivity of Gastric Cancer Cells to Doxorubicin
Next, we explored whether BD can induce apoptosis of gastric cancer cells. Flow cytometry analysis showed that BD did not induce apoptosis of gastric cancer cells (Figure 7C). Doxorubicin is a commonly chemotherapeutic drug in the treatment of gastric cancer. Therefore, we evaluated whether BD can enhance the chemosensitivity of gastric cancer cells to doxorubicin. Firstly, we used CompuSyn software to judge the combination index of BD and doxorubicin (Figures 7A,B). HGC27 cells were treated with BD (0.4 μM) and doxorubicin (0.4 μM) alone or in combination for 48 h, and MKN45 cells were treated with BD (1.2 μM) and doxorubicin (0.4 μM) alone or in combination for 48 h. The cells were collected for flow cytometry analysis. The results showed that BD significantly increased the cell apoptosis induced by doxorubicin (Figures 7C,D). Western blot analysis confirmed this discovery, and the results showed that the expression of cleaved fragments of PARP and caspase-3 were significantly increased after combination treatment of BD and doxorubicin (Figure 7E). These results suggest that BD can enhance the chemosensitivity of gastric cancer cells to doxorubicin.
[image: Figure 7]FIGURE 7 | Bruceine D (BD) enhances the chemosensitivity of gastric cancer cells to doxorubicin. (A,B) The combined index of BD and doxorubicin were calculated using the CompuSyn software in HGC27 (A) and MKN45 (B) cells. Fa = 0.5 and combination index (CI) < 1 represents synergy. (C,D) The apoptosis of cells was detected by flow cytometry. HGC27 and MKN45 cells were treated with BD and doxorubicin alone or in combination for 48 h, respectively. Dimethyl sulfoxide (DMSO) was used as control. Apoptotic rate of HGC27 and MKN45 cells was quantified. (E) The expression of apoptotic proteins, cleaved-PARP and cleaved-caspase3 in cells treated with BD and doxorubicin alone or in combination for 48 h, respectively. α-Tubulin was used as internal reference. All data were used as mean ± SD, significant difference was tested by the two tailed and unpaired student’s t-test. Error bars, *p < 0.05, **p < 0.01, and ***p < 0.001.
DISCUSSION
Although the incidence has declined over the past few decades, gastric cancer remains as the third leading cause of cancer-related death (Ferlay et al., 2010; Thrift and El-Serag, 2019). Patients with advanced or recurrent gastric cancer have a low survival rate due to drug resistance to chemotherapy (Hu et al., 2015; Chang et al., 2019). Therefore, screening or developing effective therapeutic drugs is one of keys to the treatment of gastric cancer. At present, the treatment of diseases with traditional Chinese medicine has been shown great potential. BD is a quassinoid isolated from the seeds of Brucea javanica, which has been used as a traditional Chinese herb to treat a variety of diseases (Zhang et al., 1980; Shen et al., 2008). Recent studies showed that BD had anti-cancer effect in multiple tumor types, including non-small cell lung cancer (Tan et al., 2019), leukemia (Zhang et al., 2016), osteosarcoma (Wang et al., 2019), hepatocellular carcinoma (Cheng et al., 2017) and pancreatic adenocarcinoma (Lau et al., 2009; Yang et al., 2012). However, as far as we know, the effect of BD in gastric cancer still remains unclear.
In this study, we evaluated the anti-tumor activity of BD in gastric cancer. First of all, we demonstrated that BD significantly inhibited tumor growth in vivo and in vitro. MTT and BrdU assays indicated that BD inhibited the proliferation of gastric cancer cells in a dose-dependent manner. Soft agar assay showed that the colony size became lesser and smaller after BD treatment. Xenograft experiment showed that the tumors formed in nude mice were slower and smaller, and the weight and size of the tumor were significantly reduced after BD treatment. These results suggest that BD can inhibit the growth of gastric cancer cells in vitro and in vivo.
In recent years, lncRNAs has become a hot spot in tumor research. LncRNAs could be used as a key regulator of epigenetic regulation, transcription and translation to participate in a variety of physiological and pathological processes (Geisler and Coller, 2013; Cech and Steitz, 2014). In this experiment, transcriptome analysis showed that the expression of LINC01667 decreased significantly after BD treatment. LINC01667 is hardly expressed in gastric tissue, but LINC01667 is highly expressed in gastric cancer cells, which suggested that LINC01667 might play an oncogenic role in gastric cancer. MTT and BrdU assays further proved that LINC01667 could restore the inhibition of cell proliferation induced by BD treatment.
Recently, competitive endogenous RNA model has been proved to play a key role in tumorigenesis. In this model, lncRNA can influence other mRNA or lncRNA transcripts by competitively binding to miRNA response element (MRE) to affect post-transcriptional regulation (Cesana et al., 2011; Salmena et al., 2011). In order to explore the potential mechanism, we found that miR-138-5p targeted the mRNA of LINC01667 or Cyclin E1 through the TargetScanHuman 7.0 database. According to previous research reports, miR-138-5p plays an important role in cancer progress. MiR-138 can influence the progression of gastric cancer by regulating EGFR (Wang et al., 2018). LncRNA H19 sponges miR-138-5p, which directly targets SIRT1, and then affects progression of cervical cancer cells (Ou et al., 2018). Long non-coding RNA MCM3AP-AS1 promotes growth and migration through modulating FOXK1 by sponging miR-138-5p in pancreatic cancer (Yang M. et al., 2019). According to the target binding sites, we constructed LINC01667-WT and LINC01667-MUT double luciferase vectors. Next, dual-luciferase reporter assays showed that miR-138-5p could significantly reduce the luciferase activity of LINC01667-WT, compared with LINC01667-MUT. These experimental results showed that LINC01667 could target miR-138-5p.
Unlimited cell proliferation is one of the most distinctive features of tumor. Cell cycle is closely related to cell proliferation. Some studies have confirmed that the catalytic activity of CDK is regulated by Cyclins and CDK inhibitor (CKI), and the close cooperation between them is very important for the normal advancement of the cell cycle. Based on the above results from the cell cycle and Western blotting assays, we found that BD arrested gastric cancer cells in S phase by down-regulating Cyclin E1, Cyclin E2 and CDK2. CCNE1 (cyclin E1) mRNAs are significantly higher in GC tissues than in normal tissues in both Oncomine and The Cancer Genome Atlas (TCGA) datasets (Zhang et al., 2018) and this was also confirmed by the multiplex ligation-dependent probe amplification and fluorescence in situ hybridization (Ooi et al., 2017). Besides, it was also revealed that upregulated Cyclin E1 is highly associated gastric cancer development (Gu et al., 2010) and liver metastasis (Chang et al., 2009; Kim et al., 2019). In our study, qRT-PCR experiments showed that BD treatment could significantly reduce the expression of Cyclin E1, while overexpression of LINC01667 could restore the expression of Cyclin E1 to some extent. Besides, overexpression of CCNE1 also recovered cell proliferation inhibition induced by BD treatment to some extent. These results indicated that BD could inhibit the proliferation of gastric cancer cells through LINC01667/miR-138-5p/Cyclin E1 pathway. However, the binding activity and the association between miR-138-5p and CCNE1 mRNA should be further confirmed.
Cyclin E2 are also shown to be upregulated at the early stage of gastric cancer (Kumari et al., 2016). CDK2 may also contributes to gastric progression via promoting gluycolysis (Tang et al., 2018). In our study, these two factors were also significantly inhibited by BD treatment, indicating Cyclin E2 and CDK2 might also be the potential target genes. However, we did not found their connections with LINC01667. They might be affected by BD through other unknown mechanisms. Besides, whether there were other mechanisms except for LINC01667/miR-138-3p/CCNE1 needs to be explored in the future research.
Drug resistance to therapeutic drugs is one of the main reasons for the low efficacy of cancer treatment. Some studies have shown that the extraction of traditional Chinese medicine can improve the drug sensitivity of cancer cells. Such as, scutellarin enhanced the sensitivity of prostate cancer cells to cisplatin (Gao et al., 2017). Corilagin sensitized epithelial ovarian cancer cells to paclitaxel and carboplatin treatment by inhibiting snail-glycolysis pathways (Jia et al., 2017). Triptolide enhanced the sensitivity of breast cancer cells to doxorubicin (Deng et al., 2018). Doxorubicin is one of the commonly used chemotherapeutic drugs in the treatment of gastric cancer (Murad et al., 1993). Therefore, we evaluated whether BD could enhance the chemosensitivity of gastric cancer cells to doxorubicin. We found that the apoptosis of cells treated with BD and doxorubicin was significantly higher than that treated with BD or doxorubicin alone. At the same time, the Western blot assay were carried out. The results showed that the expression of apoptotic proteins PARP and caspase-3 were significantly increased after combination treatment with BD and doxorubicin. Therefore, these results confirm that BD can enhance the chemosensitivity of gastric cancer cells to doxorubicin.
In summary, we identify that BD inhibits the proliferation of gastric cancer cells through the LINC01667/miR-138-5p/Cyclin E1 pathway (Figure 8). More importantly, BD can enhance the chemosensitivity of gastric cancer cells to doxorubicin. Our results provide a new perspective for the molecular pathogenesis of gastric cancer and initially suggest that BD may be a promising drug for the treatment of gastric cancer.
[image: Figure 8]FIGURE 8 | Model of action for the BD/LINC01667/microRNA-138-5p (miR-138-5p)/Cyclin E1 regulatory axis in the modulation of cell proliferation in gastric cancer cells. Briefly, under normal conditions, LINC01667 can competitively adsorb miR-138-5p. When treated with bruceine D (BD), the expression of LINC01667 was down-regulated, and miR-138-5p combined with CCNE1 mRNA, which inhibited the expression of Cyclin E1 and inhibited the proliferation of cells.
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Prostate cancer (PCa) is with rising incidence in male population globally. It is a complex anomaly orchestrated by a plethora of cellular processes. Transforming growth factor-beta (TGF-β) signaling is one of the key signaling pathways involved in the tumorigenesis of PCa. TGF-β signaling has a dual role in the PCa, making it difficult to find a suitable therapeutic option. MicroRNAs (miRNAs) mediated regulation of TGF-β signaling is responsible for the TGF-ß paradox. These are small molecules that modulate the expression of target genes and regulate cancer progression. Thus, miRNAs interaction with different signaling cascades is of great attention for devising new diagnostic and therapeutic options for PCa. Natural compounds have been extensively studied due to their high efficacy and low cytotoxicity. Here, we discuss the involvement of TGF-ß signaling in PCa with the interplay between miRNAs and TGF-β signaling and also review the role of natural compounds for the development of new therapeutics for PCa.
Keywords: prostate cancer, miRNAs, transforming growth factor-beta signaling, natural compounds, therapeutics, biomarkers
INTRODUCTION
Prostate cancer (PCa) is the fifth leading cancer cause of death worldwide. The mortality associated with PCa is strongly related to age. The highest incidence of PCa is observed in men over age 65 years. The recent advances in the field of genetic technologies have enabled us to delineate the genomic complexity of PCa (Rawla, 2019). It is a multifaceted disease orchestrated by a plethora of both intrinsic and extrinsic factors (Prasad et al., 2020). The complex molecular landscape of PCa renders it to escape cellular defenses and continue proliferation. Tumor development and progression is regulated by a number of cellular signaling pathways (Javed et al., 2020). Transforming growth factor-beta (TGF-β) has emerged as an essential modulator and mediator of the key steps of development of cancer such as the epithelial–mesenchymal transition (EMT), migration, and invasion (Behbahani et al., 2017). The TGF-β has a dual role in cancer. It has recently been shown that the dual nature of TGF-β can be due to its interaction with microRNAs (miRNAs) (Hao et al., 2019). These are small noncoding RNA in 21–25 nt that are crucial for the plethora of cellular processes (Javed et al., 2015). TGF-β signaling has been reported to regulate the formation of microprocessor complex via recruitment of mother against decapentaplegic homolog (SMADs) and influence the processing of pri-miRNAs (Miscianinov et al., 2018). PCa is the second most prevalent cancer in men after lung cancer, at which the cancer biomarker, that is, prostate specific antigen (PSA), is most commonly used for the PCa diagnosis. It has recently come to limelight that TGF-β signaling has broader implications in PCa. Both in vitro and in vivo approaches have shown the importance of TGF-β signaling as a new therapeutic approach for PCa (Hamidi et al., 2017). It is known that traditional medicines have been employed for centuries to treat cancers (Li and Weng, 2017). Interestingly, in recent times, the natural products and their derivatives have shown a tremendous potential for the treatment of PCa. (Leichter et al., 2017; Li et al., 2018a; Lu et al., 2018). Here, we discuss the interaction between TGF-β signaling and miRNAs in PCa, and also review the importance of natural compounds as a new therapeutic intervention in PCa.
PCA TREATMENT AND PROGNOSIS
PCa is an androgen-dependent cancer; it originates from the peripheral zone of the prostate. Alterations in the genetic framework of PCa lead to variations in the tumor physiology, including different tumor grades, aggressiveness of the tumor, and various treatment options (Hayes and Barry, 2014). Treatment options for PCs include prostatectomy, chemotherapy, hormonal therapy and radiation therapy. For low-volume and low-grade cancers, palliative therapy is also an option while androgen deprivation therapy (ADT) which includes the bilateral orchiectomy with androgen antagonist or agonist of GnRH is used for advanced grade prostate tumors. In high-grade metastatic prostate tumors, a combination of ADT and chemotherapy is used. Castration-resistant PCas involve different second-line treatments which include chemotherapy, antiandrogen therapy, steroid inhibitors, immunotherapy, and radioactive treatments (Mottet et al., 2017). Tumor grades and stage of disease determine the prognosis of PCa patients. Majority of the people suffering from PCa undergo organ-confined surgery and radiation therapy (Donovan et al., 2016). The survival frequency of PCa patients over the span of five years has been reported to be 27–53%. In patients with advanced grade prostate tumor, the survival and recurrence of diseases is measured by the relative decrease in PSA levels and response to ADT (Matulewicz et al., 2017).
TGF-Β SIGNALING IN CANCER
The TGF-β superfamily involve in development and differentiation of various mammalian cells. It consists of a broad range of proteins, such as the bone morphogenetic proteins (BMPs), anti-muellerian hormones (AMH), activins, growth factors, differentiation factors, and isoforms of TGF-β (TGF-β1, TGF-β2, and TGF-β3) that act as regulators of diverse cellular processes. This superfamily has been reported to orchestrate the key cellular processes and interactions (development, differentiation, migration, invasion, apoptosis, and immune responses) (Nacif and Shaker, 2014). TGF-β signaling has been reported for the tissue homeostasis (Xu et al., 2018). The role of TGF-β in cancer is debatable as it can either be tumor suppressor or oncogenic (Drabsch and Ten Dijke, 2011). The complex molecular landscape of cells along with the varied extrinsic and intrinsic factors determines TGF-β role. During the early stages of development, the TGF-β signaling plays a constructive role and facilitates differentiation and development of cells; however, with the passage of time, TGF-β signaling plays a destructive role through promulgation of metastasis and invasiveness in various tissues. This complex behavior of TGF-β signaling has been referred to as TGF-β paradox (Tian and Schiemann, 2009; Gong et al., 2015). Abrogation in the TGF-β signaling cascade triggers the development of PCa (Barrett et al., 2017) during the later stages of life. This has led scientists to focus on the intricate behavior of TGF-β in the progression of PCa and other tumors. Recent technological advances enabled us to target TGF-β signaling for possible therapeutic intervention. Inhibiting TGF-β seems to be a promising strategy for the treatment of PCa.
[image: Figure 1]FIGURE 1 | A detail description of both canonical and noncanonical TGF-β signaling and interaction of natural compounds in the regulation of this signaling cascade at various levels. Natural compounds such as the resveratrol modulate TGF-β pathway by inhibiting the receptor activity such as the attachment of TGF-β to TGF-βRII and thus prevent the downstream activation of Smads. Curcumin and Nobilitin both modulate Smad2/3/4 and prevent the activation of TGF-β pathway signaling genes such as the TWIST1, SNAIL, and SLUG. Caricoside E blocks the formation of Smad complex and their translocation to the nucleus. Arctigenin inhibits the TGF-β–mediated activation of ERK and thus triggers apoptosis. Baicalin has also been reported that inhibit TGF-βRII expression and thus downstream signaling of TGF-β pathway.
Three isoforms of TGF-β are having distinctive functions and play a crucial role in cellular growth (Akhurst, 2017). The latency associated protein (LAP) regulates the activation of TGF-β receptor through formation of latent TGF-β–binding protein (LTBP) (Nickel et al., 2018). The activated TGF-β then triggers either canonical or noncanonical TGF-β signaling, which involves activation of Smads (Smads 2,3 and 4) in case of canonical TGF-β signaling, while the non-canonical TGF-β signaling does not involve the activation of Smads (Massagué, 1998; Lodyga and Hinz, 2020). The noncanonical TGF-β signaling mechanistically promotes the activation of phosphatidylinositol-3-kinase/AKT/mammalian target of rapamycin (PI3K/AKT/mTOR), Janus kinase and p38 (JNK/P38), Rho-GTPase, and mitogen-activating protein kinases (MAPK).
The noncanonical signaling pathway is triggered by the same TβRI and TβRII complex that mechanistically promotes the activation of the broad range of molecular cascades such that the conjointly canonical and noncanonical signaling regulates a myriad of cellular functions ranging from posttranslational modifications to the binding of proteins to the target genes. TGF-β signaling plays a crucial role in the cellular development via inhibiting cellular growth. Loss of function mutations in TGF-β pathway has been reported to trigger uncontrolled cellular growth that ultimately leads to the development of tumor. Abnormal TGF-β signaling has been reported to accelerate carcinogenesis (Zhang et al., 2013). miRNAs contribute to the transcriptional activity of the TGF-β pathway, indicating functional links between short noncoding RNAs and TGF-β pathway. (Figure 1)
ALTERED TGF-Β SIGNALING IN PCA
TGF-β signaling is responsible for growth, proliferation, differentiation, metastasis, invasion, and apoptosis of both stromal and epithelial cells of prostate tissue (Barrack, 1997). Alterations in TGF-β signaling result in the development of PCa. TGF-β1 has been documented to be overexpressed in PCa. There was an increased level of TGF-β1 protein in tissue, serum, and urine of PCa patients (Reis et al., 2011; Liu et al., 2014). TGF-β1 increased levels curtail the grade, stage, invasiveness, angiogenesis, and metastasis of PCa (Reis et al., 2011). In addition, TGF-β1 expression also correlates with the survival rates of the patients. Loss or downregulation of TGF-β receptors is the most frequent alteration observed in PCa. Nearly 30% of PCa have altered or downregulated the expression of TGF-β receptors (Yumoto et al., 2016). Furthermore, expression of TGFβR1 and TGFβR2 was low in PCa with metastatic potential as compared to localized primary tumors. TGFβR2 upregulation promotes apoptosis and inhibits metastasis in PCa cells via activation of caspase-1 (Pu et al., 2009). TGFβR2 activates the expression of TGF-β1, a precursor for the activation of caspase-mediated apoptosis. However, downregulation of TGFβR2 promotes malignant transformation in PCa cells (Pu et al., 2009). These findings suggest that TGFβR2 downregulation plays a pivotal role in the progression of resistant PCa cells. TGFβR2 has proven to be a tumor suppressor gene. Hypoxic activation of DNA methyltransferases is the key enzyme responsible for the downregulation of TGFβR2 in PCa cells. DNA methyltransferases triggers the hypermethylation of the promoter region of TGFβR2 which in turn inhibits gene activation (Brattain et al., 1996). Prior to this, it was reported that mutations in the promoter region of TGFβR2 led to the downregulation of this apoptosis-inducing gene. In addition to TGFβR2, downregulation of TGFβR3 is the most prevalent modification of the TGF-β cascade in PCa (Brattain et al., 1996). Downregulation of TGFβR3 promotes invasiveness, motility, and metastasis of PCa cells both in vitro and in vivo (Turley et al., 2007). It is reported that in normal prostate epithelial cells, downregulation of TGFβR3 expression resulted in the development of cancer stem cell phenotype and impeded cell to cell contact (Sharifi et al., 2007). Testosterone and dihydrotestosterone (DHT) are the activators of androgen receptor (AR) signaling. AR is a nuclear receptor whose activations result in its translocation to the nucleus where it modulates the expression of the target genes directly or indirectly. AR-mediated direct expression of target genes includes binding to AR–binding elements (AREs) and genes, while the indirect expression involves the regulation of various transcription factors. TGF-β signaling interacts with AR signaling and regulates it to certain extent. In PCa, the expression of TGF-β–targeted genes is influenced by AR signaling. SMAD3 interacts with AR and impedes SMAD3 binding to the SBEs (SMAD-binding elements) (Chipuk et al., 2002). DHT has been reported to inhibit the expression of TGFβR2. The DHT-mediated attenuation of the expression of TGFβR2 in turn decreases the binding of SP1 to the promoter genes. The downregulation of TGFβR2 promotes the apoptosis in prostate adenocarcinoma cells via upregulation of TGFβR2-targeted genes such as the cyclin Ds, Bcl-xL, and caspase-3 (Song et al., 2008). Abrogation in the AR signaling leads to cell survival, growth, and motility in PCa cells. The differentiation of the PCa cells is affected by the defected AR signaling which increases the overexpression of TGF-β and triggers growth, viability, aggressiveness, and invasiveness of the androgen-resistant PCa cells. TGF-β and AR synergistically stimulate apoptosis in PCa cells overexpressing TGFβR2 (Steiner and Barrack, 1992). The interplay between AR and SMAD4 proteins synergistically stimulates apoptosis in PCa cells with overexpressed TGFβR2 (Zhu and Kyprianou, 2010). It has been documented that administration of DHT to PC-3 cells, can lead to activation of EMT through interaction with SNAIL protein. The DHT administration increases the expression of N-cadherin which in turn inhibits the expression of E-cadherin and beta catenin and stimulates the activation of EMT. In addition, TGF-β signaling interacts with AR signaling pathway to facilitate the expression of TWIST1 that triggers the activation of EMT in PCa cells (Shiota et al., 2012). These findings indicate that TGF-β signaling has a decisive role in promoting invasiveness of PCa cells. The tumor cells employ a vast range of strategies to escape apoptosis and retain progressive growth and invasiveness (Hu et al., 2014). The tumorigenic prostate epithelial cells escape the apoptotic TGF-β signaling via constitutive activation of Akt pathway. The activated Akt pathway prevents the nuclear translocation of TGF-β–regulated Smad3 and arrest the growth of proteins such as the p21. The PI3K/Akt/mTOR pathway activates EMT in PCa cells through modulating the expression of TGF-β (Ao et al., 2006). Downregulation of PI3K/Akt/mTOR results in the inhibition of TGF-β–induced expression of vimentin. These in turn promote the downregulation of keratin and thus increase invasiveness of the tumor cells. Nuclear factor-kappa B (NF-κβ) has also been reported to activate EMT in PCa cells through its interplay with TGF-β signaling. It has been reported that overexpression of NF-κβ is modulated by the overexpression of TGF-β. The NF-κβ expression elevates the synthesis of vimentin and increases metastasis and invasion in PCa cells (Ao et al., 2006). Inhibition of either TGF-β or NF-κβ suppressed the invasion of cancer cells and the EMT process.
INTERPLAY BETWEEN TGF-Β PATHWAY AND MIRNAS IN PCA
miRNAs form a class of endogenous, small (19–25 nucleotides), single-stranded, noncoding RNA molecules (Finotti et al., 2019), which progressively contribute to a vast range of critically important biological events such as development (Wienholds and Plasterk, 2005; Cho et al., 2019), proliferation (Zhuang et al., 2018), differentiation (Li et al., 2018b), apoptosis (Slattery et al., 2018), signal transduction (Barbu et al., 2020), and many more. Expression patterns of miRNAs are linked with a wide range of anomalies; thus, screening and characterization of miRNAs can serve as a potential diagnostic and therapeutic tool (Dwivedi et al., 2019). Till date, more than 25,000 miRNA sequences have been identified, and this number is expected to grow. According to an estimation, 3–4% of human genome comprises miRNAs (Valinezhad Orang et al., 2014). These miRNAs interfere with numerous key regulators of cellular processes by binding with posttranscriptional products. For this reason, miRNAs are considered as important biomarkers for many cancers, including PCa. Here, we shall focus on the interplay between various miRNAs and TGF-β signaling regulators with a focus on PCa.
Growing bodies of evidence have revealed multiple miRNAs–TGF-β checkpoints that control TGF-β signaling in different manners and intrinsically control the progression of PCa. For instance, SMAD family appeared to be the major target of miRNAs. The miRNAs can affect progression of PCa in individual or in combination with other miRNAs. Moreover, many miRNAs may interact in direct or indirect manners. Overexpression of miR-486-5p downregulates the expression of SMAD2 to promote cell pre-filtration in PCa which was reversed by knocking miR-486-5p (Yang et al., 2017). Another miRNA named miR-505-3p has the ability to interact with both SMAD2 and SMAD3 to contribute in PCa progression (Tang et al., 2019). MiR-19a-3p is a tumor suppressor miRNA that targets the SMAD2 and SMAD4 resulting in inactivation of TGF-β and suppression of PCa (Wa et al., 2018). Interactions of miRNAs with TGF-β pathways also indirectly controlled by other key players as well. For instance, TR4, a transcription regulator, can suppress the expression of miR-373-3p which otherwise would inhibite SMAD3 through inhibition of TGF-βR2 (Qiu et al., 2015). Interestingly, miRNAs can work in clusters to regulate tumor progression as well. For instance, a cluster of miR-15a/16 controls TGF-β signaling by downregulation of p-SMAD3, ACVR2A, Snail, and Twist, resulting in attenuated expression of TGF-β–dependent genes MMP2 and E-cadherin. This condition leads to the inhibition of EMT and invasion of PCa in LNCaP cells (Jin et al., 2018). Similarly, another miRNA cluster i.e., miR-122/132 downregulates SOX4 and disrupts the EMT process to suppress PCa (Fu et al., 2016). On the other hand, single miRNAs are also capable of controlling progression of PCa by interacting with TGF-ß. For example, miR-34 interacts with TGF-ß signaling through SMAD3 and suppresses PCa (Fang et al., 2017). Just like SMAD3, SMAD4 is also a vital target of many miRNAs. A study has shown that overexpression of miR-1260b suppressed SMAD4 and promoted PC progression, whereas genistein-induced downregulation of miR-120b resulted in increased expression of SMAD4 and sFRP1, hence promoting apoptosis (Hirata et al., 2014b). Hyperglycemia-induced overexpression of miR-301a also suppresses p21 and SMAD4 which result in G1/S cell cycle transition and cell proliferation ultimately (Li et al., 2018c). Another miR-205 targets 3′UTR of SMAD4 and downregulates its expression to promote PCa (Zeng et al., 2016).
Apart from the SMAD family, miRNAs also interact with TGF-β receptors. Hypoxia-induced elevated levels of miR-93 promote PCa through degradation of TGFβR2 (Zhou et al., 2018). miR-133b plays its role in the suppression of PCa by downregulation of TGFβR1 and TGFβR2. Attenuated expressions of miR-133b lead to activation of TGF-β signaling and progression of PCa (Huang et al., 2018). TGFRβR2 is down regulated by a number of miRNAs, resulting in the progression of PCa. For example, miR-21 in positive feedback loop with AR downregulates TGFRβR2 and promotes PCa (Mishra et al., 2014). miR-212 has been reported to down regulate the expression of heterogenous nuclear ribonuclear protein H1 (hnRNPH1), a splicing protein vital for the growth and progression of PCa. Ectopic expression of miR-212 mimic directly modulated the expression of hnRNPH1 transrcipts which in turn reduced the expression of AR splice variant AR-V7 in PCa cells. The hnRNPH1 protein in conjunction with AR promotes the expression of steroid receptor coactivator-2 (SRC-3) vital for the activation of AR–regulated genes (Yang et al., 2016). Another miRNA named miR-2909 promotes PCa by interacting with 3′-UTR of sequence of TGFRβR2 and resulting in its downregulation. Moreover, overexpression of miR-2909 also results in decreased expression of SMAD3, further verifying its role in tumor progression (Ayub et al., 2017). Recent advances in the field of phytochemistry have begun to scratch the surface of molecular oncology. The natural compounds pose a wide range of therapeutic benefits that can help in culminating cancer. Interaction among miRNAs, natural compounds, and TGF-β signaling cascade is an emerging avenue for devising precision medicines for various cancers. The miRNAs and natural compounds can modulate the expression of TGF-β–associated signaling molecules.
Carnosol (CAR) is the main compound derived from the rosemary plant. It is a phenolic diterpene with strong antiproliferative ability both in vitro and in vivo. Data have suggested that carnosol can be implemented as a therapeutic option for the glioblastoma cells (Giacomelli et al., 2016). CAR can regulate a broad range of cellular processes affiliated with cancer proliferation, stemness, invasion, and metastasis through its interaction with key signaling pathways and miRNAs. Accumulating evidences have suggested that CAR has the ability to regulate the expression of miR-200c. miR-200c has been investigated for its role in modulation of TNF-α/TGF-β signaling and upregulated the expression of key downstream genes responsible for EMT (Snail, Slug, Twist, and ZEB1) in vitro (Giacomelli et al., 2017). Osthole is a natural coumarin obtained from the Cnidium plant. It has tremendous antiproliferative ability as it can reduce the tumor aggressiveness and metastasis. Osthole has the ability to suppress growth, metastasis, and EMT in PCa via modulating the expression of TGF-β/AkT/MAPK. Osthole-mediated downregulation of EMT promoter genes Snail, and miRNA-23a-3p triggers growth arrest and apoptosis in PCa cells (Wen et al., 2015). The data regarding the interplay between miRNA/TGF-β/natural compounds in PCa are scarce and require more research to be done. Table 1 shows the miRNAs and their interplay with TGF-β signaling and their effect on PCa status.
TABLE 1 | List of miRNAs and TGFβ signaling to control PCa.
[image: Table 1]NATURAL COMPOUNDS IN PCA
The effectiveness of natural compounds in curbing various diseases including cancers has been proven experimentally (Salehi et al., 2019). In recent years, there are more attentions in elucidating therapeutic efficacy of natural compounds in PCa (Bayala et al., 2020; Zhang et al., 2020). These compounds target different pathways in cancer cells that are being exploited by such cells to ensure survival, growth, and also acquisition of metastatic capabilities. Inhibition of these pathways results in metastatic reversal, tumor growth regression, and apoptosis (Lajis et al., 2020) (Table 2).
TABLE 2 | List of natural compounds, their sources, and pathway modulated in PCa.
[image: Table 2]Natural compounds have been employed for the treatment of various human diseases for centuries. They have been found to be experimentally effective against different cancers. A plethora of studies have been conducted to delineate the complex interaction of natural compounds with molecular landscape of tumor cells both in vitro and in vivo. This has enabled researchers to determine novel compounds which can inhibit tumor growth, invasiveness, and metastasis. PCa is a complex disease orchestrated by a wide range of intrinsic and extrinsic factors. In PCa, the tumor growth is slow and has a persistently long latency period. These characteristics make PCa suitable for integration of natural compounds with other existing therapies for managing disease progression and mortality. The imbalance between abrupt cellular growth and apoptosis is the hallmark of PCa. Several oncogenes are overexpressed in PCa that lead to transformation of benign tumors to more aggressive metastatic PCa through suppression of the proapoptotic proteins. These changes trigger resistance to chemotherapy and radiotherapy. Natural compounds have been employed as adjuvants in combination with chemotherapy and radiotherapy to resensitize tumor cells toward treatment and also reduce drug resistance. There are a number of medicinal plants and their derivatives that have been reported to hold great therapeutic potential for PCa treatment. A phytochemical (amygdalin) present in the kernals of the member Rosaceae and prunasin has been found effective to reduce proliferation in PCa cell lines LnCaP and DU-145. Further insight into the tumor suppressor potential of amygdalin revealed that it reduced Bcl-2 and α6 integrin expression, and increased the cell cycle proteins (cyclin A, cyclin B, and cdk1) at G1-phase, resulting in the inhibition of growth, metastasis, adhesion, and chemotaxis (Saleem et al., 2018). Despite this, there are several cytotoxic effects caused by amygdalin. Leaf extracts of Withania coagulans, with anolides, were also reported to have antiproliferative, anti-migratory, and pro-apoptotic activities in DU-145 and PC-3 cells (Rehman et al., 2019). Caspase-dependent apoptosis is induced by ethanol extracts of Hizikia fusiforme in PC-3 cells where it downregulated c-Flip and promoted reactive oxygen species (ROS) production (Choi et al., 2020). Daucosterol obtained from Crateva adansonii has been reported to suppress growth, proliferation, and metastasis in LNCaP, DU-145, and PC-3 cell lines through upregulation of Bax protein and modulation of PI3K/AkT/mTOR pathway (Zingue et al., 2020). Daucosterol also phosphorylates JNK and elicits autophagy-induced apoptotic response (Gao et al., 2019). Phenols, coumaric acid and ascorbic acid, found in Rosa canina, bring about G1-phase growth arrest and induce intrinsic apoptosis by significantly reducing mitochondrial membrane potential (90%) and caspase-3 and caspase-7 activation in PC-3 cells (Kilinc et al., 2020). The extracts derived from Lespedeza bicolor induced G1-phase growth arrest in vitro inhibiting CDKs at the posttranscriptional or posttranslational level (Dyshlovoy et al., 2020). Cytotoxicity is one major stumbling block regarding the treatment of the PCa. Several natural compounds in combination with chemotherapy have been proven effective to reduce cytotoxicity and chemo-driven side effects. Licorice obtained from Glycyrrhiza glabra prevented tumor proliferation in PC-3 cell when administrated along with adriamycin (Gioti et al., 2020). Licorice also induced chemosensitivity in cisplatin-resistant DU-I45 and PC-3 cells (Martínez-Martínez et al., 2019). Docetaxel and thymoquinone reduced chemoprevention in vitro. A combination of the above reduced chemoresistance in C4-2B and DU-145 cells through modulation of PIK2/Akt axis (Singh et al., 2019). Neferine obtained from Nelumbo nucifera triggered apoptosis in DU-145 cell through enhancement of apoptosis via modulation of TRAIL and phosphorylation of JNK (Nazim et al., 2020). Excelsanone, an isoflavonoid found in the bark of Erythrina excelsa, has been tested for its anticancer properties in PCa cell lines DU-145 and PC-3 cells, and enhanced cytotoxicity (Gbaweng et al., 2020). Phytoalexin resveratrol, abundantly present in grapes and berries, halts EMT in PCa. It induces the lysosomal degradation of TRAF6 and indirectly suppresses NF-κB signaling and the transcription of SLUG which are among the main drivers of metastasis. Exposure of resveratrol in PC-3 and DU-145 cells reduced cell proliferation and viability (Khusbu et al., 2020). Another compound, ellagic acid, found in black raspberries prevented tumor growth in mice but at very high dose. Rest of the raspberry compounds such as protocatechuic acid and anthocyanin cyanidin-3-rutinoside did not have any recuperative effect on carcinogenesis both in vivo and in vitro (Eskra et al., 2020).
NATURAL COMPOUNDS ON THE BASIS OF ANDROGEN STATUS OF THE CANCER
The effectiveness of natural compounds is also evaluated on the basis of androgen status of the cancer. A nonpolar flavonoid, nobiletin, present in citrus peels has been reported to curb PCa growth by suppressing inflammation. The efficacy of its therapeutic influence is dependent on androgen status of PCa. Androgen-dependent LNCaP cell line is reported to be more sensitive to nobiletin than androgen-independent, metastatic PC-3 cell line. Mechanistically, it targets TLR4/TRIF/IRF3 and TLR9/IRF7 pathways by inhibiting TLR4, IRF3, TLR9, and IRF7 expression at the transcriptional level. Also, it reduces the mRNA and protein levels of IFN-α and IFN-β, which are downstream targets of TLR4 signaling cascade (Deveci Ozkan et al., 2020). Similarly, Aegiceras corniculatum–derived sakurasosaponin is reported as AR inhibitor. In sakurasosaponin-treated cell lines (LNCaP, C4-2, and 22Rv1), the rate of androgen receptor expression, along with few target genes (PSA, NKX3.1, and TMPRSS2), was decreased with increased dose and time. Furthermore, its treatment also induced intrinsic apoptosis by reducing mitochondrial membrane potential and Bcl-Lx expression. In vivo analysis revealed that it significantly attenuated tumor growth in AR-positive xenografted mice than in AR-negative xenografted mice (Song et al., 2020). Total saponins from Paris forrestii (PST3) constituting polyphillin D, dioscin, ophiopogonin C′, polyphyllin F, formosanin C, and glucopyranoside are isolated by Xia and team. They treated PC-3 and LNCaP cells with PST3 and found that it significantly reduced cell proliferation and promoted anti-invasiveness at minimum 1 μg/mL in LNCaP cells and 2 μg/mL in PC-3 cells. Its proapoptotic influence was in a dose-dependent manner in both cells lines (Xia et al., 2020). Resveratrol induces apoptosis in androgen-independent prostate cells by enhancing the expression of DUSP-1 which further suppresses NF-κB signaling and COX-2 expression (Martínez-Martínez et al., 2019). Curcumin is a widely studied natural compound in numerous cancers. In PCa, it induces cell proliferation inhibition, reversion of metastatic capability and cell death by inhibiting AR signaling via downregulating receptor transcription and translation or by inhibiting AR coactivators NF-κB, AP-1, and CBP. In LNCaP-xenografted mice (Tsui et al., 2008), its treatment halted signal transduction through AR via modulation of Wnt/β-catenin pathway (Hong et al., 2015; Lajis et al., 2020). In PC-3 cells, it decreased surface availability of AR by suppressing the expression of Hsp90 (Rivera et al., 2017) and promoted cell apoptosis through reducing mitochondrial membrane potential, promoting Bax expression and suppressing Bcl-2 expression (Yang et al., 2015). Synthetic derivatives of curcumin, cinnamaldehyde and dimethylamino derivative, were reported to improve sensitization of LNCaP cells for photodynamic therapy at concentration of 3 μM. Curcuminoid dimethylamino derivative reduced cell survivability in a dose-dependent manner (Kazantzis et al., 2020). Performing curcumin derivatives and photodynamic therapy together on other PCa cell lines and in animal models might give a novel method for curbing this disease. Triterpenes (trinordammaranolactone triterpene and dihydroxyoxodammarane triterpene) from C. khorassanica are reported effective against PCa, irrespective of hormone status (Sajjadi et al., 2020).
NATURAL COMPOUNDS FOR THE TREATMENT OF OBESITY EXPOSED PCA
Significance of natural compounds is also evaluated in obesity-exposed PCa cells. Studies have demonstrated that obesity promotes PCa proliferation and metastasis by inducing aberrant signaling through PI3K/Akt pathway, ERK pathway, and JAK/STAT pathway and by upregulating expression of pro-inflammatory COX-2 expression. Silibinin is a compound derived from Silybum marianum. Its in vitro treatment reported to cause reduction in signal transduction through all these pathways and downregulation of COX-2, leading to cell proliferation inhibition and reduced metastasis (Sherman et al., 2020). Silibinin is suggested as an effective therapeutic option for obese individuals suffering from PCa. Yet, the in vivo evidences are scarce to further validate its significance.
NATURAL COMPOUNDS AS MODULATOR OF TGF SIGNALING IN PCA
TGF-β signaling role in cancers is in dual manner: it acts both as oncogene and tumor suppressor. Very few investigations have focused on therapeutically targeting this pathway in PCa. Thus, understanding TGF-β pathway tumor suppressive or oncogenic role at different stages of cancer is very important (Colak and ten Dijke, 2017). In PCa, TGF-β pathway is aberrantly activated which mostly involves mutated downstream targets or mutation in TGF-β receptor (Seoane and Gomis, 2017; Grover et al., 2018). Many evidences are reported in which natural compounds acted as antagonist for this pathway in PCa. For instance, the dried powdered extract of Ganoderma lucidum inhibits angiogenesis of PC-3 cells. It induces this effect by hindering the phosphorylation of Akt and Erk1/2 which then fails to activate their downstream target AP-1, hence indirectly silencing the expression of TGF-β1 (Stanley et al., 2005). Resveratrol treatment to PCa cells also inhibits Akt activation by regulating miR-21 (Sheth et al., 2012), which can also lead to TGF-β1 expression downregulation and suppression of cancer cell proliferation. Compounds EGCG and myricetin halt TGF-β signaling in PC-3 cells by downregulating expression of TGFβR1 at the transcriptional level at a dose of ∼80 μM (Singh et al., 2016). TGFβR1 expression is reciprocal to the expression of miR-34c/b. In PC-3 cells, miR-34b/c expression is downregulated, which promotes TGFβR1 transcription and translation (Fang et al., 2017). It is possible that EGCG and myricetin might promote miR-34c/b expression that further inhibits TGFβR1posttranscriptionally. TGF-β and BMP pathway crosstalk is associated with PCa metastasis (Chen et al., 2012). Phenethyl isothiocyanate (PIT) treatment to PC-3 cells promoted miR-194 expression which downregulated BMP1 expression. PIT treatment also inhibited MMP2 and three expression which led to decreased invasiveness and metastatic capabilities (Zhang et al., 2016). Osthole, a bioactive coumarin, prevents EMT by simultaneously suppressing miR-23a-3p and TGF-β expression. TGF-β directly activates miR-23a-3p which then targets E-cadharin (Wen et al., 2015). Cairicoside E obtained from Ipomoea cairica has been investigated both in vitro and in vivo. It has been reported that Cairicoside E targets phosphorylation of Smads 2/3 triggered by TGF-β and prevents EMT in various tumors (Chen et al., 2017). Baicalin and baicalein are the two molecules that have been reported to modulate TGF-β signaling. These two compounds have been found effective both in vitro and in vivo in suppressing the proliferative potential via modulation of SLUG and NF-κβ signaling (Chung et al., 2015). Baicalin has also been demonstrated to inhibit the phosphorylation of Smads and promoted apoptosis and cell death in vitro (Zheng et al., 2016). Recent pharmacological evidences have shed light on paeoniflorin obtained from Paenoia lactiflora as a potential inhibitor of proliferation, metastasis, and invasion both in vivo and in vitro. In the mice model, it has been reported that paeoniflorin downregulated the expression of TGF-β, Snail, e-cadherin, vimentin, and MMP-9 (Ji et al., 2016) (Wang et al., 2018b). Altogether, downregulation of these molecules prevented proliferation and invasiveness in lung cancer. From these findings, it can be concluded that paeoniflorin could be a promising candidate to be tested for PCa. Evidence reported that tumor progression in early stages of PCa involves reduced signal transduction through TGF-β pathway. Racemic gossypol, present in cotton seeds, is reported to decrease cell proliferation and prolong the doubling time of PC-3 cells. Gossypol exerted its effects by promoting TGF-β1 expression at the transcriptional and translational levels (JIANG et al., 2004). Another compound, genistein inhibits invasiveness and promotes TGF-β signaling by suppressing onco-miR-1260b expression and removing smad4 from its regulatory control. Genistein also induces epigenetic modification (DNA demethylation) of smad4 gene to promote its transcription (Hirata et al., 2014a). Its treatment also induces miR-574-3p (tumor suppressor miRNA) expression (Chiyomaru et al., 2013), but its association with TGF-β signaling is yet to be determined. Berberine, a natural compound obtained from barberry, has been reported to have extensive antiproliferative, anti-microbial, and anti-inflammatory properties (Tillhon et al., 2012). The role of berberine as a potential inhibitor of metastasis has been well documented. A study conducted by Kou et al. demonstrated that berberine prevented cell adhesion via modulating the expression of E-cadherin, vimentin, and fibronectin in cell lines. Berberine downregulates the expression of several EMT genes via regulating the PI3K/AkT signaling axis and retinoic acid receptor signaling in various cancers (Kou et al., 2016). Arctigenin is another natural liganin obtained from the plants of Asteraceae family. Arctigenin possesses tremendous antiviral and antiproliferative properties in vitro. Recent studies have demonstrated that arctigenin modulated the expression of TGF-β expression and inhibited the phosphorylation of the Smad2/3, and thus prevented the downstream activation of EMT in lung cancer cell lines. Moreover, overexpression of E-cadherin in a dose-dependent manner increased the expression of ERK and ß-catenin that in turn facilitated the expression of TGF-β and triggered EMT (Xu et al., 2017). All together, these findings shed light that arctigenin may be implemented as a potential therapeutic approach for culminating PCa cancer as well. Alpha-solanine is another natural compound that has been reported to prevent invasiveness, EMT, and proliferation of the PCa via modulation of ERK and PI3K/Akt axis. Alpha-solanine prevents phosphorylation of these molecules that in turn prevents the activation of EMT target genes and thus inhibit growth of PCa cell in vitro (Shen et al., 2014). Plectranthoic acid (PA) has been investigated for its role in inhibiting cell proliferation and invasiveness in PCa via modulation of the TGF-β signaling. Recent findings suggest that PA triggers growth arrest and inhibition of metastasis via regulation of RAC1 signaling (Akhtar et al., 2018). A phytochemical obtained from Solanum nigrum Linn (α-solanum) has been found active against TGF-β–mediated EMT transition in PCa cells in vitro. α-solanum suppressed MMP expression via modulation of ERK/AkT axis and thus prevented EMT in PCa (Shen et al., 2014). Sulforaphane is a natural compound found abundant in broccoli and other cruciferous vegetables. This phytochemical has tremendous anti-oxidant properties. Sulforaphane has been documented to prevent growth and proliferation in various tumors including PCa. It directly targets TGF-β signaling and via suppression of SLUG (Amjad et al., 2015). Sulforaphane has also been shown to prevent metastasis through interplay among miR-616-5p, beta-catenin, and GSK-3β signaling cascade (Wang et al., 2017). Osthole derived from Cnidium monnieri has been found effective in the prevention of metastasis and invasion in different cancers. Osthole blocks EMT via modulation/suppression of TGF-β/AkT/MAPK axis, downregulation of Snail, and upregulation of E-cadherin both in vitro and in vivo (Wen et al., 2015). However, few compounds discussed above have potential to curb PCa progression, but none of these compounds are validated in animal models. Also, the influence of these compounds according to androgen-dependent or independent status also needs to be determined. Finally, with progressing cancer status of TGF-β pathway activation changes, so with further understanding of actors involved in switching on/off in this pathway, the development of natural compound-based therapy is warrant to pursue.
PERSPECTIVES
PCa is a serious anomaly that affects male population in the world. A number of studies over the years provide strong evidence of the involvement of both TGF-β signaling and miRNAs in the development and progression of PCa. The interplay between miRNAs and TGF-β signaling is so crucial that it may aid in resolving the dual behavior of TGF-β signaling in various cancers. miRNAs have a dual role in regulating TGF-β signaling. They can either modulate the expression of the key components of TGF-β signaling machinery such as the receptors, SMADs, and antiapoptotic behavior of the TGF-β–mediated oncogenes. This results in decreased cellular growth and metastasis. However, during proliferation of PCa, expression of these tiny molecules is downregulated, causing direct activation of downstream TGF-β effectors. The miRNAs can also directly act on genes which are activated by TGF-β signaling, thus either inhibiting or promoting the proliferation of PCa. The oncogenic miRNAs are upregulated in highly metastatic PCa cells. They achieve this by downregulating the expression of tumor suppressor miRNAs in a variety of ways leading to cancer progression. From these findings, it can be observed that the switching of miRNAs expression is a pivotal mechanism to understand the dual role of TGF-β signaling in PCa. TGF-β signaling is renowned for regulating molecular landscape of tumor cells and immune responses. Therefore, understanding the interplay between miRNAs and TGF-β signaling could help in the development of diagnostic and prognostic biomarkers. In addition, the interplay between miRNAs and TGF-β signaling is emerging as platform for therapeutic interventions. This will lead to the inclusion of miRNAs that specifically target TGF-β signaling pathway in to clinical trials for the new therapeutic intervention in PCa. Given the prospect, miRNA-mediated regulation of TGF-β signaling in PCa may be promising for the treatment of aggressive prostate tumors.
Phytochemicals have recently emerged as a promising field that can help in prevention and even treatment of PCa. It has been reported that several medicinal plants, herbs, and phytochemicals have tremendous potential in preventing various cancers. The chemical constituents of various plant species have a preponderant role in the production of bioactive phytochemicals. The phenolic extracts of several plants prevented the proliferative potential of the PCa followed by alkaloids and terepnoids. Despite these encouraging results, only few of the phytochemicals have undergone clinical trials. More clinical evidences are required to validate the in vitro and in vivo studies conducted on natural compounds and their interplay with miRNAs and TGF-β signaling in PCa. Combining natural compounds, miRNAs and TGF-β signaling will ensure better chemoprevention and advanced therapeutic strategies for PCa.
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Cinnamaldehyde (CA) is the main component extracted from the traditional Chinese medicine cinnamon. Recent studies revealed that CA has antiviral and anti-tumor effects. However, the effect and mechanism of CA on non-small cell lung cancer (NSCLC) through whole transcriptome sequencing integrated analysis have not been systematically investigated. In this study, whole transcriptome sequencing was used to identify differentially expressed messenger RNAs (mRNAs), micro RNAs (miRNAs), and long non-coding RNAs (lncRNAs) that were influenced by CA and screen regulatory pathways. The results showed that CA significantly inhibited proliferation, invasion, and migration, whereas it induced the apoptosis of NSCLC cells. CA inhibited tumor growth in vivo. Gene ontology and Kyoto Encyclopedia of Genes and Genomes analysis revealed that these differentially expressed mRNAs were potentially implicated in the CA-suppressing malignant phenotypes of NSCLC. According to the competing endogenous RNA (ceRNA) hypothesis, a ceRNA network was constructed, including 13 mRNAs, 6 miRNAs, and 11 lncRNAs. Kyoto Encyclopedia of Genes and Genomes analysis of the 13 mRNAs in the ceRNA network showed that suppressors of cytokine signaling 1 (SOCS1), BTG anti-proliferation factor 2 (BTG2), and Bruton tyrosine kinase (BTK) were significantly enriched in the JAK/STAT signaling pathway, RNA degradation, and nuclear factor-κB (NF-κB) signaling pathway related to cancer. These findings indicated that SOCS1, BTG2, and BTK play an essential role in CA against NSCLC. Meanwhile, based on the ceRNA network, three lncRNAs (long intergenic non-protein coding RNA 1504 [LINC01504], LINC01783, and THUMPD3 antisense RNA 1 [THUMPD3-AS1]) and three miRNAs (has-miR-155-5p, has-miR-7-5p, and has-miR-425-5p) associated with SOCS1, BTG2, and BTK may be important in CA against NSCLC. Taken together, the present study demonstrated the activity of CA against lung cancer and its potential use as a therapeutic agent.
Keywords: cinnamaldehyde, long non-coding RNAs, micro RNAs, non-small cell lung cancer, messenger RNAs
INTRODUCTION
Lung cancer is the most common type of cancer and the leading cause of cancer-related death. It is expected that its incidence rate will continue to increase (Chen et al., 2016). Approximately 85% of patients with lung cancer have non-small cell lung cancer (NSCLC). Lung adenocarcinoma and lung squamous cell carcinoma are the major types of NSCLC (Molina et al., 2008; Herbst et al., 2018). Although the development of drugs has greatly improved the therapy of patients with advanced NSCLC, the 5 years survival rates of these patients remain low (Minguet et al., 2016). Therefore, it is urgent to identify effective drugs for combating the malignant phenotype of lung cancer and elucidate the anti-tumor molecular mechanism.
Cinnamaldehyde (CA; C9H80, MW 132.16), the main component of the essential oil isolated from cinnamon, is a traditional Chinese medicine (Wu et al., 2017). Studies have demonstrated that CA can exert significant anti-cancer effects through multiple mechanisms. In human hepatocarcinoma cells, CA induces cell apoptosis by downregulating the expression of BCL-(XL) and upregulating that of CD95 and p53 (Ng and Wu 2011). Moreover, CA exerts an effective chemo-preventive effect by activating the JNK, ERK, and AKT signaling pathways, resulting in NRF2 nuclear translocation, eventually upregulating the expression of the phase II enzyme (Huang et al., 2011). CA could induce apoptosis and inhibit invasion and adhesion in colorectal cancer cells by antagonizing the activation of the PI3K/AKT signaling pathway (Li et al., 2016). In NSCLC, CA could induce apoptosis and reverse epithelial-mesenchymal transition through inhibition of the Wnt/β-catenin signaling pathway (Wu et al., 2017). In addition, CA could induce cell apoptosis by a novel circular RNA hsa_circ_0043256 (Tian et al., 2017).
Noncoding RNAs (ncRNAs) comprise rRNAs and others that can be further classified into short ncRNAs (micro RNAs [miRNAs], small interfering RNAs, small nucleolar RNAs, transfer RNAs, and piwi-interacting RNAs) and long ncRNAs (lncRNAs) (Chan and Tay. 2018). miRNAs are an abundant class of small ncRNAs with 20–24 nucleotides (Wang et al., 2020), which negatively regulate the gene expression of messenger RNAs (mRNAs) and translation inhibition involved in cell death and cell proliferation (Ambros 2004). lncRNAs are longer than 200 nucleotides, and play essential roles in the proliferation, metastasis, drug sensitivity, and progression of tumors (Xie et al., 2019). In 2011, Salmena et al. proposed a regulatory mechanism between ncRNAs and mRNA, namely the competing endogenous RNA (ceRNA) hypothesis (Salmena et al., 2011). According to this hypothesis, miRNAs could regulate the expression of target mRNAs and ncRNAs by binding to the miRNA response elements. It has been reported that ncRNAs serve as miRNA sponges to decrease miRNA abundance, thus relieving the inhibitory effect of miRNA on downstream target mRNAs (Guttman et al., 2009; Prensner and Chinnaiyan. 2011; Salmena et al., 2011). An increasing body of evidence has demonstrated that the ncRNAs play an important role in multiple cancers, such as breast cancer (Fan et al., 2018), liver cancer (Yan et al., 2018), and lung cancer (Sui et al., 2016).
The aim of this study was to unveil the regulatory effect of CA in NSCLC and investigate its regulatory mechanism, as well as identify key mediator molecules for the effect of CA on NSCLC.
MATERIALS AND METHODS
Cell Culture
A549 and NCI-H1650 cell lines (lung adenocarcinoma), and SK-MES-1 and NCI-H226 cell lines (lung squamous cell carcinoma) were purchased from the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). Cancer cells were cultured in RPMI1640 supplemented with 10% fetal bovine serum (FBS) and 1% penicillin (100 U/ml)/streptomycin (100 μg/ml) at 37°C with 5% CO2.
Drugs and Reagents
The CA (purity 99.41% as measured by high-performance liquid chromatography) was purchased from the Shanghai BS Bio-Tech Co., Ltd (Shanghai, China) and dissolved in dimethyl sulfoxide. A total of 7.6 µL of CA was dissolved in 92.4 µL of dimethyl sulfoxide, and the final concentration of CA was 80 mg/ml. The 3-(4,5-Dimethylthiazol-2-thiazolyl)-2,5-diphenyltetrazolium bromide (MTT) was obtained from the Sigma Chemical Corporation (St. Louis, MO, United States). The annexin V/propidium iodide apoptosis detection kit was obtained from BD Biosciences (Franklin Lake, NJ, United States). The Matrigel was purchased from Corning (Wujiang, China). The TRIzol reagent was purchased from Invitrogen (Carlsbad, CA, United States). The RT reagent Kit and SYBR Green polymerase chain reaction (PCR) Master Mix were purchased from Promega (Madison, WI, United States). The primary antibodies against phospho-NF-κB (p-NF-κB) p65, p-JAK, phospho-signal transducer and activator of transcription 3 (p-STAT3), peroxisome proliferator-activated receptor gamma (PPARγ), and β-actin (1:1,000) were purchased from the Cell Signaling Technology Co., Ltd (Danvers, MA, United States).
Cell Proliferation Assay
Cell viability was assessed using the MTT assay (Hao et al., 2020). Briefly, A549 (3,000 cells/well), NCI-H1650 (8,000 cells/well), SK-MES-1 (5,000 cells/well), and NCI-H226 (5,000 cells/well) cells were seeded in 96-well plates in the presence of various concentrations of CA. After treatment with CA for 24, 48, and 72 h, the cells were incubated with MTT (0.25 mg/ml) for 4 h at 37°C. Subsequently, the supernatant was discarded, and the formazan crystals were dissolved by adding dimethyl sulfoxide. The plates were analyzed at 490 nm to determine cell viability.
Cell Apoptosis Assay
Cells were resuspended in 500 μl of binding buffer after treatment with various concentrations of CA for 24 h. Subsequently, 5 μl of annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) were added, and the cells were incubated for 15 min in the dark. Flow cytometry was employed to analyze the apoptosis of lung cancer cells.
Cell Migration and Invasion Assay
For the migration assay, NSCLC cells were resuspended in 200 µL of FBS-free RPMI1640 medium that contained various concentrations of CA and placed in the upper chambers. The lower chambers were filled with 600 µL of RPMI1640 medium containing 10% FBS. At 24 h following the treatment with CA, the cells were fixed using 4% paraformaldehyde and stained with 0.25% crystal violet. The stained cells were imaged and counted to detect cell migration.
For the invasion assay, the membrane was coated with Matrigel (1:10 dilution) to form a matrix barrier. NSCLC cells were resuspended in 200 µL of RPMI1640 medium containing 5% FBS and various concentrations of CA and placed in the upper chambers. The lower chambers were filled with 600 µL of RPMI1640 medium containing 20% FBS. At 48 h after treatment with CA, the cells were fixed using 4% paraformaldehyde and stained with 0.25% crystal violet. The stained cells were imaged and counted to detect cell migration.
In vivo Tumor Xenograft Experiments
Five-week-old female BALB/c nude mice were purchased from the Beijing Charles River Laboratory Animal Technology Co., Ltd. (Beijing, China) and used for the xenograft model. A549 cells were dissociated using trypsin and washed with sterilized phosphate-buffered saline (PBS). Subsequently, 0.1 ml of PBS containing 5 × 106 cells was subcutaneously injected into the left flank of all mice. Mice were randomly separated into the vehicle group (PBS; n = 5) and CA group (100 mg/kg; n = 5). Both PBS and CA were intraperitoneally delivered once daily, and the mean tumor volumes were calculated using the following formula: volume = (length × width2)/2. The weight of mice was monitored and the tumor volume was measured once every 3 days. The mice were sacrificed 24 h after the last dose, and tumors were excised for weight and volume computation. All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals, with the approval of Shanxi Medical University (Taiyuan, China).
Whole Transcriptome Sequencing
A549 cells (control and 80 μg/ml CA groups) and SK-MES-1 cells (control and 40 μg/ml CA groups) were sent to Beijing Novogene (Beijing, China) to extract RNA, establish a cDNA library, and perform whole transcriptome sequencing. A total amount of 3 µg of RNA per sample was used as the input material for the preparation of the RNA samples. Sequencing libraries were generated using the NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (NEB, United States). Gene expression was quantified using fragments per kilobase of transcript per million reads mapped (FPKM).
Identification of Differentially Expressed (DE) Genes
The volcano plot was visualized using the R ggplot2 packages between the control and 80 μg/ml CA groups of the A549 cell line (including all genes), and the control and 40 μg/ml CA groups of the SK-MES-1 cell line (including all genes). Next, genes with an FPKM of any group >1, |log2FoldChange| >1, and adjusted p-value < 0.05 were considered as DE genes. The DE-mRNAs, DE-miRNAs, and DE-lncRNAs with the same expression trend intersecting from the 80 μg/ml CA group of A549 cells and the 40 μg/ml CA group of SK-MES-1 cells were regarded as common DE-mRNAs (CDE-mRNAs), CDE-miRNAs, and CDE-lncRNAs compared with control. Venn diagrams were plotted by VENNY 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/index.html). The pheatmap package in R was used to plot the heatmap of the CDE-mRNAs, CDE-miRNAs, and CDE-lncRNAs.
Functional Enrichment Analysis
Gene ontology (GO) functional enrichment was conducted using Metascape (https://metascape.org/gp/index.html) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis was performed using KOBAS 3.0 (http://kobas.cbi.pku.edu.cn/kobas3/genelist/) to investigate the possible functions of the CDE-mRNAs. The top 20 enriched GO categories and KEGG pathways were considered statistically significant and shown. The pathway. plot package in R was used to draw the GO term and KEGG pathway. The protein-protein interaction (PPI) network of the CDE-mRNAs was constructed to evaluate the interactive relationships by employing the STRING online database (https://string-db.org). The PPI pairs with a combined confidence score ≥0.4 were visualized in the network using the Cytoscape software.
Prediction of miRNA-targeted mRNA and miRNA-mRNA network construction, prediction of miRNA-targeted lncRNA and ceRNA network construction
The lncRNA-miRNA-mRNA ceRNA network was constructed according to the miRNAs that can negatively regulate the expression of mRNAs and lncRNAs. Firstly, target mRNAs of the CDE-miRNAs were screened through the online mirtarbase (http://mirtarbase.cuhk.edu.cn/php/index.php) and Targetscan (http://www.targetscan.org/vert_72/). Only the miRNA-mRNA relationship pairs found in both databases were selected as candidate genes to construct the ceRNA network. Secondly, target lncRNAs of the CDE-miRNAs were screened through the online LncBase (http://carolina.imis.athena-innovation.gr/). Thirdly, the intersection of target mRNAs of the CDE-miRNAs and CDE-mRNAs was selected for further analysis. The intersection of target lncRNAs of the CDE-miRNAs and CDE-lncRNAs was also selected for further analysis. Finally, the miRNAs that were negatively regulated by the lncRNAs and mRNAs were selected to construct the miRNA-mRNA network and ceRNA network. Cytoscape (version 3.5.1) was used to visualize the miRNA-mRNA and lncRNA-miRNA-mRNA ceRNA networks.
Validation by Real-Time PCR
Total RNA was extracted with TRIzol and converted to cDNA according to the instructions provided by the manufacturer. The cDNA was subjected to quantitative real-time PCR to detect mRNA expression using the GoTaq one-step real-time PCR kit with SYBR green; glyceraldehyde-3-phosphate dehydrogenase was used as an internal control. The gene primer list is shown in Table 1.
TABLE 1 | The list of gene primer.
[image: Table 1]Western Blotting Analysis
Total protein from cells was extracted using cell lysis buffer supplemented with protease inhibitors and phosphatase inhibitors. Equal amounts of protein were separated on 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels and transferred to nitrocellulose filter membranes. The membranes were blocked with 5% skim milk to block antigens at room temperature for 1 h and probed overnight at 4°C with primary antibodies. This was followed by further incubation with fluorescent secondary antibody for 2 h at room temperature. After washing, proteins were visualized with Odyssey (Licor, United States). The quantitative analysis was performed using the ImageJ software (National Institute of Mental Health, Bethesda, MD, United States).
Statistical Analysis
One-way ANOVA followed by Fisher’s least significant difference (LSD) or Dunnett’s T3 were used to evaluate the differences between the groups when more than two groups and the independent sample t-test was used to analysis the differences of two groups using the SPSS 26.0 software (SPSS Inc., Chicago, IL, United States). Bioinformatics analysis was conducted using the aforementioned bioinformatics tools.
RESULTS
CA Suppresses NSCLC Cell Proliferation
The chemical structure of CA is shown in Figure 1A. A549, NCI-H1650, SK-MES-1, and NCI-H226 cell viability was significantly inhibited after treatment with CA for 24, 48, and 72 h. The observed inhibition rates were both dose- and time-dependent (Figure 1B–E). The IC50 values of the A549, NCI-H1650, SK-MES-1, and NCI-H226 cells were 47.44, 23.37, 27.63, and 28.13 μg/ml after treatment with CA for 24 h, respectively. According to the IC50 values, the 24 h treatment timepoint was selected for subsequent experiments.
[image: Figure 1]FIGURE 1 | Cinnamaldehyde (CA) inhibits the proliferation of NSCLC cells. (A) Chemical structure of CA. (B–E) A549, NCI-H1650, SK-MES-1, and NCI-H226 cells were treated with various concentrations of CA for 24, 48, and 72 h, cell proliferation was measured using the MTT assay. Data are expressed as the mean ± SD of three independent experiments. **p < 0.01 and ***p < 0.001 vs. the control group. NSCLC, non-small cell lung cancer; SD, standard deviation.
CA Induces Apoptosis and Inhibits Invasion and Migration in NSCLC Cells
Annexin V-FITC analysis was performed to detect the apoptosis of cells after treatment with CA for 24 h. CA significantly induced apoptosis of A549, NCI-H1650, SK-MES-1, and NCI-H226 cells in a dose-dependent manner (Figure 2A–D). The results suggested that CA may suppress NSCLC cell proliferation via induction of apoptosis.
[image: Figure 2]FIGURE 2 | Cinnamaldehyde (CA) induces the apoptosis of NSCLC cells. (A) A549 cells were treated with 20, 40, and 80 μg/ml of CA for 24 h and stained with FITC-conjugated annexin V and PI to detect cell apoptosis through flow cytometry. (B–D) NCI-H1650, SK-MES-1, and NCI-H226 cells were treated with 10, 20, and 40 μg/ml of CA for 24 h and stained with FITC-conjugated annexin V and PI to detect cell apoptosis through flow cytometry. The quantitative results are shown in the right panel, and data are expressed as the mean ± SD of three independent experiments. **p < 0.01 and ***p < 0.001 vs. the control group. FITC, fluorescein isothiocyanate; NSCLC, non-small cell lung cancer; PI, propidium iodide; SD, standard deviation.
To clarify whether CA could inhibit the invasion and migration of NSCLC cells, we conducted Transwell invasion and migration assays. The results showed that CA significantly inhibited cell invasion and migration in a dose-dependent manner (Figure 3A–H).
[image: Figure 3]FIGURE 3 | Cinnamaldehyde (CA) inhibits the invasion and migration of NSCLC cells. (A) A549 cells were treated with 20, 40, and 80 μg/ml of CA for 24 h to detect cell migration. (B–D) NCI-H1650, SK-MES-1, and NCI-H226 cells were treated with 10, 20, and 40 μg/ml of CA for 24 h to detect cell migration; (E) A549 cells were treated with 20, 40, and 80 μg/ml of CA for 48 h to detect cell invasion; (F–H) NCI-H1650, SK-MES-1, and NCI-H226 cells were treated with 10, 20, and 40 μg/ml of CA for 48 h to detect cell invasion. The quantitative results are shown in the right panel, and data are expressed as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control group. NSCLC, non-small cell lung cancer; SD, standard deviation.
CA Inhibits Tumor Growth in Mice
To study the effect of CA in vivo, a model of subcutaneous tumor implantation was established. The detailed protocol is shown in Figure 4A. The volume and weight of the tumors of mice treated with CA were smaller than those observed in the vehicle group (Figures 4B–E). In addition, there were no significant differences in body weight between CA-treated mice and vehicle mice (Figure 4F), indicating that CA may not induce physiological toxicity at the tested dose. The results of this experiment suggesting that CA could inhibit tumor growth.
[image: Figure 4]FIGURE 4 | Cinnamaldehyde (CA) inhibits tumor growth in mice. (A) Diagram of the animal study protocol. (B) A549 cells (5 × 106) were implanted into nude mice (n = 5). Representative images show the tumor xenografts. (C,D) Tumor volumes and weight were measured, and the volume of the tumors was calculated ((length × width2)/2). (E) Body weight was calculated every 3 days after implantation. Data are expressed as the mean ± SD of five independent experiments. *p < 0.05 vs. the vehicle group. ip, intraperitoneal injection; SD, standard deviation.
Identification of CDE-mRNAs, CDE-miRNAs, and CDE-lncRNAs
To elucidate the anti-cancer mechanism of CA, we used doses of 80 μg/ml and 40 μg/ml to treat A549 and SK-MES-1 cells, respectively. Subsequently, we carried out whole transcriptome sequencing to analyze the gene expression patterns in the CA-treated and -untreated cells.
The volcano plot displayed all altered mRNAs, miRNAs, and lncRNAs in A549 and SK-MES-1 cells (Figures 5A–C). As shown in the Venn diagram, 528 and 1,620 DE-mRNAs (Figure 6A), 43 and 127 DE-miRNAs (Figure 6B), and 267 and 1,254 DE-lncRNAs (Figure 6C) were identified in A549 and SK-MES-1 cells, respectively. Furthermore, 152 CDE-mRNAs (82 upregulated and 70 downregulated), 21 CDE-miRNAs (11 upregulated and 10 downregulated), and 78 CDE-lncRNAs (67 upregulated and 11 downregulated) were detected in two cell line (Figures 6A–C and Supplementary Table S1). The heatmap of CDE-mRNAs, CDE-miRNAs, and CDE-lncRNAs showed that after treatment with CA, gene expression was significantly changed compared with the control group (Figures 6A–C).
[image: Figure 5]FIGURE 5 | All genes affected by cinnamaldehyde (CA). (A–C) Volcano plot showing all altered mRNAs, miRNAs, and lncRNAs in A549 cells and SK-MES-1 cells. A549 cells are shown on the left, SK-MES-1 cells are shown on the right. mRNAs, messenger RNAs; miRNAs, micro RNAs; lncRNAs, long noncoding RNAs.
[image: Figure 6]FIGURE 6 | The expression profiles of DE-mRNAs were influenced by cinnamaldehyde (CA). (A–C) Venn diagram showing CDE-mRNAs, CDE-miRNAs, and CDE-lncRNAs in A549 cells and SK-MES-1 cells. Heatmap of CDE-mRNAs, CDE-miRNAs, and CDE-lncRNAs in A549 cells and SK-MES-1 cells. DE, differentially expressed; CDE, common differentially expressed; lncRNAs, long noncoding RNAs; mRNAs, messenger RNAs; miRNAs, micro RNAs.
Functional Analysis of the CDE-mRNAs
To investigate the biological functions of the identified CDE-mRNAs, we performed GO term enrichment analysis and KEGG pathway analysis. The result of GO annotation indicated that CDE-mRNAs were significantly enriched in terms associated with cell apoptosis and proliferation, such as the apoptotic signaling pathway, the regulation of the neuron apoptotic process, the intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress, the negative regulation of growth, and the negative regulation of cell proliferation (Figure 7A). KEGG pathway analysis showed that CDE-mRNAs were significantly enriched in some cancer-associated pathways, including transcriptional misregulation in cancer, the MAPK signaling pathway, pathways in cancer, the PI3K/AKT signaling pathway, the Ras signaling pathway, apoptosis - multiple species, and the FOXO signaling pathway (Figure 7B). Taken together, these results indicated that CDE-mRNAs were closely related to apoptosis and cancer. To explore the relationship between these CDE-mRNAs, the PPI network was constructed using the STRING online database and visualized using Cytoscape (Figure 7C). The subnetwork (highly correlated module) was extracted from the whole PPI network using the Molecular COmplex DEtection (MCODE) algorithm. Highly correlated module analysis showed that CA affected histone genes, indicating that CA may play a central role in the regulation of transcription, DNA repair, DNA replication, and chromosomal stability (Figure 7D).
[image: Figure 7]FIGURE 7 | Functional analysis of the CDE-mRNAs. (A) The top 20 GO enrichment terms. (B) The top 20 KEGG enrichment terms. (C) The PPI network contains 88 nodes and 830 edges. (D) The subnetwork from the PPI network contains 39 nodes and 732 edges. The genes in red and green represent upregulation and downregulation, respectively. CDE-mRNAs, common differentially expressed-messenger RNAs; GO, Gene ontology; KEGG, Kyoto Encyclopedia of Genes and Genomes; PPI, protein-protein interaction.
Target mRNAs of CDE-miRNAs and Construction of the miRNA-mRNA Network
To further investigate the anti-cancer molecular mechanism involved in the effect of CA, target genes of CDE-miRNAs were predicted using the miRTarBase and Targetscan databases. A total of 24 mRNAs, such as a suppressor of cytokine signaling 1 (SOCS1), CREB3 regulatory factor (CREBRF), Bruton tyrosine kinase (BTK), BTG anti-proliferation factor 2 (BTG2), zinc finger and BTB domain containing 46 (ZBTB46), and M-phase specific PLK1 interacting protein (MPLKIP) overlapped with the CDE-mRNAs (Supplementary Table S2). According to the inverse regulatory relationship between miRNA and its target gene, a regulated miRNA-mRNA network was constructed using Cytoscape, which included 7 CDE-miRNAs and 15 target CDE-mRNAs (Figure 8A). Those CDE-miRNAs were selected for further analysis.
[image: Figure 8]FIGURE 8 | MiRNA-mRNA regulatory network and ceRNA network. (A) miRNA-mRNA regulatory network. Red and green represent upregulation and downregulation, respectively. Triangles and circles represent CDE-miRNAs and CDE-mRNAs, respectively. (B) ceRNA network. Red and green represent upregulation and downregulation, respectively. Triangles, circles, and diamonds represent CDE-miRNAs, CDE-mRNAs, and CDE-lncRNAs, respectively. CDE, common differentially expressed; ceRNA, competing endogenous RNA; lncRNAs, long noncoding RNAs; mRNAs, messenger RNAs; miRNAs, micro RNAs.
Target lncRNAs of CDE-miRNAs and Construction of the ceRNA Regulatory Network
It is widely acknowledged that lncRNA can function as a sponge to competitively bind to miRNA. Hence, we predicted upstream lncRNAs that could potentially bind to those seven key CDE-miRNAs using an online LncBase database. A total of 14 lncRNAs, such as PARD6G antisense RNA 1 (PARD6G-AS1), BNC2-AS1, THUMPD3-AS1, lung cancer associated transcript 1 (LUCAT1), AC015813.1, long intergenic non-protein coding RNA 1504 (LINC01504), and LINC01484 overlapped with the CDE-lncRNAs (Supplementary Table S3). Based on the ceRNA hypothesis, the miRNAs were negatively regulated by the lncRNAs and mRNAs. The ceRNA network was constructed, including 6 CDE-miRNAs, 13 target CDE-mRNAs, and 11 target CDE-lncRNAs (Figure 8B).
KEGG Analysis of the mRNAs in the ceRNA Network
The KEGG pathway analysis showed that mRNAs in the ceRNA network were significantly enriched in the JAK/STAT signaling pathway (Owen et al., 2019), RNA degradation (Chang and Huang 2019), and NF-κB signaling pathway (Khan et al., 2020) related to cancer. SOCS1, BTK, and BTG2 were significantly enriched in these pathways (Figure 9).
[image: Figure 9]FIGURE 9 | The KEGG enrichment terms of mRNAs in the ceRNA network. ceRNA, competing endogenous RNA; KEGG, Kyoto Encyclopedia of Genes and Genomes; mRNA, messenger RNA.
Among lncRNAs in the ceRNA, LINC01504, LINC01783, and THUMPD3-AS1 were related to prognosis, indicating their important role in the development of cancer. Thus, based on the ceRNA network, three key lncRNAs (LINC01504, LINC01783, and THUMPD3-AS1) and miRNAs (has-miR-155–5p, has-miR-7-5p, and has-425–5p) that regulate SOCS1, BTG2, and BTK were identified.
Gene Expression Verification via Quantitative PCR (qPCR)
We also determined the accuracy and reliability of the present bioinformatics analysis. For this purpose, qPCR was used to evaluate gene expression in the A549 and SK-MES-1 cells. Genes in the ceRNA network were selected to verify the reliability of the sequencing results. Consistent with the sequencing results, the expression levels of five mRNAs (i.e., SOCS1, CREBRF, MAX dimerization protein 1 [MXD1], BTK, and BTG2), and three lncRNAs (i.e., LINC01504, LINC01783, and LUCAT1) were significantly elevated after the A549 cells were treated with CA (Figures 10A). The expression levels of five mRNAs (i.e., SOCS1, CREBRF, MXD1, BTK, and BTG2) and five lncRNAs (i.e., LINC01504, LUCAT1, LINC01484, THUMPD3-AS1, and LINC01783) were significantly elevated after the SK-MES-1 cells were treated with CA (Figures 10C).
[image: Figure 10]FIGURE 10 | The effects of cinnamaldehyde (CA) on the expression of CDE-mRNAs and CDE-lncRNAs in the ceRNA network. (A, B) After treatment with CA for 24 h, the expression of CDE-mRNAs and CDE-lncRNAs in A549 cells was determined by RT-qPCR. (C, D) After treatment with CA for 24 h, the expression of CDE-mRNAs and CDE-lncRNAs in SK-MES-1 cells was determined by RT-qPCR. Data are expressed as the mean ± SD of three independent experiments. **p < 0.01 and ***p < 0.001 vs. the control group. CDE, common differentially expressed; ceRNA, competing endogenous RNA; lncRNAs, long noncoding RNAs; mRNAs, messenger RNAs; RT-qPCR, reverse transcription-quantitative polymerase chain reaction; SD, standard deviation.
CA inhibits the JAK/STAT3 signaling pathway, NF-κB signaling pathway, and RNA degradation signaling pathway
The involvement of key pathways, such as the JAK/STAT3 signaling pathway, NF-κB signaling pathway, and RNA degradation pathway, in the inhibitory effects of CA on NSCLC was analyzed. The phosphorylation levels of JAK, STAT3, and NF-κB p65 were significantly suppressed by CA in A549 and SK-MES-1 cells (Figures 11A,B). Moreover, the expression of PPARγ was also inhibited by CA (Figures 11A,B). These results suggested that CA could inhibit multiple pathways, including the JAK/STAT3, NF-κB, and RNA degradation signaling pathway.
[image: Figure 11]FIGURE 11 | Cinnamaldehyde (CA) inhibits the activation of the JAK/STAT3 signaling pathway, RNA degradation, and NF-κB signaling pathway. (A) A549 cells were treated with 20, 40, and 80 μg/ml of CA for 24 h. The protein expression of p-JAK, p-STAT3, PPARγ, and p-NF-κB p65 was determined using western blotting and the quantitative results are shown in the right panel. (B) SK-MES-1 cells were treated with 10, 20, and 40 μg/ml of CA for 24 h. The protein expression of p-JAK, p-STAT3, PPARγ, and p-NF-κB p65 was determined using western blotting and the quantitative results are shown in the right panel. Data are expressed as the mean ± SD of three independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 vs. the control group. NF-κB, nuclear factor-κB; p-JAK, phospho-JAK; p-STAT3, phospho-signal transducer and activator of transcription 3; PPARγ, peroxisome proliferator-activated receptor gamma; SD, standard deviation.
DISCUSSION
Natural products against cancer have been considered in numerous studies. After experimental and clinical verification, agents such as vincristine, camptothecin, and paclitaxel have been approved for medical use and have become essential drugs for the treatment and prevention of tumors. Research has demonstrated that CA can exert an anti-tumor effect. In this study, it could inhibit proliferation, induce apoptosis, and inhibit the migration and invasion of NSCLC cells in vitro. Moreover, it could efficiently suppress NSCLC progression in vivo. In the present study, we used whole transcriptome sequencing to reveal the anti-tumor mechanism involved in the effects of CA and identify novel prognostic indicators of lung cancer.
In the present study, we successfully constructed an lncRNA-miRNA-mRNA regulatory network. Firstly, we screened 152 dysregulated CDE-mRNAs; GO analysis revealed that those CDE-mRNAs were significantly enriched in some cancer-related GO items, such as the regulation of the neuron apoptotic process (Hollville et al., 2019), the intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress (Ghobrial et al., 2005), the negative regulation of growth, and the negative regulation of cell proliferation (Giordano and Tommonaro 2019). Subsequent KEGG pathway enrichment analysis also highlighted various pathways involved in cancer progression, including transcriptional misregulation in cancer, the MAPK signaling pathway (Davis 2000), pathways in cancer, the PI3K/AKT signaling pathway (Martini et al., 2014), the Ras signaling pathway (Fang 2016), apoptosis across multiple species, and the FOXO signaling pathway (Farhan et al., 2017). The PPI network was constructed to exhibit complicated associations among these CDE-mRNAs. Therefore, these CDE-mRNAs interact with each other and may play important roles in the effect of CA on cancer.
The ceRNA network was constructed according to the expression analysis of sequencing data and the ceRNA hypothesis. Among the identified three-lncRNA signature, LINC01504 is involved in nontranslocation-related sarcomas (Delespaul et al., 2017). The specific anti-cancer mechanism of LINC01504 is unclear; however, it is lowly expressed in NSCLC and associated with the prognosis of NSCLC. A recent study reported that LINC01783 was associated with the proliferation, migration, and invasion of cervical cancer cells, indicating its important role in cancer (Chen et al., 2020). It was also discovered that THUMPD3-AS1 is involved in many tumors, and affects the proliferation and self-renewal of NSCLC cells (Hu et al., 2019). In our study, LINC01504 and SOCS1 in the ceRNA network were upregulated after treatment with CA, whereas has-miR-155–5p was downregulated. Moreover, CA could inhibit the activation of the JAK/STAT3 signaling pathway. Previous studies have shown that hsa-miR-155–5p functions as an oncogene to promote the progression of hepatocellular carcinoma (Fu et al., 2017) and affect cell proliferation and apoptosis (Zhao et al., 2019). SOCS1 could reduce inflammation within the tumor microenvironment to contribute to tumor suppression in a cancer cell-intrinsic manner (Villalobos-Hernandez et al., 2017). In addition, SOCS1 could inhibit cell growth and attenuate MET signaling, thereby inhibiting hepatocyte growth factor-induced migration and invasion (Flowers et al., 2005). After treatment with CA, LINC01783 and BTG2 in the ceRNA network were upregulated, whereas hsa-miR-7-5p was downregulated. Also, CA could modulate PPARγ expression in the RNA degradation pathway. In colorectal cancer, has-miR-7 is significantly upregulated and correlates with venous invasion, tumor depth, lymph node metastasis, lymphatic invasion, liver metastasis, and poor overall survival (Nagano et al., 2016). miR-7-5p was significantly upregulated in neuroendocrine neoplasms (Heverhagen et al., 2018). Inhibition of miR-7 expression could inhibit migration and proliferation, as well as induce apoptosis in renal cell carcinoma (Yu et al., 2013). BTG2 is a member of the BTG/TOB family, and its encoded proteins have antiproliferative properties. BTG2-encoded protein products have been associated with transcriptional regulation, DNA repair, cell division, and mRNA stability (Yuniati et al., 2019). After treatment with CA, THUMPD3-AS1 and BTK in the ceRNA network were upregulated, whereas hsa-miR-425–5p was downregulated. In addition, CA could inhibit the activation of the NF-κB signaling pathway. Downregulation of miR-425–5p expression inhibited the proliferation, invasion, and migration of gastric cancer cells (Yan et al., 2017). BTK is a non-receptor kinase that plays an essential role in the proliferation of numerous B cell malignancies and is also an important component of the tumor microenvironment (Pal Singh et al., 2018). Traditionally, BTK was considered oncogenic in B cell malignancies. However, recent data have shown that it can also act as a tumor suppressor in other types of cancer, as an essential member of the p53 and p73 damage response (Rada et al., 2018). The present findings indicate that LINC01504, LINC01783, and THUMPD3-AS1 may play roles as NSCLC suppressors.
The current study had some limitations. Firstly, we only focused on the negative regulation of miRNA-mRNA and miRNA-lncRNA of the ceRNA hypothesis and its prognostic value, which may exclude more complex regulatory mechanisms. Secondly, experiments should have been performed to verify the specific mechanism involved in the effects of CA on lung cancer, and experimental validation will be carried out in the future. However, this study aimed to build a regulatory ceRNA network and screen key lncRNAs that can provide a basis for further experimental and clinical studies.
CONCLUSION
In summary, CA is effective against lung cancer. LINC01504, LINC01783, THUMPD3-AS1, has-miR-155–5p, has-miR-425–5p, and has-miR-7-5p may be key ncRNAs in the suppression of malignant phenotypes of NSCLC by CA. The JAK/STAT signaling pathway, RNA degradation, and NF-κB signaling pathway may be key regulatory pathways involved in the effect of CA against NSCLC. These data highlight CA as a potential therapeutic agent for the clinical treatment of lung cancer.
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As an important regulatory mechanism at the posttranscriptional level in metazoans, adenosine deaminase acting on RNA (ADAR)-induced A-to-I RNA editing modification of double-stranded RNA has been widely detected and reported. Editing may lead to non-synonymous amino acid mutations, RNA secondary structure alterations, pre-mRNA processing changes, and microRNA-mRNA redirection, thereby affecting multiple cellular processes and functions. In recent years, researchers have successfully developed several bioinformatics software tools and pipelines to identify RNA editing sites. However, there are still no widely accepted editing site standards due to the variety of parallel optimization and RNA high-seq protocols and programs. It is also challenging to identify RNA editing by normal protocols in tumor samples due to the high DNA mutation rate. Numerous RNA editing sites have been reported to be located in non-coding regions and can affect the biosynthesis of ncRNAs, including miRNAs and circular RNAs. Predicting the function of RNA editing sites located in non-coding regions and ncRNAs is significantly difficult. In this review, we aim to provide a better understanding of bioinformatics strategies for human cancer A-to-I RNA editing identification and briefly discuss recent advances in related areas, such as the oncogenic and tumor suppressive effects of RNA editing.
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Introduction

In mammals, ADAR-induced adenine to inosine (A-to-I) is a widespread primary type of RNA editing (1). As adenosine deaminases, ADAR proteins are able to bind to both intracellular and extranuclear double-stranded RNA (dsRNA), producing inosine (I) from adenosine (A) by deamination on RNA coding and non-coding regions. Since inosine prefers to pair with cytidine (C), researchers have also recognized A-to-I RNA editing as A-to-G (guanine) editing (2). ADAR proteins include three types in mammals, ADAR1, ADAR2 (ADARB1), and ADAR3 (ADARB2) (Figure 1A). ADAR1 and ADAR2 reside in most human tissues and are the major mediators of A-to-I RNA editing. Without deaminase activity, ADAR3 is mainly expressed in the brain. Recent research has indicated that ADAR3 may disturb ADAR2 function by acting as a competitive inhibitor (3). Moreover, ADAR1 has two isoforms resulting from the alternative promoters ADAR1 p110 and ADAR1 p150. ADAR1 p110 is constitutively expressed, while ADAR1 p150 is inducible by interferons (IFNs). When dsRNA sensors (such as MDA5 and PKR) in cells sense the presence of exogenous nucleic acids, they can induce the generation of IFNs and activate ADAR1 p150 (4).




Figure 1 | ADARs and RNA editing effects. (A) There are three main proteins of ADAR enzymes, ADAR1 (p110 and p150), ADAR2, and ADAR3. Vertebrate ADARs share a conserved deaminase domain and two to three dsRNA-binding domains (dsRBDs). In addition, ADAR1 p110 and p150 have similar Z-DNA-binding domains. ADAR3 is unique since its deaminase domain is catalytically inactive, and it also has an arginine-rich domain (R). (B) RNA editing in gene coding regions may introduce protein mutations. (C) Binding ADARs to certain dsRNAs may affect the RNA structure, thereby altering RNA biological processing and stability. (D) ADAR1 binds and inhibits the generation of circular RNAs. (E) microRNA (miRNA) or 3’ UTR editing may change or redirect the interactive relationship between certain UTRs and miRNAs. (F) RNA editing sites were identified in all three main regions involved with pre-mRNA alternative splicing (donor: 5’ splicing site, acceptor: 3’ splicing site and branch site), and pre-mRNA intron editing may contribute to pre-mRNA alternative splicing.



Although past research has indicated that ADARs and A-to-I RNA editing are essential for multiple biological processes, abnormal expression or editing levels can trigger various diseases (5, 6). ADAR1 is required for mammalian early development (7–10), null ADAR1 expression causes embryonic death in mice (11, 12), and knocking out MDA5 can rescue the ADAR−/− embryonic phenotype because MDA5 is responsible for distinguishing and helping remove exogenous dsRNA, except for ADAR-edited dsRNA (13). ADAR1 is a suppressor of interferon signaling (7) and controls innate immune responses to exogenous RNA (14). Abnormal expression of ADAR1 results in IFN production, which may take part in enhancing autoimmunity and inducing systemic lupus erythematosus to a certain degree (15). ADAR1&2 expression is positively correlated with the proliferative activity of most cells and inflammatory responses, especially playing a vital role in the occurrence and development of several cancers (16).

RNA editing affects many basic biological processes. When editing occurs in the mRNA coding region, it may cause mutations that increase the regulation diversity at both the transcriptional and proteomic levels (Figure 1B). When editing occurs in the non-coding RNA region, it can affect the RNA secondary structure (Figure 1C), circular RNA biosynthesis (Figure 1D), microRNA (miRNA)-mRNA targeting (Figure 1E) and mRNA alternative splicing (Figure 1F). Editing-induced RNA secondary structure alterations may affect the related protein abundance by changing the RNA stability (17–19). Therefore, accurate identification of RNA editing sites in cancer is important for investigating cancer development. Currently, many RNA editing identification bioinformatics strategies and software tools have been developed. Using these tools and algorithms, researchers have systematically identified RNA editing sites (20–22) on a large scale. At present, these identified human RNA editing sites are mainly summarized in four databases, REDIportal (http://srv00.recas.ba.infn.it/atlas/index.html) (21), DARNED (https://darned.ucc.ie/) (23), RADAR (http://rnaedit.com/) (24), and CLAIRE (http://srv00.recas.ba.infn.it/atlas/claire.html) (25). There are about 15.6 million editing sites in REDIportal, 0.2 million in DARNED, 2 million in RADAR, and 1,147 in CLAIRE, and REDIportal almost covered all human RNA editing sites of these four databases. Statistical analysis of these RNA editing site gene regions showed that most sites resided in non-coding RNA regions. In fact, protein-coding RNA regions account for only 2% of the human genome (26), while a large number of regions are non-coding regions, and most of the known RNAs are non-coding RNAs (ncRNAs). ncRNAs come from a wide range of sources and are abundantly expressed. While many rRNAs and tRNAs have high abundance, some ncRNAs, such as miRNAs, circular RNAs, long non-coding RNAs (lncRNAs), and Piwi-interacting RNAs (piRNAs), have low abundance (27). ncRNAs play a vital role in tumor regulation (28), and multiple ncRNAs interact in tumors, forming a competing endogenous RNA (ceRNA) network in cancer formation (29). Abnormal expression of some ncRNAs, such as miRNAs and lncRNAs, can affect cancer occurrence and progression. Moreover, the level of RNA editing in non-coding regions was identified to be significantly associated with cancer patient survival (30). As a special ring-shaped ncRNA, circular RNA is usually produced during the back-splicing of exons. Because of its circular structure property, it is more stable than linear RNA. Current studies have shown that circular RNAs mainly function by acting as miRNA sponges and interacting with RNA-binding proteins and lncRNAs. Circular RNA also plays an important role in multiple cancer types and can be used as a cancer biomarker (31). Due to its unique formation mechanism, the generation of circular RNA is easily affected by the expression of ADARs. Many studies have shown that ADARs can inhibit the synthesis of circular RNAs (32–34).

As a novel characteristic of tumors, certain genes display different expression patterns in cancer patients and show distinct RNA editing levels that vary within the same patient in different tissues. Interestingly, high RNA editing levels posttranscriptionally increase the heterogeneity of genes, including both oncogenes and tumor suppressors, in cancer. Researchers have previously investigated the RNA editing levels between tumor and paracarcinoma tissues from the TCGA database (35–38), including sites in coding regions and non-coding regions (miRNAs, intergenic regions, etc.) and have analyzed functional RNA editing events (16, 39, 40). Furthermore, ADARs were found to be highly expressed in Lgr5+ cells (controversial cancer stem cells) (41). In addition to DNA mutations, RNA editing caused by ADARs significantly increases the RNA abundance, which could increase the protein heterogeneity in tumor cells and induce tumor drug resistance (39). The identification of RNA editing sites in tumors will help us study the mechanism of tumorigenesis and identify some tumor-specific molecular markers. However, because of the high DNA mutation in tumors, it is a challenge to identify RNA editing sites accurately.

It is difficult to predict the function of RNA editing sites located in non-coding regions owing to their diversity and interactions with various ncRNAs. Moreover, except for typical RNA editing sites (such as those resulting in proteins and microRNA seed region alterations) that can be intuitively selected according to their locations, many other potentially functional RNA editing sites residing in non-coding regions still need to be explored and validated (42). This problem is complicated by the lack of effective judging and predicting tools.

This review outlines the existing bioinformatics strategies for identifying editing sites in tumors, which can be used for further experimental verification of downstream effects and clinical relevance. Simultaneously, we provide some suggestions for ncRNA editing research and the potential application of ADAR inhibitors in the treatment of cancer.



RNA Editing Site Identification

In 1991, the first A-to-I RNA editing report was published when researchers detected RNA editing events on GluR mRNA (43). At the same time, four editing sites on 5-HT(2c) mRNA were identified (44). As DNA/RNA sequencing technology has developed, abundant high-seq data have made it possible to search RNA editing sites and analyze RNA editing levels by comparing RNA-seq data to related DNA-seq data, even using RNA-seq data alone (45–47). In addition, there are several experimental methods that directly detect inosine, including ICE-seq (48), EndoVIPER-seq (49), and other methods for capturing inosine (50–52). However, these methods also have obvious defects. (1) The effects of enzymatic or chemical treatments are usually incomplete, and RNase T1 will also induce RNA degradation. (2) RNA modifications could directly disturb reverse transcription (53), such as m1A (54, 55), and this effect induces many false-positive results that must be corrected with complex bioinformatics methods.


Lateral Computational A-to-G RNA Editing Site Calling Strategy

Editing site calling is a complicated process involving many aspects and requiring appropriate optimization and high accuracy in each step. Therefore, researchers have summarized some functionally integrated pipelines (56–59). Currently, there are two popular analysis methods targeting A-to-I RNA editing, including comparing the RNA-seq data with its DNA-seq data and directly analyzing the RNA-seq data alone. In 2012, several groups separately reported their optimized RNA editing calling methods by directly comparing the RNA-seq data with its corresponding DNA-seq data (60–62). Since there is no need to delete SNPs (single-nucleotide polymorphisms), the editing identification accuracy will be improved in theory. At present, it is acknowledged that directly comparing RNA-seq data with the original DNA-seq data is the most ideal strategy by which to perform RNA editing calling. Unfortunately, matched DNA and RNA sequencing data from the same sample are not always available. To decrease costs and reduce processing times, researchers prefer to adopt RNA-seq alone to search for editing events. Until 2013, detection methods using tissue- and cell-specific RNA-seq alone were reported by several different groups (46, 63). This strategy has substantially promoted research in related fields, and it is thought to be useful in other organisms carrying suitable reference genomes.

As mentioned above, the two popular strategies share a common calling strategy that includes the following four steps: (1) preprocessing sequencing data, (2) sequencing read mapping, (3) RNA editing calling, and (4) RNA editing site annotation. When analyzing RNA editing levels, studies usually employ certain common mapping tools, such as BWA (64), Bowtie (65), HISAT2 (66), GSNAP (67), and STAR (68). Interestingly, the same high-seq data usually display low repeatability when processed by different mapping tools; therefore, some specific tools for RNA editing calling have been developed, such as RASER (69). However, recent integrated pipelines for RNA editing analysis usually require specific mapping tools according to each developer’s optimization. RNA editing calling is the key step that identifies true RNA editing events according to DNA-RNA mismatches. A conventional identification method is to identify DNA/RNA mismatches in samples using the tools HaplotypeCaller in GATK, Samtools (70), VarScan 2 (71), etc., followed by removing SNPs and DNA mutations. Researchers have also developed a large number of tools for accurate identification of RNA editing. For instance, to filter out these false-positive events, REDItools provided a threshold according to an empirically observed distribution (47). We summarize the popular RNA editing bioinformatics tools in Table 1.


Table 1 | Main bioinformatics tools for RNA editing detection.





Current Situation and Challenge of RNA Editing Calling

Sequencing errors, DNA mutations, and a lack of a suitable SNP database will result in false-positive results that affect RNA editing detection. These sequencing errors are mainly caused by reverse transcription, homopolymers, low-quality sequences, etc. An important factor resulting in sequencing errors is RNA modification, such as m1A and m6A. The reverse transcriptase will likely misidentify modified nucleotides as other types of nucleotides (91) [e.g., m1A is usually recognized as G instead of A (92)], which will produce many false-positive editing sites in the final results. In addition, tumor tissues are usually stored in paraffin or formalin for further research, and chemical reagents may damage DNA and RNA in these samples and ultimately affect the quality of the DNA/RNA library. To acquire high-quality sequencing reads, researchers usually perform several corrective processes. Pinto et al. summarized the related progress and provided several necessary remarks in their review (57). The processes mainly included adjusting the read quality (QC) threshold value to over 20, removing low-quality reads and using the random sequencing primer adaptor.

Upon removing SNPs, several tools, such as REDItools (47) and RNAEditor (74), automatically compare the data with the SNP databases. Researchers have established several SNP datasets, including dbSNP and HapMap (93). Plainly, the SNP database quality and selection are important determinants for analyzing the editing level using RNA-seq alone. Interestingly, it appears that a problem is caused by the accuracy of the dbSNP database remaining uncertain, since some SNP cases reported in past experimental results have recently been reclassified as RNA editing (94). For this reason, researchers have developed many other tools that remove SNPs better. GIREMI includes a mutual information (MI) model that is able to directly remove SNPs without comparing the data to a reference SNP database (45), and SPRINT is capable of directly identifying RNA editing events via a novel SNP-free algorithm (77).



Improvements in Editing Site Calling for Cancer Research

Although the detection of editing sites with high-seq data is widely accepted and utilized, systematic optimization for accurately measuring RNA editing is still insufficient. Here, we offer several suggestions for applications using next-generation RNA sequencing for cancer RNA editing research (Figure 2).

	Perform DNA-seq sequencing of the same sample if available. Tumor tissues generally have a high DNA mutation rate, and the filtration of DNA mutations is very difficult without DNA-seq sequencing. The method commonly used is to refer to previously reported DNA mutation data, such as the COSMIC database (35, 95).

	Adapt the strand-specific and ribosome-free strategy for preparing the RNA-seq library. This will improve the accuracy of editing calling, yield more editing events on unspliced pre-mRNA fragments, and obtain more information from non-coding RNAs. Generally, the abundance of some ncRNAs, such as circular RNAs, is low, so we can obtain more circular RNAs or improve the depth of sequencing by removing linear RNAs through RNase R treatment.

	Using hg38 as a reference genome and repeatable mapping is feasible for improving the fault-tolerant ability for hyperediting reads. Recent research indicates that the RNA editing site location usually displays a clustering pattern (96), and sequencing reads containing multiple mismatches are considered to be hyperediting. Porath et al. developed a specific method that recognized all A as G in unmapped reads before the mapping process to avoid the excessive deletion of hyperediting reads (97). Subsequently, Picardi et al. analyzed human hyperediting levels from different tissues via this method (22). Therefore, we recommend referring to Porath’s strategy to analyze hyperediting reads.

	Employ the Alu editing index (AEI) to measure the global editing levels in different samples. Erez Y. Levanon and Eli Eisenberg et al. provided the Alu editing index (AEI) to measure the global editing levels in different samples. The AEI ratio weighted by A-to-G mismatches within Alu repeats relative to the total number of adenosines within Alu elements represents the average Alu editing levels, indirectly showing the overall RNA editing levels (36, 98).

	For the identification of RNA editing in tumor samples with both DNA-seq and RNA-seq data, we suggest BWA (DNA and RNA-seq) or BWA (DNA-seq) + STAR (RNA-seq) for mapping the sequencing data and REDITools for RNA editing calling. Maria et al. compared some commonly used alignment tools, including BWA, GSNAP, HISAT, and STAR, and RNA identification tools, such as RNAEditor, GIREMI, REDItools, RES, and JACUSA, and analyzed the ability of these tools to identify RNA editing (59). In their findings, BWA and STAR achieved the best alignment. REDItools is a more comprehensive RNA editing identification tool with high accuracy that can analyze the data obtained from various strategies of library construction (stranded or non-stranded RNA-seq) and provide additional options, allowing researchers to filter (SNP or DNA mutations) and annotate (genomic region or Alu region) the editing sites with their own files. To our delight, Picardi shares their updated protocol, which is a relatively systematic and detailed RNA editing identification process, for identifying RNA editing sites (99). The protocol explains how to analyze the original DNA/RNA sequencing data and obtain the candidate RNA editing sites in detail. Taking Huntington disease (HD) as an example, it also introduces how to compare the differences in RNA editing levels in different tissues. Moreover, they also developed high-performance HPC-REDItools for large-scale samples, which greatly improves the speed of operation (100). For the identification of RNA editing in tumor samples with only RNA-seq, we recommend HISAT2 to handle RNA-seq data and REDITools to conduct RNA editing calling. We compared several RNA editing identification processes using YH’s RNA-seq data and concluded that this combination is better in terms of speed and accuracy (88). At present, some researchers only focus on the known editing sites in existing RNA editing databases, such as RADAR and REDIportal. In our opinion, especially for cancer RNA editing research, de novo identification of these unknown RNA editing sites is necessary.

	We suggest selecting unique molecular identifiers (UMIs) when building RNA-seq libraries, which will bring many advantages (101): PCR mutations will be directly removed, the editing levels will be absolutely quantified according to the accurate number of edited RNAs, and the computational operational process will be simplified. However, this novel method requires further refined algorithms and processing flows.






Figure 2 | Optimized editing sites identification strategies for cancer research. This flow chart is briefly regarding the content of Improvements in Editing Site Calling for Cancer Research.






The Effects of ADARs Induced A-to-I RNA Editing in Cancer

Based on tens of thousands of potential RNA editing sites reported from bioinformatics methods, many experimentally validated A-to-I editing sites and their regulatory mechanisms have been demonstrated. As shown in Figure 1B, editing in mRNA may results in missense mutations and alterations in the beginning and terminating translation (102). Multiple editing sites located in certain coding regions, such as AZIN1 (103, 104), GABRA3 (105, 106), and COPA (40, 107, 108), have been shown to affect tumor progression. According to the reported databases, most editing sites reside within non-coding regions (>90%), and RNA editing has been detected in many types of ncRNAs, including piRNAs (109). Here, we briefly summarize the mechanisms of several typical editing effects in non-coding regions. (1) Editing occurs in the 5’ splice site, branch point, and 3’ splice site and is able to affect pre-mRNA alternative splicing. (2) When combined with pre-miRNA or pri-miRNA, ADARs inhibit Drosha and Dicer1 functions, affecting miRNA maturation and expression. The editing-induced sequence changes in mature miRNAs (especially in the seed sequence) or in the 3’ UTR can disturb their specific interactions. (3) For long non-coding RNAs, several reports analyzing editing levels have been published (110–112), and partial editing sites having direct effects have been reported (113). (4) Since circular RNAs are byproducts of RNA splicing, editing effects on RNA splicing theoretically affect circular RNA expression. Researchers have observed high levels of A-to-I editing in circular RNA precursors and have confirmed that ADAR is related to its formation (32, 33). (5) Editing sites occurring in the 3’ UTR or intron region are able to affect the RNA structure and stability (17–19). For convenience, we list recently reported tumor-effectible RNA editing sites in Supplementary Table S1.


RNA Editing Events in Non-Coding Regions Are Involved With Cancer

There are a large number of RNA editing phenomena in ncRNAs (114), and researchers have identified many RNA editing sites located in ncRNAs, such as lncRNAs (112). In addition, several specific databases aimed at ncRNAs have been built, including MiREDiBase (https://ncrnaome.osumc.edu/miredibase/) (for miRNA) (115) and LNCediting (http://bioinfo.life.hust.edu.cn/LNCediting/) (for lncRNA) (110). Several typical editing effects that occur on ncRNAs are listed below. (1) ADAR1-mediated miR-200 overediting affects an oncogene in thyroid cancer (116). The overediting of miR-200 weakens its interaction with and targeting of ZEB1, resulting in inhibition of epithelial-mesenchymal transition (EMT). (2) In prostate cancer, ADAR1 promotes cell proliferation by editing lncRNAs and PCA3 and improving the stability and expression of PCA3, thereby inhibiting the tumor suppressor PRUNE2 (113). (3) In glioma tumors, ADAR2 inhibits cell migration and invasion by editing miR-376a-1 and shifting the targeted gene from RAP2A to AMFR (117). (4) In melanoma, ADAR1 attenuates the inhibition of CPEB1 by miR-455-5p by editing miR-455-5p, which promotes the proliferation and metastasis of melanoma (118). (5) Zipeto et al. found that the edited miRNA Let-7 is a main factor promoting leukemia cell self-renewal (119). (6) Hepatocellular carcinoma (HCC) and the android receptor (AR) promote the expression of ADAR1 p110, while ADAR1 p110 inhibits circular RNA (hsa_circ_0085154) expression and finally inhibits the proliferation of HCC tumors (120).



Search Strategies for Effective RNA Editing Events in Cancer

Tumor and adjacent tissue samples are suitable subjects for studying RNA editing—a large number of non-cancer-specific RNA editing sites can be excluded by comparing RNA editing in cancer and adjacent tissue. The investigation range of essential RNA editing sites affecting cancer occurrence and development can be effectively narrowed by comparing the editing levels in cancer and adjacent tissue. Most cancers are accompanied by detailed clinical data, from which the characteristics of RNA editing in different cancers can be summarized and the range of key targets can be further streamlined.

ADAR1&2 expression is different in various cancers. ADAR1 expression increases in most cancer types, such as breast invasive carcinoma and liver hepatocellular carcinoma, but decreases in a few cancers, such as kidney chromophobe. Some researchers found that the expression of ADAR1 and ADAR2 in the same cancer can be totally opposite. For example, some studies show that ADAR1 is a potential tumor enhancer with high levels, and ADAR2 is recognized as a tumor suppressor in HCC (40, 108).

The role of specific RNA editing level changes mediated by different ADAR enzymes in tumors has been partially discovered. To further determine which RNA editing site is closely related to tumor development and maintenance, researchers can select paired samples from cancer patients and identify these tumor-related RNA editing sites using statistical methods such as Fisher’s exact test and Wilcoxon rank sum and signed rank test. Studies have shown that certain site editing levels are greatly associated with patient survival (30). Therefore, we can link the editing level of RNA editing sites with clinical data such as the tumor clinical stage, cancer subtype and patient survival. In addition, Han et al. showed that editing levels of certain genes are associated with tumor drug sensitivity, which could be used as a potential screening strategy in clinical medication (35).

Based on the initial selection strategies mentioned above, a large number of candidate editing sites related to cancer could be identified, and we can further narrow the range according to previously reported important tumor-related genes. Additionally, since the level of RNA editing is regulated by ADAR1 and/or ADAR2, we can determine which enzyme acts on a specific editing site by analyzing the correlation between the expression levels of ADAR1/2 and editing sites. Moreover, RNA editing affects the gene expression level in various ways, so we were able to analyze whether there was a correlation between the change in the editing level of RNA editing sites and the expression level of the gene in which RNA editing sites were located. Finally, a necessary confirmation step should be performed for the newly identified editing sites via Sanger sequencing (121), mmPCR-seq (122), or RESSq-PCR (123).



Predicting the Function of RNA Editing Events in Cancer

Predicting the capabilities of editing is challenging. Before carrying out experiments to verify the abovementioned tumor-related editing sites, we can roughly analyze the impact of these RNA editing sites by in silico prediction to guide subsequent experiments. RNA editing sites are distributed in different regions of the gene, such as CDS, introns, and UTRs, so it is vital to distinguish different locations of these editing sites when predicting their functions. RNA editing sites occurring in CDS may cause non-synonymous amino acids or lead to early termination of mRNAs, and many tools, such as ANNOVAR (124), VEP (125), SnpEff (126), and SnpSift, can predict these sites. Julie et al. compared the three tools and discovered that VEP and SnpEff can better annotate the mutations of different transcripts, which is helpful for the functional prediction of RNA editing sites (127). In fact, 95% of nascent pre-mRNA could be influenced by RNA editing (128). Some predictable RNA editing sites are involved in splicing, and the conventional way of detecting these sites is predicting the conserved 5’ splice site and 3’ splice site and then analyzing the proportion between variant RNAs after editing occurs and the original RNAs, which is also called the percent spliced in index (PSI) (129). For RNA editing sites that occur in 3’ UTR, a large number of current studies have revealed miRNA interactions, and there are also multiple tools that can analyze the relationship between mutant RNAs and the corresponding miRNAs (130). In addition, a few RNA editing events lead to alterations of the RNA structure, and these editing cases that change the free energy of RNAs can be predicted by platforms such as RNAfold (131) and STRUM (132).

To predict functional editing sites with high efficiency, we took the lead in developing an in silico online analysis system, RNA Editing Plus (REP), that effectively calls and annotates human A-to-I RNA editing events, predicting their downstream effects on pre-mRNA alternative splicing and miRNA-3’ UTR targeting via human high-seq data (88). We believe that our platform governing multiple optimized prediction methods will assist more scientific groups in investigating their targets of interest in cancer.



Effects of ADARs Induced A-to-I Editing on Circular RNAs

ADARs can significantly affect the biosynthesis of circular RNAs (32–34). We summarize that ADARs affect circular RNAs in two ways. In the first effect, despite the lack of direct evidence, theoretically, RNA editing sites located in the recognition region of 5’ splice site and 3’ splice site could directly affect the generation of circular RNAs. When RNA editing takes place in the 5’ splice site and 3’ splice site regions, it not only affects pre-mRNA splicing but also further changes the splicing mode of mRNA, which may directly affect the generation of circular RNAs. In addition, it has been pointed out that approximately 99.2% of circular RNAs require 5’ splice sites and 3’ splice sites simultaneously (133), so if RNA editing occurs in these regions, most of the circular RNAs will be directly affected. On the other hand, the formation of dsRNA structures is accompanied by the formation of circular RNAs. Since ADARs can act on these regions and produce A-to-I RNA editing, the structure of dsRNA is destroyed, and the biosynthesis of circular RNAs is affected. In conclusion, changes in ADAR1 expression could directly influence the biosynthesis of circular RNAs.

Interestingly, mutations resulting from RNA editing occurring in pre-mRNA could be transmitted into mature circular RNAs. For instance, Hosaka et al. reported a circular RNA edited by ADAR2 named circGRIA2 (hsa_circ_0125620) in mouse spinal motor neurons and human SH-SY5Y cells, and circGRIA2 editing level alteration is a potential marker for early serum diagnosis of amyotrophic lateral sclerosis (ALS) since it can be secreted out of the cell (134). They claimed that circular RNA can be used as a marker for the early diagnosis of neoplastic diseases because it can be excluded from extracellular properties. However, the clinical feasibility of blood tests for measuring circular RNAs needs to be further validated. As mentioned earlier, in cancer, various types of ncRNAs, such as circular RNAs, miRNAs, mRNAs, and lncRNAs, can work together to form a ceRNA regulatory network. miRNA plays a vital role in this process. As sponges of miRNAs, circular RNAs can inhibit the function of miRNAs. In addition, we can use the aforementioned splicing prediction tools to analyze the changes in RNA editing at 5’ splice site and 3’ splice site through RNA-seq sequencing data (128), thus directly predicting the changes in circular RNAs.



Application of ADARs Induced A-to-I Editing in Cancer Therapy

Since the ability of ADARs to deaminate has also been applied to the field of gene editing, they also have great potential in cancer therapy (135, 136). Nevertheless, recent findings have pointed us toward new avenues to identify the posttranscriptional regulatory mechanisms in cancer research. The editing of endogenous dsRNA by ADARs was found to be required to prevent innate immune system activation (14, 137, 138). Two groups also showed that knockdown of ADAR1 reduced the sensitivity of several tumor cells to antitumor drugs by activating interferons (IFNs), meaning that ADAR1 is able to enhance the effects of certain tumor immune drugs (139, 140). In addition, it has been shown that RNA editing is associated with drug resistance in tumors, and some clinically relevant RNA editing sites occurring on ncRNAs have also been demonstrated (30). Overall, ADAR1 and RNA editing can be used as targets in cancer immunotherapy (141) to treat cancer together with tumor immune drugs.

It has been found that some chemically synthesized small-molecule drugs can inhibit the expression of ADAR1. Ding et al. reported that 8-chloro-adenosine can inhibit the ADAR1/p53 pathway, inhibiting the proliferation of breast cancer (142). Erythro-9-(2-hydroxy-3-nonyl) adenine hydrochloride (EHNA) has also been proven to be an inhibitor of ADARs (143). Targeted inhibitors are considered to be effective in cancer treatment, and these small-molecular drugs are currently mainly divided into artificial drugs and natural products. There are some effective components in natural drugs that can inhibit cancers and have been used in clinical treatments. For example, paclitaxel extracted from plants is an effective antitumor drug (144). This is also why some researchers have used a variety of methods to identify the ingredients of important natural products to treat cancer (145). However, there are few studies on the active components of natural products as inhibitors of ADARs. Natural compounds may change the level of ADAR-mediated editing in tumors or play an anticancer role by virtue of the non-editing function of ADARs, which will provide a new research direction for the potential of ADARs in cancer therapy.




Conclusions and Future Perspectives

To date, great efforts have been made to develop computational methods alongside the advancement of sequencing technologies to detect RNA editing events, and millions of editing sites have been reported, allowing researchers to gain growing information on different tissues. However, many aspects could be optimized to explore tissue-specific editing levels in the future. In addition, the advent of third-generation long-read sequencing technologies such as Pacific Biosciences and Oxford Nanopore brings about more facilities for editing calling since it will theoretically circumvent the current technical bottlenecks, such as PCR errors and hyperediting read loss (96, 146, 147). On the other hand, more high-seq data from single cells have been made public, providing necessary information for unraveling RNA editing effects on cell diversity at the single-cell level. Interpreting the level of RNA editing at the single-cell level in cancer has a great promoting effect on our further understanding of tumor heterogeneity and the development of tumor heterogeneity. Although initial research has been reported on the human brain (148), reads with low abundance and coverage have restricted the application of these data (57). As mentioned earlier, RNA editing located in the non-coding region is most abundant in cancer. It is also urgent to clarify the functions of RNA editing sites and apply them to the treatment of tumors. RNA editing could dramatically increase ncRNA abundance, while ncRNAs such as lncRNAs are able to affect the drug resistance of tumors (149). Therefore, in-depth mining of the mechanism of RNA editing in lncRNAs facilitates our in-depth understanding of tumor heterogeneity, helping us treat cancer. There is a link between RNA editing and drug sensitivity—for example, the levels of RNA editing of COG3 and COPA have a strong correlation with drug sensitivity (37), which indicates that RNA editing has great potential in cancer therapy and drug development.
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Cancer has become the second leading cause of death worldwide; however, its complex pathogenesis remains largely unclear. Previous research has shown that cancer development and progression are closely associated with various non-coding RNAs, including long non-coding RNAs and microRNAs, which regulate gene expression. Target gene abnormalities are regulated and engaged in the complex mechanism underlying tumor formation, thereby controlling apoptosis, invasion, and migration of tumor cells and providing potentially effective targets for the treatment of malignant tumors. Chemotherapy is a commonly used therapeutic strategy for cancer; however, its effectiveness is limited by general toxicity and tumor cell drug resistance. Therefore, increasing attention has been paid to developing new cancer treatment modalities using traditional Chinese medicines, which exert regulatory effects on multiple components, targets, and pathways. Several active ingredients in Chinese medicine, including ginsenoside, baicalin, and matrine have been found to regulate ncRNA expression levels, thus, exerting anti-tumor effects. This review summarizes the scientific progress made regarding the anti-tumor mechanisms elicited by various active ingredients of Chinese medicine in regulating non-coding RNAs, to provide a theoretical foundation for treating tumors using traditional Chinese medicine.
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Introduction

The incidence of cancer has tripled over the past three decades and is expected to increase five-fold by 2030 (1). Nevertheless, the precise mechanism associated with cancer pathogenesis remains largely unclear as it is highly complex and diverse. Since the 1970s, gene therapy has become an increasingly attractive strategy for the treatment of various diseases. Accordingly, more recently, the focus has shifted toward identifying specific genetic etiologies of cancer to design effective gene therapies to overcome the challenges associated with traditional cancer treatment modalities. As the human genome is gradually deciphered, RNA has been shown to play an auxiliary role as an intermediate vector of genetic information, and an increasing number of regulatory functions have been ascribed to this class of molecules. In particular, non-coding sequences, which account for 99% of the total human genome, have received greater attention (2). Most of the identified non-coding RNAs (ncRNAs), including long non-coding (lnc)RNAs, micro (mi)RNAs, small interfering (si)RNAs, Piwi-interacting (pi)RNAs, ribosomal (r)RNAs, transfer (t)RNAs, and small nuclear (sn)RNAs, participate in the translation, modification, and other cellular functions. Among these molecules, lncRNAs and miRNAs have been researched more intensively to decipher their fundamental roles in many diseases, including cancer (3). In fact, lncRNAs were initially believed to be the “noise” of genome transcription, a by-product of RNA polymerase II transcription, and were considered biologically non-functional (4). However, recent studies have shown that lncRNAs play an essential role in cancer signal transduction pathways by interacting with proteins and RNA (5) and are reportedly associated with various cancers, including those of the stomach (6–8), lung (9, 10), breast (11, 12), and prostate (13, 14). Specifically, inhibition of lncRNA H19 and lncRNA PVT1 expression can effectively inhibit the cancerization, metastasis (15), and angiogenesis (7) of gastric cancer.

miRNA is a class of small (18–22 nucleotides) ncRNA molecules; it is present in all eukaryotic cells, with over 2,000 of these RNAs being identified in humans (3). However, ncRNAs have also been described in insects, plants, fungi, bacteria, and viruses (16, 17). Compared with lncRNA, the regulatory mechanism of miRNA is relatively simple and clear. It regulates gene expression by either suppressing mRNA translation or degrading mRNA molecules (18). Previous studies have found that the abnormal expression of miRNAs can disrupt many signaling pathways resulting in reduced proliferation, migration, and invasion of cancer cells and the promotion of apoptosis (19–21). Numerous carcinogenic miRNAs, including miR-638, miR-155, miR-31, miR-21, miR-221, miR-222, and miR-294 among others, are overexpressed in various malignant tumors (22–24), whereas others, including miR-429, miR-211, miR-1271, and miR-34a, exert anti-cancer effects and are under-expressed in cancer cells (25, 26).

The emergence of ncRNA provides new alternatives for cancer treatment, but its effective application in clinical cancer treatment remains challenging. At present, chemotherapy is one of the most important means of treating malignant tumors. However, its efficacy is limited by systemic toxicity and tumor cell resistance (27). Traditional Chinese medicine has been practiced for thousands of years because of its safety and minimal side effects. To date, many cancer patients have used traditional Chinese medicine as an alternative therapy for cancer treatment (28). Moreover, some of the active ingredients of Chinese medicine have been shown to exert anti-cancer effects by regulating ncRNAs and acting on various signaling pathways and cancer-related molecular targets, thus, inhibiting tumor proliferation, metastasis, and invasion and inducing cancer cell apoptosis (29). For instance, the isoflavone calycosin inhibits nasopharyngeal carcinoma cell growth by regulating the lncRNA EWSAT1 and its downstream TRAF6 pathways (30). Additionally, curcumin upregulates miR-145 expression to inhibit cell proliferation and invasion in vitro, while inducing cell cycle arrest (31). These reports suggested that ncRNA have anti-tumor abilities that regulate cancer cell apoptosis, proliferation, resistance, metastasis, and invasion.



Active Ingredients of Traditional Chinese Medicine Regulate the Anti-Tumor Mechanism of miRNA

Over the past decades, miRNA has been shown to play a regulatory role in many cancer signaling pathways (32). The active ingredients in traditional Chinese medicine act through different mechanisms to upregulate the expression of tumor-suppressing miRNAs and downregulate the expression of oncogenic miRNAs (33). They also inhibit tumor occurrence and development by inducing cell apoptosis to inhibit tumor metastasis, enhancing cell cycle arrest to reduce drug resistance, and by downregulating other pathways (34) (Table 1).


Table 1 | Detailed information on Chinese medicine active ingredients targeting miRNAs.





Active Ingredients of Chinese Medicine Targeting miRNA Induce Tumor Apoptosis

Apoptosis is a basic biological phenomenon, that involves the activation, expression, and regulation of a series of genes. The active ingredients of traditional Chinese medicine regulate target genes by influencing an abnormal expression of miRNAs and inducing tumor cell apoptosis (Figure 1). miR-21 inhibits apoptosis in various tumor cells (71–73). Ginsenoside Rh2 is a natural monosome of ginseng total saponin, and its anti-cancer effects have been demonstrated in various tumors. A former report showed that ginsenoside Rh2 inhibited Bcl-2 by increasing miR-21 levels, which induced apoptosis and significantly decreased leukemia cell viability (35). PTEN is a classical anti-oncogene, the inhibition of PTEN is key for cell apoptosis, mainly relying on the phosphorylation and dephosphorylation of Akt. In FTC-133 human follicular thyroid cells, the alkaloid Chinese medicine active ingredient matrine is induced by upregulating the PTEN/Akt signaling pathway via the downregulating miR-21 (39) it induces apoptosis of TPC-1 human thyroid cancer cells (40). Similarly, the reverse quantitative polymerase chain reaction of an extract of Magnolia officinalis revealed that magnolol could induce abnormal expression of miRNA in human osteosarcoma cells, with miR-21 showing a very strong ability to downregulate mRNAs. Recent evidence has suggested that Honokiol is able to suppress the PI3K/AKT signaling pathway; however, it was reactivated by miR-21 overexpression. Honokiol inhibits proliferation and induces apoptosis by regulating the miR-21/PTEN/PI3K/AKT signaling pathway in human osteosarcoma cells (41).




Figure 1 | Active ingredients of Chinese medicine targeting miRNAs induce tumor apoptosis and cell cycle blocking.



A previous report described that Rh2 reduces the expression levels of MCL1 and Nrf2, suppresses colony formation, and induces HepG2 cell apoptosis by inhibiting miR-146a-5p in HepG2 cells (36). Berberine is a quaternary ammonium alkaloid isolated from Coptis chinensis. It inhibits the growth of non-small-cell lung cancer via the miR-19a/TF/MAPK axis and promotes apoptosis. A previous study of the mechanism of anti-tumor baicalin in human colon cancer showed that baicalin induced colon cancer cell apoptosis via the Wnt signaling pathway mediated by miR-217/DDK1, in which DDK1 was identified as a direct downstream target gene of miR-217 (33). A previous study showed that resveratrol regulated the apoptosis and cell cycle of breast cancer cells by regulating miRNAs such as miR-125b-5p, miR-200C-3p, miR-409-3p, miR-122-5p, and miR-542-3p. Resveratrol-mediated miRNA modulation regulates key anti-apoptotic and cell cycle proteins, including Bcl-2, X-linked inhibitor of apoptosis protein, and CDKs, which are critical for its activity. Among these, miR-542-3p and miR-122-5P play key roles in resveratrol-mediated apoptosis of MCF-7 and MDA-MB-231 breast cancer cells, respectively (44). Resveratrol significantly reduced miR-196b/miR-1290 expression in the T-ALL (T-cell acute lymphoblastic leukemia) TTL-104 and B-ALL (B-cell acute lymphoblastic leukemia) SUP-B15 cell lines and upregulated the expression of IGFBP3. As a miR-196b/miR-1290 inhibitor, resveratrol was further demonstrated to exert antitumor effects on ALL cells including antiproliferation, cell cycle arrest, apoptosis and inhibition of migration (45). Pyruvate kinase PKM2 is highly expressed in various tumors. The expression of miR-326 was increased after resveratrol treatment, and miR-326/PKM2-mediated stress and mitochondrial dysfunction were involved in apoptosis induced by resveratrol (46). Camptothecin, a cytotoxic quinoline alkaloid, is an anti-cancer compound found in plants. Deep sequencing analysis of miRNA expression profiles during the camptothecin-induced apoptosis showed that 79 miRNAs were downregulated post-treatment (74). A study of camptothecin verified that miR-125b was down-regulated in camptothecin induced apoptosis in cancer cells. Camptothecin induced apoptosis in cancer cells through miR-125b-mediated mitochondrial pathways by targeting the 3’-untranslated (UTR) regions of Bak1, Mcl1, and p53 (53). In glioblastoma stem cells, miR-143 expression was downregulated after shikonin administration, whereas the regulation factor BAG3 was upregulated. Notably, miR-143 overexpression reversed this phenomenon and enhanced the anti-tumor activity of shikonin in glioblastoma stem cells (58). Celastrol is found in the root of Celastrus orbiculatus, belonging to the family Celastraceae. It can regulate apoptosis-promoting signaling pathways (75). Celastrol suppresses cellular proliferation and induces apoptosis of ovarian cancer OVCAR3 cells by downregulating miR-21 to inhibit the PI3K/P-Akt-NF-κB signaling pathway, thereby revealing a potential therapeutic approach (63).



Active Ingredients of Chinese Medicine Target miRNAs to Block Tumor Cell Cycle

The occurrence of most tumors is related to the disruption of cell cycle regulation, leading to uncontrolled cell growth. Many active ingredients of Chinese medicine play an anti-tumor role by blocking the tumor cell cycle and inhibiting cell proliferation (Figure 1). For instance, in patients with acute lymphoblastic leukemia (ALL), a study demonstrated that the expression of IGFBP3 was decreased in ALL patients. The authors further identified that miR-196b and miR-1290 were overexpressed in T-ALL TALL-104 and B-ALL SUP-B15 cell lines, respectively. As an miR-196b/miR-1290 inhibitor, resveratrol was further demonstrated to exert antitumor effects on ALL cells including cell cycle arrest. Resveratrol blocks T-ALL T-ALL-104 cells during the G1 phase and the B-ALL SUP-B15 cells in the S phase by inhibiting miR-196b/miR-1290 (45). Baicalin upregulates miR-3127-5p, which increases p21/CDKN1A and P27/CDKN1B expression to inhibit cell proliferation arresting the cell cycle in S and G2/M phases in Bel-7402 cells (43). Celastrol caused G2/M cell cycle arrest that was accompanied by the down-regulation of miR-21 expression. Further study showed that celastrol inhibited p27 protein degradation by inhibiting the miR-21 and mTOR signaling pathways in BGC-823 and MGC-803 cells. The effect of celastrol on cell cycle arrest of gastric cancer cells was due to an increase in the p27 protein level via inhibition of the miR-21-mTOR signaling pathway (66).



Active Ingredients of Chinese Medicine Targeting miRNA Inhibit Tumor Cell Proliferation

Many traditional Chinese medicines regulate cell proliferation through miRNAs (Figure 2). Paeoniflorin is a monoterpene glycoside with various anti-cancer activities and is derived from Paeonia lactiflora. Studies have shown that paeoniflorin has broad-spectrum anti-tumor activities against various cancers (76), including those of liver (77), lungs (78), breast (79), and pancreas (80). miR-124 levels are significantly increased in paeoniflorin-treated MGC-803 cells, which inhibits PI3K/Akt and p-STAT3 expression. A PI3K agonist or STAT3 overexpression can reverse effects of paeoniflorin on MGC-803 cell proliferation (55).




Figure 2 | Active ingredients of Chinese medicine targeting miRNAs inhibit tumor cell proliferation.



Shikonin, a natural naphthoquinone isolated from traditional Chinese herbs. miR-106b is one of the most significantly downregulated miRNAs among the several miRNAs dysregulated by shikonin. miR-106b targets the tumor suppressor gene phosphatase and tensin homolog (PTEN), thereby modulating AKT/mTOR signaling pathway and ultimately inhibiting the proliferation of endometrial cancer cells (59). An earlier report investigated changes in the proliferation of the retinoblastoma cell lines Y-79 and Weri-RB-1 after shikonin administration. The results revealed that shikonin upregulated miR-34a and miR-202 expression and directly targeted the oncogene MYCN to degrade its mRNA while inhibiting the proliferation of retinoblastoma cells (62).

Several studies have shown that celastrol can inhibit tumor cell proliferation in several types of cancers. For example, in colon cancer cells, the overexpression of miR-21 enhanced cell viability, inhibited apoptosis, increase Bcl-2 expression, and decreased Bax levels; these effects were reversed by celastrol. As enzymes are involved in cell survival, the PI3K/AKT/GSK-3β pathway provides important signals for tumor cell proliferation Clastrol may inhibit colon cancer cell proliferation by negatively regulating the PI3K/AKT/GSK-3 pathways via miR-21 (64). Similar results were reported in lung adenocarcinoma, in which celastrol inhibited cell proliferation and induced apoptosis by regulating the expression levels of miR-24 and miR-181b (69).

Another study showed that ginsenoside Rh2 inhibited the proliferation of prostate cancer cells in a dose-dependent manner, and no CDKN1A cell cycle inhibitor was observed in the increased protein of ginsenoside Rh2. Screening all candidate miRNAs for binding to the 3′-untranslated region of CDKN1A showed that miR-4295 was dose-dependently inhibited by ginsenoside Rh2. Therefore, comprehensive experimental investigations revealed that ginsenoside Rh2 inhibits prostate cancer cell growth by inhibiting miRNA-4295, which activates CDKN1A (37).



Active Ingredients of Chinese Medicine Targeting miRNA Inhibit Tumor Cell Metastasis and Invasion

The metastasis and invasion are essential feature characterizing the biological behavior of malignant tumors. The active ingredients of traditional Chinese medicine can inhibit the invasion and metastasis of tumors by regulating miRNA (Figure 3). EMT is an important prerequisite for tumor cell metastasis. The miR-200 family inhibits EMT, thereby inhibiting tumor metastasis. A previous study reported that triacetyl resveratrol, a derivative of resveratrol, inhibited pancreatic cancer growth and EMT by upregulating the expression of the members of the miR-200 family and targeting the Shh pathway (48). Moreover, resveratrol increased the expression of miR-200c to inhibit cell proliferation and invasion in HCT116 cells (50). Ginseng saponin Rg3 suppressed EMT in oral squamous cell carcinoma and ovarian cancer via miR-221 (51) and miR-145 (52). E-cadherin, the most common EMT protein, plays an important role in tumor invasion, and the loss of E-cadherin expression promotes tumor and EMT. In the cervical cancer cell lines HeLa and C33a, Shikonin inhibits EMT by inducing miR-183-5p expression via E-cadherin (61). Similarly, miR-17-5p expression was upregulated in triple-negative breast cancer. The PTEN is a direct target of miR-17-5p. Studies have shown that increased expression of PTEN can inhibit miR-17-5p and reduce the expression of Akt and P-Akt, thereby inhibiting EMT and the migration and invasion of triple-negative breast cancer cells (81).




Figure 3 | Active ingredients of Chinese medicine targeting miRNAs inhibit tumor cell metastasis and invasion, and reverse tumor cell resistance.



Shikonin can inhibit tumor migration and invasion via modulating miRNA-mediated regulation of multiple pathways. miR-195 is an important member of the micro-15/16/195/424/497 family and can be used as a diagnostic biomarker in breast cancer (82). In NCI-N87 cells, shikonin inhibited the proliferation, migration, and invasion by regulating miR-195 to inhibit the PI3K/AKT signaling pathway (60). Matrix metalloproteinases (MMPs) play important roles in mediating angiogenesis, metastasis, and invasion. MMP-2/9 expression is related to the progression of many tumors, such as colon cancer (83), neuroblastoma (84), and bladder cancer (85). Paeoniflorin regulated miR-16/29b, which targeted MMP-9/2 (56) to inhibit the growth and invasion of multiple myeloma cells (57). Celastrol can downregulate miR-21 and MMP9 and regulate the expression of the cell migration protein vimentin; this reduces the migration and invasion ability of MKN45 gastric cancer cells (65). Resveratrol significantly inhibited cell migration in T-cell ALL T-ALL-104 and B-cell ALL SUP-B15 cells by inhibiting miR-196b/miR-1290 (45).



Active Ingredients of Chinese Medicine Targeting miRNA Reverse Tumor Cell Resistance

Increasing evidence has revealed that dysfunctional miRNAs significantly affect chemotherapy resistance. Active ingredients of Chinese medicine play an important role in reducing the toxic and side effects of chemotherapy and improving resistance to chemotherapy (Figure 3). A previous study showed that low-invasive breast cancer cells were resistant to amycin and this resistance was reversed by resveratrol, which also targeted the regulatory inhibitor miR-122-5p to influence the cell cycle and apoptosis (49). Increased autophagy during chemotherapy can promote tumor apoptosis or mediate autophagy-related apoptosis. miR-15a and miR-16 effectively induce autophagy, enhancing the therapeutic effect of camptothecin (54). Celastrol reduced mTOR, P-P70S6K, and p-4EBP1 expression by increased miR33a-5p to inhibited tumor growth (70).



The Active Ingredients of Traditional Chinese Medicine Regulate the Anti-Tumor Mechanism of lncRNAs

Generally, lncRNAs are defined as molecules comprising more than 200 nucleotides lacking protein-coding capacity. However, more recently, lncRNAs have been reported to regulate gene expression (86). Meanwhile, various active ingredients in Chinese medicines, such as curcumin and resveratrol, modulate tumor development via lncRNA expression regulation in vitro and in vivo (Table 2). In gemcitabine-resistant pancreatic ductal adenocarcinoma cell, a phenolic compound extracted from turmeric, curcumin, desensitizes chemotherapy-resistant pancreatic ductal adenocarcinoma via inhibiting the PRC2-PVT1-c-Myc axis. Hence, emerging evidence suggested that curcumin may be an effective sensitizing agent for chemotherapeutic drugs (96). Moreover, curcumin induces the expression of the lncRNA PINT to inhibit acute lymphoblastic leukemia cell growth (88).


Table 2 | Detailed information on Chinese medicine active ingredients targeting lncRNAs.



Resveratrol is a non-flavonoid polyphenol compound with a wide pharmacological spectrum of anti-cancer, anti-inflammatory, anti-microbial, and antioxidant activity (97). One study on lung cancer reported the upregulation of 21 lncRNAs and downregulation of 19 lncRNAs resveratrol treated A549 cells. Among these, decreased levels of the lncRNA AK001796 weakened the inhibitory effect of resveratrol on cell proliferation (91). Resveratrol inhibits cell proliferation, migration, and invasion by downregulating AK001796 and NEAT1 in lung cancer and multiple myeloma (91, 92). Similarly, triptolide and isoflavone calycosin inhibit tumor cell growth by inhibiting specific lncRNAs in nasopharyngeal cancer. Triptonide inhibits human nasopharyngeal carcinoma cell growth via disrupting lncRNA THOR-IGF2BP1 signaling. Conversely, ectopic lncRNA THOR overexpression inhibits Triptonide-induced cytotoxicity in NPC cells (95).

One of the representative lncRNAs, H19, is recognized as a cancer biomarker and is associated with the occurrence of esophageal cancer (98), colorectal cancer (99), liver cancer (100), breast cancer (101), bladder cancer (102), and stomach cancer. Furthermore, reduced expression of H19 can inhibit cancer development (103, 104). Specifically, curcumin inhibited cell proliferation via c-Myc/H19 pathway, which reduced the expression of H19 in stomach cancer cells. This indicated that curcumin is a potential drug for gastric cancer (87). Moreover, microarray data identified H19 as a potential target of Huaier (a fungal parasite on locust trees), the extract from which reduced the expression of H19, while also reducing the viability of breast cancer cells by inducing apoptosis via regulation of the H19-miR-675-5p-CBL axis (105). Besides, certain lncRNAs and miRNAs mutually restrict and regulate target genes to achieve tumor inhibition. For example, in bladder cancer, H19 can directly bind miR-29b-3p to derepress the target DNMT3B. Further, upregulating H19 antagonizes miR-29b-3p-mediated proliferation, migration, and epithelial-mesenchymal transition (EMT) suppression in bladder cells. This evidence demonstrated, for the first time, that H19 may function as a competing endogenous RNA (ceRNA) for miR-29b-3p and relieve the suppression of DNMT3B, leading to EMT and metastasis of bladder cancer (106). In 2011, a new theory was proposed that ceRNAs and miRNA response elements could mediate the interactions between mRNA pseudogenes and some ncRNAs to form a large-scale regulatory network in the transcriptome and serve as a “new language” for “mutual conversation” (107) (Figure 4). These networks are characterized by sponge activity, in which ncRNA interacts with the target gene to competitively bind or inhibit. In addition, ceRNAs have been identified as key regulatory factors in cancer (108, 109). PVT1, located downstream of the proto-oncogene Myc in chromosome 8q24, was used as a ceRNA of miR-216b and miR-152 in non-small-cell lung cancer and osteosarcoma to promote the tumor resistance to anti-cancer drugs (110, 111). In prostate cancer cells, lncRNA-ROR and the stem cell marker Oct4 mRNA contain binding regions for miR-145 and directly compete with this microRNA. Curcumin reduced the expression of endogenous lncRNA-ROR and effectively increased the available concentration of miR-145 in human prostate cancer stem cells, where miR-145 prevented cell proliferation by decreasing Oct4 expression (31). The ceRNA hypothesis has revealed new mechanisms of RNA interactions, which incentivized the analysis of ncRNA role in cancer development.




Figure 4 | ceRNA network.





Regulation of the Anti-Tumor Mechanism by circRNA and Other ncRNAs

As potential targets for the active ingredients of Chinese medicine, circRNA, siRNA, rRNA, and other non-coding RNAs are involved in tumor development. Some circRNAs affect cancer biogenesis in diverse manners, such as by functioning as miRNA sponges, combining with RNA-binding proteins, acting as transcription factors, and affecting protein translation (112). Matrine decreased circRNA-104075 and Bcl-9 expression significantly via inhibition of PI3K/AKT and Wnt-β-catenin pathways,it suppressed cell viability while induceing apoptosis and autophagy in glioma cell line U251 (113). Another study shows that matrine down-regulated the levels of circ_0027345 and HOXD3, and up-regulated miR-345-5p expression. Meanwhile, matrine restrained tumor growth, invasion and promoted autophagy of HCC by regulating the circ_0027345/miR-345-5p/HOXD3 axis in vivo (114). Curcumin has antioxidant and anti-cancer properties, and it has also been used as a radiosensitizer. A study compared the differences in circRNA levels in NPC cell lines after radiotherapy and after treatment with curcumin, using a high-throughput microarray. Finally, it was demonstrated by reverse transcription-quantitative polymerase chain reaction assay and wound healing assay that curcumin could enhance radiosensitization of NPC cell lines via mediating regulation of tumor stem-like cells by the “hsa_circRNA_102115”-“hsa-miR-335-3p”-“MAPK1” interaction network (115). At present, although circRNA has shown significant activity in the treatment of cancer, there are few reports on the regulation of circRNA by Active Ingredients of Chinese Medicine, which is also an important direction for future researchers to concern and research. circRNA has been expected to become a new molecular biomarker for the clinical diagnosis, treatment and prognosis, and the potential target for targeted therapy. siRNAs are double-stranded RNAs of 20-25 nucleotides and are involved in RNA interference; they regulate gene expression in a specific manner. Multiple synthetic siRNAs can achieve long-term silencing of target genes without interfering with endogenous microRNA pathways. Ginsenoside Rh2 downregulated P-STAT3/STAT3 and intracellular oxidative stress by upregulating PPAR. In response to siRNA-mediated knockdown of PPAR, STAT3 and intracellular oxidative stress were increased (116). rRNA is the most abundant type of RNA in cells. In lung cancer cells, triptolide interrupts rRNA synthesis by inhibiting transcriptional activation of RNA Pol I and UBF, thereby activating the apoptosis regulators caspase 9 and caspase 3 to inhibit BCL2 and induce apoptosis and cell cycle arrest (117).



Discussion

During cancer development, abnormal ncRNAs modulate cell proliferation, migration, and invasion by regulating the expression of proto-oncogenes and tumor suppressor genes. Many active ingredients of traditional Chinese medicine, such as resveratrol, matrine, and berberine, have been evaluated in vivo and in vitro to target specific ncRNA and shown to play anti-cancer roles. This review summarized the finding regarding 16 active ingredients of traditional Chinese medicine that can target miRNAs, lncRNAs, and other ncRNAs, thereby playing an effective role in suppressing cancer growth. Among the ncRNAs regulated by Chinese medicine active ingredients, miR-21 is the most reported ncRNA and is extensively studied in various cancers. It is involved in most of the cancer-related processes, such as cell apoptosis, proliferation, migration, and cell cycle. These findings indicate that miR21 is one of the promising ncRNAs to develop targeted therapeutic agents for many types of cancer. Some active ingredients of traditional Chinese medicine, such as Ginsenoside Rh2 and Resveratrol, promote apoptosis by regulating ncRNAs to target common apoptosis-related target genes, such as BCL2 and Caspase3.

In conclusion, traditional Chinese medicine’s active ingredients significantly ameliorate malignant neoplasms via ncRNA regulation, suggesting that active ingredients of traditional Chinese medicine may become alternative therapeutic agents for cancer in the future. At present, most studies have reported that the active ingredients of traditional Chinese medicine mainly target one kind of ncRNA for cancer treatment. However, ceRNA mechanism suggests that several kinds of ncRNA have complex interactions in cancer treatment. Therefore, we need to further explore the detailed anti-cancer mechanism and clinical safety of each of the active ingredients of traditional Chinese medicine. We hope that this review on the regulation of ncRNA by active ingredients of traditional Chinese medicine on tumor will be helpful for future research studies on anti-cancer of traditional Chinese medicine and provide a reference for their clinical application.
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Exosomes are small extracellular vesicles secreted by most somatic cells, which can carry a variety of biologically active substances to participate in intercellular communication and regulate the pathophysiological process of recipient cells. Recent studies have confirmed that non-coding RNAs (ncRNAs) carried by tumor cell/non-tumor cell-derived exosomes have the function of regulating the cancerous derivation of target cells and remodeling the tumor microenvironment (TME). In addition, due to the unique low immunogenicity and high stability, exosomes can be used as natural vehicles for the delivery of therapeutic ncRNAs in vivo. This article aims to review the potential regulatory mechanism and the therapeutic value of exosomal ncRNAs in hepatocellular carcinoma (HCC), in order to provide promising targets for early diagnosis and precise therapy of HCC.
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Introduction

Hepatocellular carcinoma (HCC) is the third most common malignant tumor worldwide, accounting for 85–90% of primary liver cancer (1–3). Chronic liver inflammation and fibrosis mediated by viral hepatitis, alcohol and non-alcoholic fatty liver disease (NAFLD) have become the initiators of HCC (4, 5). Due to the lack of obvious early clinical symptoms and biomarkers, most patients have reached the advanced stage at the time of diagnosis, losing the opportunity of curative treatment (resection or transplantation) as a result of multiple intrahepatic and distant metastases. Palliative care has become the only option for advanced-stage patients (6, 7). The 5-year survival rate of less than 20%, the high resistance of palliative care and the frequent relapse make early diagnosis an inevitable requirement for prolonging the survival time of HCC patients (8). Relying on capturing humoral cells and nucleic acids including circulating tumor cells (CTC), circulating tumor DNA (ctDNA) and exosomes, liquid biopsy, an emerging minimally invasive technique, is helpful for the early diagnosis and monitoring of disease progression or treatment response of cancers (9). However, the low peripheral blood abundance of CTC and the short half-life of ctDNA make exosomes a better choice.

Extracellular vesicles (EVs) are submicron particles bounded by phospholipid bilayers with non-functional nuclei, which are naturally released by a variety of cells and have no replication function. “EV” is a term proposed by International Society for Extracellular Vesicles (ISEV) (10), covering exosomes, microparticles, apoptotic blebs and other EV subsets. Exosomes can mediate cross-linking between tumor cells/non-tumor cells and recipient cells by carrying a variety of biologically active substances (protein, RNA, cholesterol, lipids, etc.), as well as modifying the recipient cells phenotype and reshaping the TME through cargo transfer (11, 12). For example, exosomes derived by breast cancer cells can regulate multiple molecules and signaling pathways in receptor cells by carrying miR-155, miR-21, miR-1246 and other cargo, including TGF-β/Smad signaling, Mef2c-β-Catenin, etc., which mediate tumor cell proliferation, metastasis and radio/chemoresistance (13). Irradiation can induce the high secretion of irradiated cells and the pathological changes of its internal cargo, participating in the formation of the bystander effect of unirradiated cells, which is manifested by increasing the cell growth rate and inducing biological behaviors such as radioresistance by repairing damaged DNA (14). Annexin II, Heparanase, TGFβ, miR-126a and other angiogenic cargo can activate angiogenesis through targeted transport between tumor cells and endothelial cells (15). Moreover, exosomes are highly secreted in cancer patients. Benefit by their wide distribution in multiple body fluids (blood, urine, saliva, etc.) and the differential expression of cargo during the development of cancer, the isolation and acquisition of exosomes and the expression analysis of its cargo have become feasible, which are conducive to the early diagnosis, treatment and prognosis evaluation of cancers (16–18). For this reason, the high stability and low immunogenicity of exosomes make them a natural vehicle for targeted anti-tumor drug/nucleic acid delivery in vivo.

Non-coding RNAs (ncRNAs) are a kind of RNA subgroups without protein-coding ability or only have short peptide coding ability, including miRNAs, long ncRNAs (lncRNAs), circular RNAs (circRNAs), tRNA-derived small RNAs (tsRNAs), PIWI-interacting RNAs (piRNAs) and pseudogenes, etc. NcRNAs are widely and selectively enriched in exosomes, regulating gene expression at the transcriptional, post-transcriptional and epigenetic levels (19). Numerous studies have confirmed that the potential regulation of tumor metastasis, angiogenesis, immune escape, metabolic reprogramming and drug resistance make exosomal ncRNAs become endogenous tumor regulators in the body (20), and their dysregulation directly participates in the onset and progression of carcinogenesis (21, 22). This article aims to outline the potential regulatory mechanisms of exosomal ncRNAs in HCC, with a view towards providing options for the clinical application of HCC-related biomarkers and therapeutic targets.



Overview of Exosome


Exosome Biogenesis

EVs, with lipid bilayer-enclosed membranous structures, are induced by cells to secrete under physiological conditions or specific biological instructions, which can be classified into different heterogeneous populations according to different sizes and subcellular origins (10). Since the specific biomarkers of different EVs have not been clearly defined yet, exosomes specifically refer to small EVs with a size of 40-160 nm (23). The process of exosome biogenesis includes three key steps: 1. The exosomes are initially formed as intraluminal vesicles (ILVs) from late endosomal membrane invagination. 2. ILVs form multivesicular bodies (MVBs) through endosome sorting complexes in an ESCRT-dependent or independent pathway. 3. MVB fuses with plasma membrane to release exosomes (24). Figure 1 shows the biogenesis of exosomes




Figure 1 | Exosome biogenesis within endosomal system. Early endosomes are formed by the fusion of endocytic vesicles, further transformed into late endosomes/MVBs through inward budding of the membrane (packing the cargo into ILVs). ILVs protein sorting has two methods, ESCRT-dependent and ESCRT-independent. ESCRT-0, ESCRT-I, ESCRT-II and ESCRT-III are the four components of the ESCRT. They generalize the substrate on the inwardly budding endosomal membrane. Subsequently, a part of MVBs is fused with lysosomes to be degraded, while another part of MVBs can be fused with the plasma membrane to release ILVs into the extracellular space, now called exosomes. In addition, Rab27A and Rab27B are important mediators leading MVBs to the periphery of cells, and the SNARE complex helps MVBs fuse with the plasma membrane.





Exosomes Mediate Intercellular Communication

Since it was first discovered in mature reticulocytes in the 1980s (25), the extensive participation of exosomes in different pathophysiological processes such as viral infection, immune response, and tumor metastasis has been successively confirmed (26). Relying on the specific carrying of various biologically active substances (including protein, RNA, cholesterol, lipids, etc.), exosomes establish a contact-free substance exchange between cells in autocrine, endocrine, proximal, paracrine and remote communication (27). For example, myelin oligodendrocytes count on exosomal secretion to promote axon transport and long axon maintenance in adjacent neurons (28). Adipose stem cell-derived exosomes inhibit ischemia-reperfusion injury of cardiomyocytes by targeting miR-221/miR-222/PUMA/ETS proto-oncogene 1 (ETS-1) pathway (29). Exosomal Hic-5 regulates the proliferation and apoptosis of osteosarcoma via Wnt/β-catenin signal pathway (30).

Exosomes transmit signals via ligands/adhesion molecules expressed on the membrane surface or the cargo carried inside (31), establishing two crosslinking pathways with the recipient cells, either by membranous interactions or by payload release following cell uptake of exosomes (32). The exosome-mediated communication between donor cells and recipient cells has the following characteristics: 1. MVB-derived exosomal membranes contain ligands that can simultaneously bind to multiple cell surface receptors, therefore providing an information network in a way that highly mimics the direct contact between cells and cells (33). 2. The internalization of exosomes into recipient cells results in “novel” cell membrane loading part of the donor cell surface molecules, thereby changing the original adhesion or recruitment characteristics (34). 3. Exosomes provide an ideal medium for delivering genes or proteins to reprogram target cells (35). Additionally, as shown in Table 1, numerous studies have revealed the regulatory role of plentiful ncRNAs in HCC.


Table 1 | Exosomal ncRNAs in HCC.





Exosomal NcRNAs Regulate Hepatocarcinogenesis

The discovery of non-coding RNA has drawn a new blueprint for the research of genome function: The nucleus has extensive transcription capacity (even introns and intergenic sites (55), resulting in the production of short and long non-coding RNA with complex regulatory effects (56). As the most abundant biologically active substance in exosomes, ncRNAs play a pivotal role in intercellular communication. Growing evidences in recent years have revealed the regulatory effects of ncRNAs on the tumorigenesis and development of HCC: Exosomal circTMEM45A improves the proliferation and vascular invasion capacity of HCC cells through circTMEM45A/miR-665/IGF2 axis (41). Exosome-derived circ-0051443 suppresses the proliferation of HCC cells by upregulating the expression of BCL2 antagonist/killer 1 (BAK1), promoting apoptosis and G0/G1 cell cycle arrest (57). Cancer cells induce the ectopic expression of exosomal miR-1273f under hypoxia. The miR-1273f/LIM homeobox 6 (LHX6)/Wnt/β-catenin signaling pathway promotes the proliferation, movement, invasion and EMT of HCC cells even under normal oxygen conditions (58).



Exosome Therapeutic Applications

With the in-depth study of exosomal ncRNAs on the regulatory mechanisms of various cancers, gene-targeted therapies for related pathways have improved the prospective options for cancer cure. Since the cell membrane sets an insurmountable barrier to negatively charged nucleic acids, and the genetic material is difficult to transport freely in the body due to its own fragility, exosomes, as natural carriers for intercellular cross-linking, have been pushed to the forefront of drug delivery system. The natural ability to cross biological barriers (such as the blood-brain barrier), the transport capacity of areas without blood supply (such as dense cartilage matrix), the long residence time of target tissues, and the low clearance rate associated with high biocompatibility make exosomes become ideal carriers for gene targeted-therapy. In addition, exosomes have genetic engineering plasticity. The exogenous modification of their surface proteins can be used for many purposes. For example, the addition of tissue targeting peptides on the surface of exosomes can mediate selective targeting of cargo and reduce systemic pharmacological toxicity (59).




The Effects of Exosomal ncRNAs On Hepatitis

About 12% of cancer cases worldwide are induced by chronic infection of hepatitis virus pathogens (hepatitis B, hepatitis C, and hepatitis D) (60), of which HBV (54% of all HCCs) and HCV (31% of all HCCs) are clearly defined as risk factors for HCC (61). Persistent hepatitis and chronic viral infection cause both immune system and viral protein-mediated oxidative stress damage, directly participating in the tumorigenesis and development of HCC.

HBV, as the only DNA virus that induces genome instability through viral DNA integration, leads to the production of fusion gene products and changes in the expression of oncogenes or tumor suppressors. Ostm1 recruits RNA exosomal complexes by binding to HBV RNA to induce degradation of HBV RNA, resulting in HBV replication limit. Targeted excision of the RNA exosomal component Xonuclease 3 (Exosc3) can eliminate Ostm1-mediated HBV replication inhibition. C-terminal domain provides a targeted site for HBV-related treatments as the site of RNA exosomes (62). HBV X protein (HBx), a multifunctional viral regulator, participates in the regulation of the virus life cycle and the progress of HBV-related HCC. Deng et al. (63) confirm that peroxiredoxin 1 (Prdx1) as a cellular hydrogen peroxide scavenger can bind to HBx Cys and mediate the inhibition of HBx expression by interacting with the RNA exosomal complex component Exosc5, thereby inducing HBV RNA degradation. In another study, activating transcription factor 3 (ATF3) activates the transcriptional activity by interacting with the CRE motif (+164 to +171) in the Ski2 promoter. IL-1b acts as a positive regulator of ATF3 expression, mediating the upregulation of endogenous Ski2 mRNA and protein expression. Subsequently, Ski2/RNA exosome complex is formed to reduce the stability of HBx mRNA and induce the degradation of the transcript (64).

Myeloid-derived suppressor cells (MDSCs) maintain immune homeostasis by limiting excessive inflammatory response. Chronic HCV infection induces the accumulation of MDSCs in the peripheral blood. HCV-related exosomes mediate the upregulation of lncRNA RUNXOR and its downstream target RUNX family transcription factor 1 (RUNX1) in MDSCs, thereby promoting the differentiation and immunosuppression of MDSCs by activating the immunosuppressive molecule signal transducer and activator of transcription 3 (STAT3), negatively regulating the expression of miR-124 (65). Similar to the above research results, Thakuri et al. (66) have stated that HCV exosomes upregulate lncRNA HOTAIRM1 and its target HOXA1 in MDSCs to achieve the activation of the expression of immunosuppressive molecules (Arg1, iNOS, STAT3 and ROS), and also mediate MDSCs-induced immune suppression by downregulating miR-124. In another study, HCV-related exosomes transfer immunomodulatory viral RNA from infected cells to adjacent immune cells, driving peripheral blood mononuclear cells (PBMCs) to differentiate into MDSCs. HCV-related exosomes further mediate the upregulation of peripheral blood TFR/TFH cell ratio and induce IL-10 production by inhibiting miR-124 in MDSCs, thereby antagonizing the differentiation and function of T cells during viral infection (67).



Exosomal ncRNAs in HCC Progression


Angiogenesis

The newly emerging sprouting microvessels or resident blood vessels next to the malignant tumor are important participants in the proliferation and metastasis of HCC cells (68). The interaction between endothelial cells and tumor microenvironment promotes the formation of new blood vessels through genetic or epigenetic mechanisms (69). Different from resting blood vessels (70), the rapid proliferation potential, high permeability and chaotic structure of new blood vessels (71) provide a convenient channel for the distant metastasis of tumor cells. Angiogenesis is also regarded as one of the hallmarks of solid (72, 73) and hematological malignancies (74), involved in tumorigenesis and development. Since Dr. Judah Folkman discovered the tumor-promoting effect of angiogenesis, targeted therapy for anti-angiogenesis has become a research hotspot for many scientists (75). However, different from the preclinical positive results obtained in animal models, the clinical application of anti-angiogenesis therapy has not achieved the desired effect yet (76). The potential drug resistance mechanism induced by vascular heterogeneity and tumor microenvironment has become the biggest shackle in this field (77, 78).

The core transcription regulator YAP1 of The Hippo pathway is highly correlated with the expression of tumor angiogenesis factor vascular endothelial growth factor A (VEGFA), and it has been confirmed to be recruited around HCC blood vessels, participating in mediating angiogenesis. The YAP1 inhibitor verteporfin has been used in anti-angiogenesis clinical trials for a variety of cancer treatments. Although the early therapeutic effect is ideal, the complicated distant metastasis with time has become the biggest factor limiting efficacy. Li et al. (79) confirm that the knockdown of YAP1 by verteporfin inhibits the proliferation, metastasis and angiogenesis of human umbilical vein endothelial cells (HUVECs), but verteporfin also induces the extracellular release of exosomes with lncRNA MALAT1 highly expressed. Internalized by HCC cells, MALAT1 promotes the metastasis and invasion of tumor cells by activating ERK1/2 signaling. The above mechanism provides a reasonable explanation for the concurrent distant metastasis after verteporfin treatment. Targeted inhibition of the exosomal MALAT1/ERK1/2 signaling axis may improve the long-term survival rate of patients with anti-vascular therapy. EIF3C, the C subunit of the translation initiation complex EIF3, has been confirmed to be abnormally highly expressed in HCC cells, which can stimulate the secretion of tumor cell exosomes, as well as carried into HUVECs and adjacent tissue cells with exosomes. Quantitative proteomics defines S100A11 as a cancer-related protein in HCC exosomes. Studies have shown that the activation of S100A11 expression by eukaryotic translation initiation factor 3 subunit C (EIF3C) promotes the proliferation of HCC cells and the growth of xenograft tumors in nude mice on the one hand. On the other hand, the activation of S100A11 by EIF3C induces tube formation of HUVECs and neovascularization in transplanted matrix gel plugs in nude mice (80). CircRNA-100,338 overexpressed in exosomes derived from highly metastatic HCC cells can activate the metastatic potential of ordinary HCC cells, and has been confirmed to be positively correlated with the metastatic ability of HCC. Mechanistically, exosomal circRNA-100,338 suppresses the formation of vasculogenic mimicry (VM) by negatively regulating Vascular endothelial cell cadherin (VE-cadherin) expression in HUEVCs, and increases the permeability of endothelial cells by destroying tight junctions between HUEVCs. The exogenous silencing of exosomal circRNA-100,338 significantly inhibits the invasion ability of HCC cells, as well as the growth of xenograft tumors in nude mice and the microvessel density in the tissues, meanwhile effectively reducing the number of lung metastatic nodules. In addition, the combined application of exosomal circRNA-100,338 knockdown and IFN-α shows a powerful synergistic effect in reversing exosome-mediated tumor development. Interestingly, further studies have found that the continuous high expression of serum exosomal circRNA-100,338 in HCC patients undergoing radical resection of HCC may be a risk indicator of HCC tissue proliferation, angiogenesis, lung metastasis and poor survival (81). Similar to the above studies, Yan et al. (82) confirm that circ_4911 and circ_4302 are low-expressed in HUVECs. The exogenous upregulation of both can inhibit the tumor formation capacity of HUVECs, increasing the proliferation activity and migration rate, as well as inducing G0/G1 arrest, along with the suppression of epidermal growth factor receptor (EGFR), p38 and cyclin D1. As a ceRNA, hsa_circ_0000092 can mediate the negative regulation of miR-338-3p by competitive combination, which further induces the deinhibition of the downstream target HN1. The oncogene HN1 subsequently participates in the activation of a variety of malignant biological behaviors of HUVECs, including improving the ability of vessel-like tube formation, proliferation, migration and invasion (83). In addition, circGFRA1 can also induce the proliferation and angiogenesis of HCC cells as a molecular sponge by targeted expression inhibition of miR-149 (84). CircASAP1 is clinically closely related to the pulmonary metastasis after radical resection in HCC patients, and is overexpressed in HCC cells with high metastatic potential. Studies have confirmed that it can indirectly induce the overexpression of downstream targets MAPK1 and CSF-1 by acting as the ceRNA of miR-326 and miR-532-5p (both are tumor suppressor factors), thereby regulating miR-326/miR-532-5p/MAPK1 and miR-326/miR-532-5p/CSF-1 signaling pathway respectively to promote the proliferation/invasion of HCC cells and the infiltration of macrophages in the TME. Moreover, the highly expressed circASAP1 exhibits an ideal ability to promote the growth of xenograft tumors in vivo, as well as inducing the pulmonary metastasis of HCC cells (85). MiR-451a is abnormally downregulated in HCC pathological tissues and serum exosomes of patients. The co-incubation of HCC-derived exosomes highly expressed miR-451a and HUVECs mediates the transport of miR-451a towards endothelial cell, inhibiting the transfer and tube formation ability of HUVECs and inducing apoptosis. Located on the tight junctions between cells on the surface of the plasma membrane, zonula occludens 1 (ZO-1) serves as an indicator to assess vascular permeability. The overexpressed miR-451a in HUVECs reduces vascular permeability by inducing the transfer of ZO-1 from the cytoplasm to the cell membrane (86). In another study, miR-638 is also significantly downregulated in HCC tissues and serum exosomes. The exogenous upregulation of miR-638 not only antagonizes the proliferation and metastasis of HCC cells through the targeted inhibition of oncogene Sp1 transcription factor (SP1), but also regulates the endothelial function and inhibits angiogenesis via the internalization of miR-638 overexpressed exosomes by HUVECs (87).



Metabolic Reprogramming

Even in the aerobic state, tumor cells still have a tendency to transform from oxidative phosphorylation to glycolytic metabolism. This phenomenon is called the Warburg effect. The metabolic phenotype of aerobic glycolysis can induce tumor cells to form a state of high glucose uptake, providing ATP for tumor proliferation and intermediates/substrates for the synthesis of biological macromolecules (88–91). Meanwhile, pyruvate is converted into lactic acid, which lowers the pH value of the extracellular matrix (92), the acidic tumor microenvironment inducing tumor invasion and metastasis, as well as improving the resistance to ionizing radiation (93, 94). The unique metabolic reprogramming of tumor cells creates a favorable energy supply mode and survival soil for their own growth. Targeted inhibition of the Warburg effect may provide a breakthrough for tumor treatment.

Cytoplasmic Ski and nuclear TRAMP are the two main cofactor complexes involved in the recruitment of target RNA to nuclear exosomes, monitoring and degradation of RNA. RNA helicase MTR4 can mediate RNA insertion into exosomes by binding to TRMAP complex and take part in regulating the stability of exosomal RNA. Research by Yu (95) et al. confirm the mechanism of MTR4 participating in inducing the aerobic glycolysis phenotype of HCC cells: Ectopic expressed in HCC tissues and serum exosomes, MTR4 regulates coordinated alternative splicing by recruiting polypyrimidine tract binding protein 1 (PTBP1) to the intron region of target pre-mRNA. Exogenous knockdown of MTR4 can affect the correct alternative splicing of Glucose transporter 1 (GLUT1)/pyruvate kinase M2 (PKM2) pre-mRNA, thereby reducing the production of functional mRNA, and in turn produce new alternative splicing products GLUT1b and PKM1, both of which severely reduce the glycolysis of HCC. Consequently, the increased oxidative phosphorylation inhibits the rapid proliferation of HCC cells and the growth of xenograft tumors in nude mice. Further studies have found that the oncogenic factor c-Myc can bind to the MTR4 promoter and directly activate the transcription, indicating that MTR4, as a functional mediator of c-Myc, participates in the metabolic reprogramming of cancer cells. Another study confirms the overexpression of circFBLIM1 in the serum exosomes of HCC patients and HCC cell lines, and the co-incubation of isolated serum exosomes with tumor cells can mediate the latter’s internalization of circFBLIM1. As a competitive endogenous RNA, circFBLIM1 deinhibits the expression of the downstream target gene LDL receptor related protein 6 (LRP6) by negatively regulating the expression of miR-338, thereby initiating tumor cell glycolytic metabolism phenotype transformation: High glucose consumption, increased production of lactic acid and ATP, upregulation of ECAR (reflecting the overall glycolytic flux) and downregulation of OCR (reflecting mitochondrial respiration). Additionally, circFBLIM1 also promotes the proliferation of HCC cells and the growth of xenograft tumors, as well as inducing cell apoptosis (96).

Obesity, high body weight, and high-fat diet have all been confirmed to be involved in the occurrence and development of non-alcoholic fatty liver disease (NAFLD), eventually leading to liver fibrosis, cirrhosis and HCC (97, 98). Studies have confirmed that the exogenous stimulation of different pathogenic factors can induce the transformation of healthy adipocytes into cancer-associated adipocytes (CAAs) (99, 100). CAAs can cause local vascular compression through its rapid expansion, forming a tissue hypoxic environment, and participate in inducing fibrosis and abnormal extracellular matrix remodeling, mediating changes in metabolic phenotype, local inflammatory response and neovascularization (101–103). There is a positive correlation between the body fat ratio (BFR) of HCC patients and the level of miR-23 in serum exosomes. Mature adipocytes can achieve targeted transport of miR-23 to HCC cells through exosomal secretion. As a tumor suppressor, von Hippel–Lindau tumor suppressor (VHL) protein participates in mediating the ubiquitination and proteasome degradation of hypoxia inducible factor-1α (HIF-1α), inhibiting the development of HCC. Exosomal miR-23 suppresses the expression of VHL to upregulate HIF-1α, GLUT-1, vascular endothelial growth factor (VEGF) and subsequently triggers the proliferation, metastasis, 5-FU resistance and other malignant biological behaviors of tumor cells (104). The deubiquitinating enzyme ubiquitin specific peptidase 7 (USP7) is overexpressed in a variety of tumor tissues and is closely related to the poor prognosis of patients. Research by Zhang et al. (105) confirms the extremely high expression of circ-DB in serum exosomes and mature adipocytes-derived exosomes of HCC patients with high BFR. The exosomal circ-DB internalized by HCC cells can be used as a molecular sponge to absorb miR-34a endogenously, thereby deinhibiting the downstream target USP7, which inhibits the ubiquitination of cyclin A2 protein to maintain its stability. Both of USP7 and cyclin A2 synergistically promote the proliferation and metastasis of HCC cells, reducing intracellular DNA damage.



Drug Resistance

Due to the lack of significant clinical symptoms in the early stage of HCC, most patients lose the chance of radical resection. The clinical application of anti-tumor related drugs such as sorafenib, adriamycin (ADM), 5-fluorouracil (5-FU), platinum-containing anti-cancer drugs, camptothecin and gemcitabine has become an important means to extend the survival of patients with advanced HCC (106–108). However, the acquisition of multidrug resistance in tumor cells directly antagonizes the efficacy of the drug and leads to poor prognosis of patients. Existing studies have confirmed that a variety of pathophysiological processes are involved in mediation of tumor cell resistance, including upregulation of drug efflux transporter expression, intracellular agents accumulation and redistribution, inactivation of apoptotic signaling pathways, enhanced DNA damage repair capabilities, acceleration of drug metabolism and cancer stem cells (CSCs) activation (109–111). However, more molecular events related to drug resistance need to be further studied.

The intravenous anesthetic Propofol can inhibit the proliferation of HCC cells by activating the high mobility group AT-hook 2 (HMGA2) and Wnt/β-catenin signaling pathways (112). Co-incubation of the Propofol treated HCC cell-derived exosomes (Propofol-exo) with untreated HCC cells can mediate the inhibition of proliferation, metastasis and invasion of the latter, as well as inducing apoptosis. The exogenous transfection of lncRNA H19 overexpression vector to Propofol-exo can inhibit the expression of miR-520a-3p in HCC cells, so as to activate the expression of the downstream target oncogene LIM domain kinase 1 (LIMK1) and destroy the antagonistic effect of Propofol on the malignant biological behaviors of tumor cells (113).

Zhang et al. (114) and Lou et al. (115) respectively demonstrate the negative correlation between the expression level of miR-199a-3p and cisplatin (DDP)/doxorubicin (Dox) resistance in HCC cells. Internalization of exosomal miR-199a-3p in drug-resistant HCC cells mediates the high drug sensitivity by inhibiting the mTOR pathway, which is manifested as a significant inhibition of proliferation and metastasis after DDP/Dox treatment, accompanied by an increase in apoptotic cell ratio. Meanwhile, exogenous injection of exosomal miR-199a-3p into rats bearing transplantable tumors significantly reduces the size of xenograft tumors and the number of lung metastatic nodules. The expression of miR-744 in Sorafenib drug-resistant cell-derived exosomes is extremely downregulated. Overexpressed miR-744 in drug-resistant cell-derived exosomes can further act as a mediator to induce the upregulation of miR-744 in normal tumor cells, thereby increasing the sensitivity of Sorafenib by inhibiting the protein expression of the downstream target paired box 2 (PAX2) (116). Research by Li et al. (117) reveals the inducing effect of glucose regulates protein 78 (GRP78) on HCC Sorafenib resistance. Through the effective internalization of exosomes in HCC cells, siGRP78 modified exosomes significantly antagonize the Sorafenib resistance of tumor cells. Combination therapy with Sorafenib can inhibit the invasion ability of drug-resistant cells and the degradation of extracellular matrix, reducing the number of liver metastatic nodules in nude mice and inhibiting the liver metastasis of HCC cells. MiR-32-5p is overexpressed in HCC drug-resistant tissues. Exosomes from drug-resistant cells transfer oncogenic miR to sensitive cells and activate the PI3K/Akt pathway by negatively regulating the expression of the downstream target phosphatase and tensin homolog (PTEN), which induces VEGFA-mediated angiogenesis and increases microvessel density in the TME, mediating the multi-drug resistance of HCC (5-FU, OXA, GEM, and Sorafenib) (118).



Immunologic Escape

The human immune system plays a dual role in tumor progression: On the one hand, it can suppress tumorigenesis through innate and acquired immunity; On the other hand, a large number of immune cells and cytokines recruited in TME mediate the formation of immunosuppressive microenvironment through transformation and modification of a highly plastic system, which leads to immune escape of tumor cells and promotes tumor progression (119). As a negative co-receptor on the surface of activated T cells and B cells, PD-1 induces T cell anergy by binding to its ligand PD-L1, thereby maintaining the balance between autoimmunity and immune tolerance (120–122). Tumor cells inhibit the cytotoxicity of CD8+ T cells through the highly expressed PD-L1 to mediate immune escape.

As a highly plastic functional heterogeneous cell group, macrophages play an important role in the construction of TME. Exogenous stimulation of the microenvironment mediates the polarization of macrophages into two different phenotypes: M1 macrophages trigger a rapid pro-inflammatory response and eliminate pathogens, exhibiting anti-tumor activity, while M2 macrophages promote tumor development due to the activities of anti-inflammation and tissue repair. The polarization from M1 to M2 phenotype has become a driving factor for cancer development. HCC cells deliver ectopic expressed lnc TUC339 to nearby macrophages through exosomes, and participate in the repolarization of macrophages from M1 to M2. The exogenous silencing of lnc TUC339 by siRNA not only induces the upregulation of the pro-inflammatory cytokines IL-1β, TNF-α and the costimulatory molecule CD86 in macrophages, realizing the reactivation of macrophages, but also induces macrophages from M2 repolarizes to M1, thereby activating its cytotoxic effect on tumor cells (123). The abnormal high-expression of related markers GRP78, ATF6, PERK, IRE1α confirms the occurrence of endoplasmic reticulum stress events in HCC. The upregulation of ER-related proteins is not only closely related to the poor overall survival and pathological scores of HCC patients, but also indicates the high infiltration of CD68+ macrophages in the TME. The internalization of HCC-derived exosomal miR-23a-3p by macrophages mediates the inhibition of PTEN expression, while upregulating AKT phosphorylation and PD-L1 expression subsequently. Further studies have confirmed that the co-culture of macrophages activated by exosomes with T cells downregulates the ratio of CD8+ T cells and inhibits the production of interleukin 2, as well as inducing T cell apoptosis (124).

As one of the main inhibitory receptors of NK cells, TIM-3 realizes the imbalance of anti-tumor immunity of NK cells by binding to tumor cells or ligands in the microenvironment. Carried by exosomes to NK cells, the overexpressed circUHRF1 achieves the same trend expression with TIM-3 by competitively binding miR-449c-5p, mediating the downregulation of active NK cell ratio in the microenvironment and the low secretion of IFN-γ and TNF-α through the induction of TIM-3. In addition, clinical pathological studies indicate that the expression level of serum circUHRF1 is significantly negatively correlated with the number of NKG2D-positive cells. Patients with overexpressed circUHRF1 have shown obvious PD1 resistance and poor clinical prognosis (125). HCC patients after living donor liver transplantation (LDLT) still have a high risk of recurrence (3–18%), while the underlying predisposing factors are still unknown yet. Nakano (126) et al. separately extract serum and exosome-free serum from orthotopic liver cancer rat models and inject them into nude mice intravenously. The former serum shows high levels of AFP and overexpressed miR-92b in tumorigenic tissues, while the latter shows no abnormalities of ATP levels. ROC curve confirms that the serum miR-92b level of patients after ADLT has an ideal predictability for the early (AUC = 0.925) and late (AUC = 0.761) recurrence of HCC. Mechanically, serum CD69 is not only involved in lymphocyte proliferation induction and signal transduction as one of the surface antigens of activated T cells, but also participates in NK cell-mediated cytotoxicity as an important mediator. The overexpressed miR-92b in HCC-derived exosomes actively infiltrates NK cells in the tumor microenvironment, participating in the inhibition of CD69 expression and antagonizing the cytotoxic effects of NK cells on HCC, thereby inducing immune escape of tumor cells. In summary, the regulatory effect of exosomal ncRNAs on HCC is shown in Figure 2.




Figure 2 | Interaction network between exosomal ncRNAs and tumor microenvironment of HCC. Tumor cell/non-tumor cell-derived exosomes regulate the malignant biological behaviors of HCC through targeted cargo transportation. 1) Angiogenesis: upregulated lnc MALAT1, miR-638, EIF3C, circ100338 promote the angiogenesis in tumor microenvironment and HCC cell proliferation/blood-metastasis. 2) Drug resistance: upregulated miR-32-5p and lnc H19 are involved in mediating the drug resistance of HCC cells. 3) Metabolic reprogramming: upregulated c-Myc and circFBLIM1 induce aerobic glycolysis (Warburg Effect) of HCC cells. Upregulated miR-23 and circ-DB promote the transformation of fat cells into tumor-associated tumor cells (CAAs). 4) Immune escape: upregulated lnc TUC339 induces the repolarization of macrophages from M1 to M2, and the upregulation of miR-23a-3p can promote PD-L1/PD1 binding and induce T cell apoptosis.






Exosomal NcRNAS as Early Diagnostic Biomarkers

Ultrasound, as the preferred test for surveillance of HCC, limited by operator dependency and diagnostic accuracy, exhibits unsatisfactory clinical results (127). Alpha-fetoprotein (AFP), the most commonly used serological test, failed to show good diagnostic efficacy in retrospective case-control studies (Sensitivities: 60%, Specificities: 80%) (128, 129). Although the combined use of ultrasound and AFP can increase the detection rate, it may also increase false-positive suspicions and cost (130). Other tumor biomarkers, such as des-γ carboxyprothrombin, lectin-bound AFP, glypican 3, Golgi protein 73, and Dickkopf 1, also fail to effectively improve the accuracy of diagnosis (128, 129, 131, 132). Therefore, there is an urgent need for reliable inspection methods for early HCC diagnosis and tumor recurrence monitoring. The liquid biopsy technology applied to the analysis of human non-solid biological tissue samples (such as blood, cancerous ascites, feces, etc.) has received widespread attention in recent years (133). The collection of tumor genetic material in body fluids overcomes the invasive inconvenience of conventional biopsy and the limitations without being able to collect multiple times, providing an opportunity to systematically and dynamically tracking the evolution of the genome (134). As one of the cornerstones of liquid biopsy, exosomes have shown good diagnostic performance in growing HCC-related studies, which are expected to provide more detailed and personalized decisions for cancer management.

Cho et al. (135) comprehensively analyze the miR expression profiles of three different human liver cancer RNA sequencing datasets, and use logistic regression models to develop serum exo-miR panels. Four serum exo-miRs (miR-25-3p, miR-1269a, miR-4661-5p and miR-4746-5p) performed ideally in the test cohort (AUC >0.8). Noteworthily, serum exo-miR-4661-5p in all stages of HCC (AUC = 0.917), even early stage (AUC = 0.923), shows good diagnostic performance, whose accuracy is higher than other candidate serum exo-miRs and serum AFP. Furthermore, the exo-miR panel composed of exo-miR-4661-5p and exo-miR-4746-5p is considered to be the most accurate biomarker of early HCC (AUC = 0.947). The S fragment of RN7SL1 is enriched in HCC exosomes, with significantly higher expression level than that in the healthy donor group. ROC curve confirms that compared to the full-length transcript of RN7SL1 (AUC = 0.75), the S fragment of serum RN7SL1 is a better diagnostic marker for HCC (AUC = 0.87) (136). Ghosh et al. (137) validate that the expression level of miR-21-5p/miR-10b-5p/miR-221-3p/miR-223-3p in serum exosomes of HCC patients are significantly higher than that in patients with chronic hepatitis. The combination of miR-21-5p+miR-10b-5p+miR-221-3p+miR-223-3p can be used to distinguish HCC from chronic hepatitis and chronic hepatitis + liver cirrhosis (AUC = 0.86). Meanwhile, miR-10b-5p+miR-221-3p+miR-223-3p shows better efficacy in distinguishing low AFP-HCC from non-HCC hepatitis or liver cirrhosis patients compared to the combination of the four miRNAs (AUC = 0.84). Eight exosomal miRNAs (miR-122, miR-125b, miR-145, miR-192, miR-194, miR-29a, miR-17-5p and miR-106a) are overexpressed in the serum of HCC patients, ROC curve analysis confirms that the above exosomal miRNAs are potential biomarkers for distinguishing HCC patients from healthy controls (AUC = 0.535–0.850) (138). The expression of exosomal miR-212 in the serum of patients with chronic hepatitis B, liver cirrhosis and stage II/III HBV-HCC/Non-HBV-HCC are all significantly upregulated. Compared with AFP and CA125, miR-212 has a more significant correlation with Child-Pugh Classification, MELD score and MELD score, as well as associated with the progression of hepatitis B-related liver cancer, esophageal varices, ascites, and liver cirrhosis progress associated with HBV infection. The diagnostic value of miR-212 for HBV-HCC (AUC = 0.886) is higher than that of AFP (AUC = 0.849) and CA125 (AUC = 0.780), but for Non-HBV-HCC. The diagnostic value of miR-212 (AUC = 0.793) is slightly lower than AFP (AUC = 0.849) and higher than CA125 (AUC = 0.777) (139). Research by Huang et al. (140) reveals that serum exosomal lnc85 is highly expressed in both AFP-positive and negative HCC patients, and can distinguish AFP-negative HCC patients from healthy controls and liver cirrhosis patients (AUC = 0.869). The expression levels of miR-122, miR-148a and miR-1246 in HCC serum exosomes are higher than those in the liver cirrhosis and normal control groups, but fail to show significant differences compared with the chronic hepatitis group. MiR-148a shows good efficacy in identifying early HCC and liver cirrhosis (AUC = 0.891), which is significantly better than AFP (AUC = 0.712), and the combination of miR-122, miR-148a and AFP can further increase AUC to 0.931. Additionally, miR-122 is ideal for distinguishing HCC and NC (AUC = 0.990) (141). The multiple serum exosomal ncRNAs will undoubtedly open up a broad prospect for the clinical application of exosome-based liquid biopsy technology in the early diagnosis of HCC.



Therapeutic Functions of Exosomal NcRNAS on HCC

Due to the lack of obvious clinical symptoms in the early stage and the high diagnosis rate at advanced stage, surgical resection and liver transplantation have become the main treatment methods for HCC (142). NcRNAs can shuttle between tissue cells with exosomes, regulating the biological behavior of recipient cells through intercellular communication. Abounding ncRNAs can be used as tumor suppressor regulators to participate in the rate-limiting step of tumor development. The targeted delivery of therapeutic ncRNAs carried by exosomes to tumor cells mediates its growth inhibition and achieves personalized treatment of different tumor cells (143).

As one of the key sources of adult stem cells, mesenchymal stem cells (MSCs) have become the ideal seed cells for tissue engineering due to self-renewal, multi-differentiation potential and low immunogenicity (144, 145). In addition, the high secretion properties of exosomes make MSCs a good place to cultivate therapeutic exosomal ncRNAs (146). MSCs-derived exosomes pass through the blood tissue barrier due to the small size and are easily absorbed by tissue cells (147). They induce HCC cell apoptosis and cell cycle arrest in vitro and in vivo respectively (148), increasing the TME/systemic circulating NK cell ratio (149) to limit tumor progression. Cancer stem cells (CSCs) may be derived from the malignant transformation of tissue colonized stem cells (NSCs) (150). Exosomes secreted by CSCs are important mediators of chemotherapy resistance and tumor metastasis. The lncRNA H19 derived from CD90+CSC exosomes can induce angiogenesis, which limits the efficacy of anti-angiogenic therapy in HCC (151). In addition, CSCs-derived exosomes effectively increase the levels of serum tumor markers (AFP and GGT) and liver enzymes (ALT, AST and ALP) in DEN-induced HCC rats, as well as increasing the number of metastatic of cancer nodules. Meanwhile, CSCs-derived exosomes also significantly inhibit apoptosis, inducing angiogenesis, metastasis, invasion and EMT of HCC cells. MiR-21, lnc Tuc339, lnc HEIH and lnc HOTAIR are extremely upregulated in HCC exosomes affected by CSCs exosomes, while miR122, miR148a, miR16, and miR125b exhibit significant downregulation effect. Interestingly, MSC-derived exosomes reverse the above-mentioned effects and exhibit significant anti-tumor ability (152). The downregulation of miR-451a in HCC tissues indicates poor prognosis, and is closely related to malignant biological behaviors such as larger tumor diameter, no tumor capsule, advanced TNM stage, high differentiation and portal vein injury. Being transfected with an overexpression vector, miR-451a highly expressed in MSCs can be carried to HCC cells along with exosomes, inhibiting the paclitaxel resistance, proliferation, metastasis and EMT of tumor cells by negatively regulating the expression of ADAM metallopeptidase domain 10 (ADAM10) (153).

Oncogenic ncRNAs carried by tumor cell-derived exosomes (TDEs) can mediate their malignant biological behaviors through the internalization of different receptor cells. The suppression of TDEs dissemination from the primary tumor has become an important challenge in the treatment of cancer (154–156). Although therapeutic agents that block RAB family proteins, SNARE family proteins or p53 can reduce the secretion of TDEs (157, 158), the inhibitory effect on the secretion of exosomes in non-target tissues can also impair normal physiological functions (159). Liang et al. (160) prepare DC/CS-NP nanoparticles that can effectively encapsulate siRNA by thin-film hydration, which can rely on their own lipid bilayer structure to avoid siRNA degradation in the circulating or endosomal environment and ensure siRNA release at the targeted location. As a representative oncogenic exosomal miRNA, miRNA-21 is significantly upregulated in HCC cells. DC/CS NPs carrying Sphk2 siRNA induces miRNA-21 assembly to decrease in exosomes by inhibiting the expression of the cargo molecule packaging protein S1P, thereby destroying the carcinogenic efficacy of TDEs and avoiding the canceration of normal cells. Osteopontin (OPN), an important cell cancer assessment marker, shows no upregulation in the DC/CS-siSphk2 NPs treatment group, demonstrating the satisfying targeted therapeutic ability of nanoparticle.

The aerobic glycolysis of cancer cells (Warburg Effect) induces the acidification of the TME (161). Combined with abnormal blood perfusion and local hypoxia of tumors, a pH gradient is generated from the area inside the tumor to the normal tissues adjacent to the cancer, creating an ideal breeding ground for the metastasis of tumor cells (162, 163). Acidic conditions induce the upregulation of HIF-1α and HIF-2α in HCC cells, which bind to the miR-21 and miR-10b promoter regions to activate the transcription. The overexpressed miR-21 and miR-10b in HCC-derived exosomes induce metastasis, invasion and EMT of adjacent cells in a paracrine manner. Tian et al. (164) develop a nano-drug targeting exosomal miR-21 and miR-10b based on the PDCM system, and demonstrate obvious tumor growth inhibitory effects in vivo, effectively reducing the number of lung metastatic nodules. The low pH environment is conducive to the release of exosomes and the uptake of receptor cells (165). The neoplastic vacuolar H+ATPase (V-ATPases) overexpressed in cancer cells is very analogous with the H+/K+ATPase in parietal cells, which can rely on ATP to achieve H+ transport (166). The proton pump inhibitor pantoprazole effectively improves the liver function (ALT, albumin, T bilirubin, D bilirubin and AFP) in rats with precancerous lesions and the microstructure characteristics of the liver, reducing the exosomal abundance in the HCC tissues and serum of the rat liver. Meanwhile, pantoprazole also downregulates the serum exosomal RAB11A mRNA and lncRNA RP11-513I15.6, while upregulating exosomal miRNA-1262 in a dose-dependent manner (167).

Radiofrequency ablation (RFA) is one of the ideal treatments for advanced liver cancer besides surgical resection. However, many studies suggest that it is difficult for patients with liver cancer to achieve adequate ablation (168). Insufficient ablation area (169), heat loss of the tumor through blood vessels (170), or low temperature area in large tumors during ablation (171) may all be the inducing factors for insufficient ablation. The high recurrence and metastasis of residual tumors after RFA deficiency have always been a research hotspot in the academic field. Ma et al. (172) use heat-treated HCC cells to simulate the RFA environment. Studies confirm that heat-treated cells-derived exosomes mediate the upregulation of MYC expression in normal HCC cells, which bind to the ASMTL-AS1 promoter and positively activate its transcription. ASMTL-AS1 plays a role of carcinogen: As the disease stage progresses, ASMTL-AS1 in serum exosomes of HCC patients shows an increasing trend with further increasing after RFA; clinicopathological studies have confirmed that the expression level of ASMTL-AS1 is closely related to tumor volume, distant metastasis, and TNM staging. Meanwhile patients with highly expressed ASMTL-AS1 have significantly poor clinical prognosis. In terms of mechanism, as an endogenous molecular sponge, ASMTL-AS1 targets miR-342-3p and upregulates the expression level of downstream target nemo like kinase (NLK). Highly expressed NLK activates the malignant biological phenotypes of HCC cells by mediating Ser128 phosphorylation of Yes1 associated transcriptional regulator (YAP) and nuclear translocation, which are manifested in the promotion of proliferation, metastasis, invasion and the occurrence of EMT. The above studies reveal that the MYC/ASMTL-AS1/miR-342-3p/NLK/YAP regulatory axis plays a crucial role in mediating the malignant biological behaviors of tumor cells after RFA deficiency, which indicates that the combination of targeted therapy against molecular targets can provide support for the prognosis of patients after RFA. The above and other therapeutic ncRNAs/drugs and related targets are summarized in Table 2.


Table 2 | Therapeutic target of exosomal ncRNAs for HCC.





Conclusion and Perspectives

As small EVs, multi-cell-derived exosomes build a communication bridge between tissue cells. Intercellular signal transduction through cargo transportation induces the physiological or pathophysiological processes of different recipient cells. NcRNAs, the most abundant biologically active substances in exosomes, are involved in regulating the complex interaction between HCC cells and TME, as well as mediating HCC development through certain specific methods (tumor angiogenesis, metabolic reprogramming, drug resistance and immune escape). Relevant research on its specific regulatory mechanism can provide potential targets for precision treatment of HCC. Meanwhile, liquid biopsy technology based on exosomal ncRNAs also provides a non-invasive and promising option for early diagnosis and prognostic evaluation of multiple malignant tumors. What is more noteworthy is that due to its unique advantages, exosomes have developed into natural vehicles for the targeted delivery of therapeutic biologically active substances, bringing the gospel for precise treatment and effective survival of patients with advanced HCC. Its advantages are as follows: 1) As natural carriers produced by endogenous cells, exosomes have high stability and low immunogenicity, which can establish good biocompatibility with the body’s immune system, and have low toxic/side effects. 2) Exosomes can avoid the phagocytosis of macrophages, penetrating blood vessels to enter the extracellular matrix, exhibiting efficient substance delivery capabilities. 3) Exosomes can break through biological barriers such as the blood-brain barrier to treat a variety of refractory diseases. However, although exosomes exhibit unique advantages in the delivery of numerous substances, their potential safety issues and industrialization issues are still stumbling blocks hindering their clinical application: 1) There is still a lack of standardized exosome separation technology. In view of the variability of biological fluids and exosome abundance, it is necessary to adopt standardized exosome isolation methods to ensure a consistent and reproducible supply of exosomes. 2) The development of exosomal biomarkers such as RNAs lacks large-scale prospective studies to provide evidences that liquid biopsy can replace tumor tissue biopsy. 3) Exosomal preparations should be based on the premise of high quality, uniform properties and no other cell vesicle contamination, and a complete quality control system needs to be established to improve the safety of their biological applications. However, in order to meet the above challenges, researchers have developed some engineering methods for magnetic separation or biotin separation to simplify the separation steps involved in the preparation of exosomes. Meanwhile, with the progress of nanomedicine and material manufacturing methods, many technologies will be used to design exosomes according to the specific characteristics of individual diseases to realize their large-scale production and rapid separation. Engineered exosomes may be developed as smart drugs for clinical diagnosis and treatment in the near future. In summary, with the continuous advancement of basic research on exosomes and the continuous development of modern biotechnology, engineered exosomes will have broad application prospects in the field of tumor treatment and regenerative medicine in the future.
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Curcumin [(1E,6E) ‑1,7‑bis(4‑hydroxy‑3‑methoxyphenyl) hepta‑1,6‑diene‑3,5‑ dione] is a natural polyphenol derived from the rhizome of the turmeric plant Curcuma longa. Accumulated evidences have presented curcumin’s function in terms of anti-inflammatory, antioxidant properties, and especially anti-tumor activities. Studies demonstrated that curcumin could exert anti-tumor activity via multiple biological signaling pathways, such as PI3K/Akt, JAK/STAT, MAPK, Wnt/β-catenin, p53, NF-ĸB and apoptosis related signaling pathways. Moreover, Curcumin can inhibit tumor proliferation, angiogenesis, epithelial-mesenchymal transition (EMT), invasion and metastasis by regulating tumor related non-coding RNA (ncRNA) expression. In this review, we summarized the roles of curcumin in regulating signaling pathways and ncRNAs in different kinds of cancers. We also discussed the regulatory effect of curcumin through inhibiting carcinogenic miRNA and up regulating tumor suppressive miRNA. Furthermore, we aim to illustrate the cross regulatory relationship between ncRNA and signaling pathways, further to get a better understanding of the anti-tumor mechanism of curcumin, thus lay a theoretical foundation for the clinical application of curcumin in the future.




Keywords: curcumin, cancer, ncRNA, miRNA, signaling pathway, review



Introduction

Malignant tumor is a tremendous threat to human health with high heterogeneity. Most cancer retain untreatable although the understanding of cancer on a molecular level has been improved in the past years. According to the latest data released by World Health Organization (WHO), the number of deaths due to malignant tumors is still increasing every year (1). In exploring the way to treat cancer, scientists have been constantly finding and developing new drugs to treat cancer, including chemotherapy, radiotherapy, targeted drugs, and immunotherapy, and so on. Accumulated studies have shown that some natural compounds have a good effect on anti-tumor therapy, which provides us an alternative way to treat and manage cancer.

Curcumin[(1E,6E)‑1,7‑bis(4‑hydroxy‑3‑methoxyphenyl)hepta‑1,6‑diene‑3,5‑dione], an active component extracted from the rhizomes of Curcuma longa Linn (2), presents some favorable results in terms of anti-proliferation, anti-inflammation, anti-angiogenesis and anti-oxidation (3–8). Curcumin represents a promising phytochemicals in the field of anticancer to be used alone or combined with other drugs, which can affects multiple signaling pathways and molecular targets involved in cancer pathogenesis including NF-kB, MAPK, PTEN, p53, and ncRNA network (9).

A non-coding RNA (ncRNA) is a functional RNA molecule that is transcribed from DNA but not translated into proteins, which include microRNA (miRNA), small interfering RNA (siRNA), PIWI-interacting RNAs (piRNAs) and long noncoding RNAs (lncRNAs) (10–13). More and more studies have demonstrated that ncRNA plays an epigenetic regulatory role in the anti-cancer effect of curcumin, involving with histone modification, DNA methyltransferases, and regulation of microRNA (miRNA) expressions (14–18).

Although there have been reviews and talk about the role of curcumin in anti-tumor, it is mainly through explaining the regulation of curcumin in anti-tumor on related signal pathways, such as proliferation, invasion/migration, autophagy, apoptosis and other pathways (19–23), but there is no the relationship between ncRNA and pathway was clarified. In this review, we provide insights into the vital role and the signal pathways of curcumin in anti-cancer, and focus on the molecular mechanism of curcumin via ncRNA in regulating tumor development.



PI3K-Akt Signal Pathway

The PI3K/AKT pathway is one of the major intracellular signaling pathways which has diverse downstream effects on basic intracellular functions, including cell proliferation, growth, apoptosis, epithelial-mesenchymal transition(ETM), metabolism and motility (24–26). The aberrant activation of the signaling pathway is often closely related to the occurrence and development of human cancers (27).

Studies show that miRNA-203,206 and miRNA-192-5p are very important tumor-inhibiting ncNRA. In a variety of tumors, they can inhibit tumor proliferation, invasion, migration, EMT, angiogenesis, etc (28–34). Curcumin could inhibit the cell proliferation and induce apoptosis of non-small cell lung cancer (NSCLC) cells via up-regulating the expression of miRNA-206/miRNA-192-5p and suppressing the PI3K/AKT/mTOR signaling pathway (35, 36). On the contrary, miR-206/miRNA-192-5p inhibitors could reverse the above results, following with the mTOR and Akt phosphorylation levels increase, which could promote cancer cell migration and invasion. Furthermore, miR-206/miRNA-192-5p mimics can also enhance curcumin inhibitory effect (37, 38). Curcumin might be a very effective agent for the treatment of NSCLC.

The most common genetic alteration activating PI3K is the genetic ablation of the tumor suppressor phosphatase and tensin homolog (PTEN), a negative regulator of PI3K-AKT signaling (39). miR-21 is one of the most frequently observed abnormal miRNAs in human cancers and is one of the first miRNAs described as oncogenic ncRNA (40–44). A large-scale miRNA analysis of 540 samples from six different types of solid tumors showed that miR-21 is the only up-regulated miRNA in all cancer types (45).

Curcumin can effectively repress the miR-21/PTEN/Akt molecular pathway to inhibit cell proliferation and induce apoptosis in gastric cancer cells. The p-Akt protein expression is negatively correlated with curcumin dose, with curcumin levels increase, PTEN expression increased and miR-21 levels decreased (46–48). Qiang et al.’s study showed that curcumin can play a synergistic role with other chemotherapy drugs. Curcumin could facilitate the apoptosis effect of PD98059, a potent and selective inhibitor of mitogen-activated protein kinase, via the miR-21/PTEN/Akt pathway (48). Diphenyl difluoroketone (EF24), curcumin analogue, function to enhance apoptosis by inhibiting miR-21 in DU145 human prostate cancer cells and B16 mouse melanoma cells (49).

Curcumin inhibits the proliferation of bladder cancer cells (50). Curcumin mediated the expression of miR-203 increase by inducing hypomethylation of miR-203 promoter. The target genes of miR-203, Akt2, Src, Jun, and Survivin, were repressed in mRNA and protein level, leading to proliferation decrease and apoptosis increase of bladder cancer cells.

Curcumin significantly enhanced the apoptosis of renal carcinoma Caki cells induced by dual PI3K/Akt and mTOR inhibitor NVP-BEZ235. Curcumin suppress Bcl-2 level and the stability of Mcl-1 protein with p53 dependent mode. It is noteworthy that NVP-BEZ235 alone has no effect on the death of human renal cell carcinoma Caki cells, but NVP-BEZ235 combined with curcumin contributed cell apoptosis significantly with Bcl-2 and Mcl-1 reduction (51).



JAK-STAT Signal Pathway

Constitutive activation of the Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway was first recognized as being related with malignancy in the 1990’s (52). JAK-STAT pathways can be activated and employed by diverse cytokines, growth factors, and related molecules, that in turn phosphorylates their targets STATs (53, 54). Activated STATs, as the form of dimerization, are translocated into the nucleus and initiated the gene transcription.

The effects of JAK/STAT signaling on tumor cell survival, proliferation and invasion have made the JAK/STAT pathway a hotspot target for tumor targeted therapy and drug development (55, 56). The expression of miR-99a has been studied in many human cancers. It has been reported to be down-regulated in several types of cancer, including non-small cell lung cancer (NSCLC), liver cancer, bladder cancer, etc (57–59). These findings indicate that miR-99a is widely down-regulated in human cancers, indicating the potential role of miR-99a as a tumor suppressor.

Curcumin can inhibit the proliferation, migration, invasion and promote apoptosis of retinoblastoma cells, which function through up-regulating the miR-99a expression and then inhibiting JAK/STAT signaling pathway (60). In addition, curcumin can suppress the cell proliferation by down-regulations of cyclinD1 and up-regulations of p21 expression. In one of studies showed that curcumin could reduce the anti-apoptotic protein Bcl-2, enhance the pro-apoptotic protein Bax and cleaved-caspase-3/9 expression level, ultimately promoted the apoptosis of retinoblastoma cells. Furthermore, curcumin can synergistically enhance the anti-tumor activity of cisplatin on papillary thyroid cancer (PTC) cells and tumor stem cell like cells by inhibiting the activity of STAT3, suggesting that curcumin combined with chemotherapy drugs may play a better therapeutic effect via JAK/STAT signaling pathway (61).



Wnt/β-Catenin Signal Pathway

Wnt/β-catenin signaling pathway, also called the canonical Wnt signaling pathway, is a highly conserved pathway in evolution. Activation of Wnt pathways can modulate cell proliferation, apoptosis, differentiation, migration, invasion, genetic stability, cell renewal. β-catenin is the core component of the cadherin complex and its stabilization is essential for the activation of Wnt/β-catenin signaling. T-cell factor/lymph enhancer factor-1 (TCF/LEF1) is a transcription complex that mediates the transcription of genes triggered by classic Wnt pathway. When the Wnt pathway is activated, β-catenin can bind to the TCF/LEF1 complex by translocating into the nucleus and bind to the target gene DNA to initiate the transcription of related genes, such as: cyclinD1, c-Myc, MMPs (62–66). Wnt/β-catenin plays a vital role in tumor occurrence and treatment response.

The anti-cancer effect of curcumin is released by inhibiting the Wnt/β-catenin pathway. In osteosarcoma, curcumin could promote the protein level of reversion-inducing cysteine-rich protein with kazal motifs (RECK) by reducing the expression of miR-21, further inhibited the Wnt pathway related proteins, such as: β-catenin, GSK-3β (67). Curcumin suppresses the NSCLC cell proliferation, migration, invasion and viability in a dose‑dependent manner (68). Mechanistic analysis indicated that curcumin enhanced the expression level of miR−192−5p and decreased the expression of c−Myc. In addition, gene knockout miR‑192‑5p can rescue the curcumin-induced decrease of β-catenin, cyclin D1 and c‑Myc expression levels. These findings indicate that the up-regulation of miR‑192‑5p, induced by curcumin, inhibits NSCLC cells with inactivation of Wnt/β‑catenin signaling pathway and down-regulation of c-Myc transcription. Dou et al. documented that curcumin suppresses colon cancer by inhibiting Wnt/β-catenin pathway via down-regulating miR-130a, which may serve as a new target for colon cancer treatment (69).

As known, the lncRNA series (such as HOXA-AS2, HOTAIR and DANCR) function as oncogenes to promote cancer development and metastasis (70–72). Curcumin induced cell cycle arrest and apoptosis in hepatocellular carcinoma (HCC) by down-regulating lincROR which has been demonstrated to activate Wnt/β-catenin signaling (73). Shao et al. documented that curcumin may suppress cell proliferation of HCC cell line SMMC-7721, Huh-7, LO2 in a dose-dependent manner, the anti-proliferation effect of curcumin was partly caused by S phase arrest. The apoptosis rate of SMMC-7721 and Huh-7 cells with curcumin treatment was significantly higher than that in DMSO treatment group. Moreover, curcumin inhibits cell viability through lincROR/β-catenin regulatory pattern., Interestingly, the overexpression of lincROR partially reversed the inhibition of cell proliferation and rescue the inactivation of Wnt/β-catenin in curcumin-treated HCC cells (74). Liu et al. also found that curcumin suppressed the proliferation and tumorigenicity through a ceRNA effect of miR-145 and lncRNA-ROR in prostate cancer (75).

The cancer cells lose the characteristics of epithelial cells and acquire the mesenchymal phenotype, these changes are conducive to tumor cell invasion of surrounding tissues. The pathways associated with the EMT process have multiple signal cascades including the Wnt/β-catenin pathway. The curcumin analog EF24 shows effective anti-tumor activity by preventing the cell cycle and inducing cell apoptosis in melanoma (76). EF24 could inactivate the Wnt pathway via up-regulating the expression of miR-33b, which was able to inhibit EMT in melanoma cell lines through downregulation of the mesenchymal markers, Vimentin and N-cadherin. In addition, EF24 could decrease the phosphorylation of STAT3 and inhibit the HMGA2 expression, an oncological transcription factor, which promotes the proliferation of cancer cells and affect the progress of cell cycle in ovarian cancer cells and leukemia cells (77–79). In tamoxifen-resistant breast cancer cells, Curcumin attenuates lncRNA H19-induced epithelial-mesenchymal transition by the increase of N-cadherin and the decrease of E-cadherin (80).



MAPK Signal Pathway

The mitogen-activated protein kinase (MAPK) cascade is a key signaling pathway that regulates various cellular processes (such as proliferation, differentiation, transformation, apoptosis and stress response) under normal and pathological conditions (81–84). Curcumin can inhibit proliferation and migration of human glioblastoma cells (85). miR-378 is considered to be a tumor suppressor miRNA, which has the ability to inhibit tumor cell proliferation, invasion and migration (86, 87). Li et al., proved that miR-378 is a downstream miRNA of glioblastoma multiforme, and it can enhance the inhibitory effect of curcumin on the growth of glioblastoma. Its inhibitory effect was enhanced in the stable U87 cells expressing miR-378 in vitro and in vivo compared with control cells. Moreover, it was found that curcumin can inhibit the expression of phosphorylated p38 at the protein level in U87 cells. miR-378 can counteract p38 inhibitory effect by increasing the phosphorylation of p38, further enhancing the sensitivity of cells to curcumin (85). Yu et al., showed that curcumin reduced the retinoblastoma cell viability and induced the apoptosis of Y79 cells through the activation of JNK and p38 MAPK pathways (88). Curcumin inhibits the growth and invasion of human monocytic leukemia SHI-1 cells in vivo by regulating MAPK and MMP signal transduction. The administration of curcumin significantly inhibited tumor growth, which showed that the tumor weight significantly decreased from 0.67 g (control) to 0.47 g (15 mg/kg) and 0.35 g (30 mg/kg). Curcumin inhibits the expression of PCNA in tumor tissues, and increases the degree of TUNEL and the staining of cleaved caspase-3. Curcumin treatment can be involved in the downregulation of NF-κB and ERK signals, and simultaneously activate p38 and JNK. And curcumin would attenuate the expression levels of MMP2, MMP9 and vimentin to affect the EMT process (89). Curcumin has also been shown to inhibit the growth of human A549 lung adenocarcinoma cells and induce apoptosis with a dose-dependent manner. Treatment of A549 cells by curcumin causes the increase of cytosolic cytochrome c and loss of mitochondrial membrane potential. Curcumin-induced apoptosis was accompanied by alterations in intracellular oxidative stress-related enzymes, including decreased reactive oxygen species (ROS), malondialdehyde and 4-hydroxynonenal levels, increased superoxide dismutase (SOD), accompanied with the alteration of MAPK signaling pathway factors c-JNK, p38, ERK and apoptosis related protein, such as cleaved-caspase-3,9, Bcl-2, Bax, HSP70, and poly (ADP-ribose) polymerase (PARP) (90, 91). It may be owing to the biological activities of curcumin metabolites, which have cytotoxic effects represented by overhaul mutated DNA and remove free radicals, respectively (92, 93). Another study of NSCLC showed that curcumin strengthened the chemosensitivity of cisplatin the in A549 and H1703 cells via the downregulation of XRCC1. Breast cancer study revealed that the MAPK pathway mediated the down-regulation of EZH2, contributing to the anti-proliferative effects of curcumin against breast cancer (94). Taken together, curcumin exerts its anti-cancer role via MAPK signaling pathway in multiple types of cancer.



p53 Signal Pathway

TP53 (p53), also described as the ‘guardian of the genome’, is the single most frequently altered gene in kinds of human cancers, the p53 mutations were observed in approximately 50% of all invasive tumors (95–98). p53 is a tumor suppressor gene involved in a variety of cellular mechanisms, including DNA repair, apoptosis, and cell cycle arrest. p53 mutations in breast cancer have been associated with lower survival rates and resistance to conventional therapies. Curcumin interferes with the proliferation of breast cancer by up-regulating pro-apoptotic proteins (such as p53 and Bax) and down-regulating anti-apoptotic proteins (such as MDM2 and Bcl-2). Studies showed that curcumin inhibited the proliferation of estrogen-receptor-positive MCF-7 human breast cancer cells from bisphenol A (BPA)-induced via modulating oncogenic miR-19 (99). Li et al., demonstrated that BPA exhibited estrogenic activity by increasing the proliferation of MCF-7 cells and triggering the cell transition from G1 to S phase. Curcumin inhibited the proliferation of BPA on MCF-7 cells. Meanwhile, BPA-induced upregulation of oncogenic miR-19a can be reversed by curcumin, including dysregulation of miR-19-related downstream proteins, such as PTEN, p-Akt, p-MDM2, p53, and proliferative nuclear antigen. These results indicate that curcumin can inhibit the proliferation of breast cancer mediated by BPA by regulating the miR-19/PTEN/AKT/p53 pathway (99).

It has been reported that curcumin leads to a markedly inhibition of cell growth, and promotes apoptosis in non-small cell lung cancer cells via p53-miR-192-5p/215-XIAP pathway (100). X-linked inhibitor of apoptosis (XIAP) is a member of the inhibitor of apoptosis family of proteins (IAP) and plays an important role in the process of resisting apoptosis (101, 102). More importantly, curcumin-induced increase in miR-192-5p/215 level was closely related to intracellular p53 status, only in wild-type cells (A549), while, curcumin does not cause an increase of miR-192-5p/215 in cells without p53 expression (H1299, p53-null). With miRBase, TargetScan, PicTar and miRDB target databases and luciferase assay, it was further discovered that XIAP is the direct target gene of miR-192-5p/215. Curcumin promotes cell apoptosis by increasing the level of miR-192-5p/215, which binds directly to resists apoptosis XIAP mRNA (100). Xu et al., demonstrated that curcumin mediates the sensitivity of bladder cancer cells to radiotherapy by activating p53. The combination of 10 µM curcumin and radiation was more effective in reducing miR-1246 expression, cell viability and colony formation than curcumin or radiation alone. Inhibition of miR-1246 significantly reduces the cell viability and colony formation of T24 and HT-1376 cells. Luciferase reporter assay showed that miR-1246 can directly inhibit the expression of p53 gene. Finally, miR-1246 participates in the anti-cancer effects of curcumin and radiation by targeting to inhibiting the translation of p53 gene in bladder cancer cells (103).

Furthermore, mechanism studies have shown that curcumin can inhibit the growth of gastric cancer cells by down-regulating lncRNA H19 which was proved to be a oncomir (104, 105). Gao et al. proved that curcumin inhibits the proliferation of SGC7901 gastric cancer cells by repressing the expression of lncRNA H19 and enhancing the expression of p53. Meantime, curcumin can enhance the expression ratio of Bax/Bcl-2, both of them are downstream molecules of p53, thereby promoting cell apoptosis. Additionally, curcumin can also reduce the expression of oncogene c-Myc which indicate that curcumin inhibits the proliferation of gastric cancer cells by down-regulating the c-Myc/lncRNA H19 pathway (106).



NF-ĸB Signal Pathway

NF-κB (NF-κB) is a transcription factor involved in a wide variety of biological activity. Growing evidence support its pivotal role in many steps of tumorigenesis and chemoresistance. Aberrant or constitutive NF-kB activation has been detected in many human malignancies (107–109). Suppression of the NF-kB signaling pathway has turned out to be a potential therapeutic approach for cancer treatment.

Studies showed that curcumin inhibits invasion and proliferation of cervical cancer cells via impairment of NF-kB and Wnt/β-catenin pathways (110). Curcumin effectively inhibits oncogenic NF-kB signaling and restrains stemness features in liver cancer (111). Under hypoxic conditions, curcumin would attenuate the malignancy of pancreatic cancer cell invasion and EMT by interfering with tumor−stromal crosstalk via the ERK/NF−κB axis. Li et al., demonstrated that curcumin inhibits the activation and migration of pancreatic stellate cells (PSC), which play an important role in pancreatic cancer progression. Moreover, curcumin inhibits pancreatic cancer cell invasion, EMT and alters the expression of E-cadherin, vimentin, and MMP-9. Furthermore, curcumin can counteract the increased levels of p-ERK and p-NF-κB (112). Xiang et al., documented that curcumin also can repress the proliferation, migration and apoptosis by regulating the NF‑κB signaling pathway in human colorectal carcinoma HCT−116 cells (113). In T47D breast cancer cells, curcumin treatment for 48 h, prevented human autocrine growth hormone (GH) signaling mediated NF-kB activation and miR-183-96-182 cluster stimulated epithelial mesenchymal transition (114). Animal study showed that curcumin suppressed the paclitaxel-induced NF-kB in breast cancer cells and strengthened the growth inhibitory effect of paclitaxel in a breast cancer nude mice mode. Compared with either drug alone, the combined treatment of paclitaxel and curcumin can significantly suppress cell proliferation and reduce tumor size, increase cell apoptosis, and reduce the expression of matrix metalloproteinase 9 (MMP9) (115). Studies demonstrated that curcumin inhibits both cyclo-oxygenase-2 enzyme (COX-2) and NF-kB. Therefore, it decreases binding of NF-kB to DNA and overpasses chemoresistance phenomenon in cancer cells (92, 93, 116, 117).The targeting of the NF-ĸB signaling by curcumin might be a treatment option for cancer.



Summary and Prospect

Natural compounds have been well known for their potential effect on preventing cancer progression and as complementary or stand-alone therapies for cancer treatment (19, 118, 119). As a natural phenolic compound, curcumin is extracted from the dietary spice turmeric, showing an important significance in the adjuvant treatment of tumors with non-toxicity and tolerability (120–123). Curcumin participates in tumor control through multiple signaling pathways, including PI3K/Akt, JAK/STAT, MAPK, Wnt/β-catenin, p53, NF-ĸB and apoptosis related signaling pathways (Table 1). In addition, it is well known that ncRNA (including miRNA and lncRNA) plays an important role in the development of tumors. Curcumin regulates the expression of ncRNAs, which in turn affects the expression of related signaling pathway genes/proteins, and ultimately inhibits tumor cell proliferation, promotes cell apoptosis, and enhances sensitivity to chemotherapy drugs (Figure 1). These findings will help us better understand the molecular mechanism between curcumin and ncRNAs in anti-tumor, and the potentiality of clinical adjuvant treatment. Collectively, curcumin is a natural compound with potential drug value in adjuvant treatment of tumors.


Table 1 | Curcumin modulates cellular signaling pathway and ncRNAs in cancers.






Figure 1  | Curcumin modulates cancer progression by regulating multiple signal transduction pathways. (I) Akt/PI3K/mTOR signaling pathway. PTEN inhibits the activation of Akt by PI3K, mTOR phosphorylates p70S6K1 (S6K1) and 4E-BP1 leading to activation of pathways involved in cell growth and survival. Curcumin inhibit the Akt/PI3K/mTOR pathway by enhancing the activity of PTEN via decreasing miR-21 and inhibiting the activity of PI3K via upregulating miR-192-5p, miR-206, miR-203; (II) MAPK signaling pathway. Signaling cascades leading to activation of the MEKs, which lead to activation of the ERK1/2, p38, and JNK cascades, and then initiate the gene transcription. Curcumin activated p38 MAPK via upregulating miR-378, leading to elevated p21/27, cleaved-caspase-3,9 expression, decreased Bcl-2, MMP2/9 expression. (III) Wnt/β-catenin pathway. Wnt binds both Frizzled and LRP5/6 receptors to initiate the dissociation of the Axin/APC/GSK3β complex. β-catenin phosphorylation and then translocates to the nucleus to bind TCF/LEF co-transcription factors, which induces the Wnt-response gene transcription. Curcumin inhibits the Wnt/β-catenin pathway by inhibiting lncRNA H19, lincROR, miR-130, 21 and upregulating miR-192-5p and miR-33b; (IV) JAK/STAT signaling. The pathway is activated by the binding of a ligand and then convey signals downstream STATs, whereas STATs are transcription factors that activate gene expression; (V) p53 signaling pathway. AKT-induced activation of MDM2, which can inhibit the antitumor activity of p53. Curcumin enhances the anti-tumor activity of p53 by inhibiting lncRNA H19, miR-1246, miR-19; (VI) NF-kB signaling pathway. Signaling cascade leads to the phosphorylation of IkBα resulting in degradation by the proteasome. This releases the NF-kB/p65/p50 complex and allows it to translocate to the nucleus for gene transcription. AKT, v-akt murine thymoma viral oncogene; PI3K, phosphatidylinositol 3-kinase; mTOR, mammalian target of rapamycin; PTEN, phosphatase and tensin homolog; MAPK, mitogen-activated protein kinase; MMP, matrix metalloprotinase), ERKs (extracellular regulated protein kinases), JNK (c-Jun N-terminal kinase; APC, adenomatous polyposis coli; Dvl, Disheveled; GSK3β, glycogen synthase kinase 3β; LRP5/6, low density lipoprotein receptor-related protein 5/6; TCF/LEF, T-cell factor/lymphoid enhancer-binding factor; JAK/STAT, janus kinase/signal transducers and activators of transcription; MDM2, murine double minute 2; NF-κB, nuclear factor kappa B; IKK, IκB kinase; IκBa, IkappaBa.
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Hepatocellular carcinoma (HCC) as a main type of primary liver cancers has become one of the most deadly tumors because of its high morbidity and poor prognosis. Fucoidan is a family of natural, heparin-like sulfated polysaccharides extracted from brown algae. It is not only a widely used dietary supplement, but also participates in many biological activities, such as anti-oxidation, anti-inflammation and anti-tumor. However, the mechanism of fucoidan induced inhibition of HCC is elusive. In our study, we demonstrated that fucoidan contributes to inhibiting cell proliferation in vivo and in vitro, restraining cell motility and invasion and inducing cell cycle arrest and apoptosis. According to High-Throughput sequencing of long-non-coding RNA (lncRNA) in MHCC-97H cells treated with 0.5 mg/mL fucoidan, we found that 56 and 49 lncRNAs were correspondingly up- and down-regulated. LINC00261, which was related to the progression of tumor, was highly expressed in fucoidan treated MHCC-97H cells. Moreover, knocking down LINC00261 promoted cell proliferation by promoting the expression level of miR-522-3p, which further decreased the expression level of downstream SFRP2. Taken together, our results verified that fucoidan effectively inhibits the progression of HCC via causing lncRNA LINC00261 overexpression.
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Introduction

As one of the most common types of cancer, hepatocellular carcinoma (HCC) is currently reported to be the third leading cause of cancer-related death worldwide (1) and accounts for 75% of all primary liver cancers (2). Epidemiology showed that the incidence rate of liver cancer has increased by nearly 4 times over the past 40 years (3). Surgical interventions are usually the main treatment for early HCC. However, the five-year recurrence rate after surgery reaches up to 50%-70% and only 15% of these cases could be resected repeatedly, which greatly limits the therapeutic effect of surgical resection (4). Interventional therapy such as transcatheter arterial chemoembolization (TACE) is recommended as the standard treatment for patients with unresectable liver cancer. Although TACE prolongs the life of patients with advanced liver cancer to a certain extent, some patients develop TACE refractoriness after two cycles of treatment resulting in insufficient treatment effect and the mortality related to side effects of TACE reaches 0.5% (5, 6). Traditional cytotoxic drugs are limited in clinical application due to their high toxicity and side effects. While first-line recommended molecular targeted drugs, such as sorafenib and lenvatinib, are superior to traditional chemotherapy drugs in terms of safety and efficacy, which could only prolong the survival time of patients for several months due to the serious decline of liver function in patients with advanced HCC (7). The cell programmed death protein-1 (PD-1) inhibitors also showed definite efficacy only in 15%-20% of patients with advanced HCC  (8). HCC has become one of the most malignant tumors with extremely difficulty to cure due to its high recurrence rate and strong drug resistance. Therefore, it is urgent to reveal the mechanism of HCC occurrence and development, develop new targets and effective targeted molecules.

Fucoidan is a family of natural, heparin-like sulfated polysaccharides extracted from brown algae. Its structure is highly dependent on the species of algae, but has common characteristics of the backbone of sulfated fucoidan (9). In the past few years, attention was paid to the research of fucoidan and large numbers of products containing fucoidan extract were developed. In 2003, a drug named “Haikun Shenxi Capsule” was approved for the treatment of chronic renal failure in China (10). In the United States and Europe, the use of fucoidan in supplements and cosmetics was also ratified by regulatory authorities (11). Till now, a series of studies have reported its effects on anti-oxidation, anti-coagulation, anti-thrombosis, immune regulation, anti-virus (12–16). Recent research demonstrated that fucoidan have certain therapeutic value for fatty liver and liver fibrosis in zebrafish (17). Fucoidan was also confirmed to have an anti-tumor effect, and as a natural product, it is considered to be safer than other classic chemotherapy drugs. This polymer could reduce the migration and metastasis ability of cancer cells (18), but also play an anti-tumor effect through arresting cell cycle, inducing apoptosis (19, 20), enhancing cancer immunity (21, 22) or inhibiting tumor angiogenesis (23). Since the mechanism of fucoidan in the treatment of HCC was not fully confirmed, our study will mainly explore the molecular mechanism of fucoidan in the occurrence, development and metastasis of HCC.

According to statistics, only about 2% of all the transcripted mammalian genomes are involved in protein coding (24). Of all the non-coding RNAs, those with length greater than 200 nucleotides were further identified as lncRNAs (25). At the very beginning, lncRNAs were regarded as the “garbage” of genome transcription, which was the by-product of RNA polymerase II transcription and had no biological function. With the development of High-Throughput sequencing technology, our understanding of lncRNAs was gradually improved. Through the progression of various studies in recent years, lncRNAs were observed to participate in complex biological activities. They serve as RNA scaffolds (26, 27), RNA guides (28), RNA decoys (29) or molecular sponges (30, 31) to regulate cell growth, differentiation, and establish cell identity, which are usually uncontrolled in cancer. Various studies already revealed that the aberrant expression and mutations of lncRNA are closely related to tumor occurrence and metastasis (32–35). H19 (36–38), HOTAIR (39–41), MALAT1 (42–44) and some other well-studied lncRNAs were proved to be able to influence the development of liver cancer through a variety of cellular regulatory mechanisms, such as regulating tumor suppressor genes (36), affecting cell cycle and apoptosis factors (45, 46), impacting the function of downstream microRNAs (miRNA) (30) and interrupting signaling pathways (35). Moreover, lncRNAs are also considered to be involved in regulating the characteristics of cancer stem cells (47) and may be related to the generation of drug resistance in some tumors (48, 49). Therefore, it is very promising to identify lncRNA functions, figure out their relationship with HCC and develop new strategies for diagnosis and trageted therapy based on lncRNAs.

Compared with small molecule chemical drugs, natural products have higher therapeutic safety. They also could affect the expression level of lncRNAs, which is crucial for tumor progression (50–53). In this research, we confirmed that fucoidan could effectively inhibit the progression of HCC. High-Throughput sequencing was used to detect and obtain the expression profile of lncRNAs in MHCC-97H cells treated with fucoidan. According to the analysis results, differentially expressed lncRNAs after fucoidan treatment, which are related to the occurrence and development of HCC, were selected to verify the effect of fucoidan. In this study, we demonstrated that fucoidan inhibits the proliferation and invasion of HCC cells by up-regulating LINC00261. Overexpression of LINC00261 regulates downstream miR-522-3p to play an anti-tumor role, which may provide potential new molecules and new targets for clinical treatment of HCC. The results demonstrated that LINC00261 inhibits proliferation and invasion of HCC cells by regulating miR-522-3p, which provided potential new molecules and new targets for clinical treatment of liver cancer.



Materials and Methods


Cell Culture

The MHCC-97H and Hep3B cell lines were obtained from Zhongshan Hospital of Fudan University. MHCC-97H and Hep3B cells were cultured in complete DMEM supplemented with 10% fetal bovine serum, 1% penicillin and streptomycin. The cell culture environment was 37 °C with 5% CO2.



Reagents and Antibodies

Fucoidan powder was acquired from Hi-Q Marine Biotech International Ltd. Saline was used as solvent for fucoidan solutions. The storage concentration was 5 mg/mL, and then further diluted to the final required concentration (0.25 mg/mL and 0.5 mg/mL). The powder and solution are sealed and stored at 4 °C. Antibody against SFRP2 was purchased from Proteintech (12189-1-AP).



Cell Morphological Examination

1×105 cells per well were seeded on the 12-well plate overnight. The adherent cells were then treated with saline, 0.25 mg/mL and 0.5 mg/mL fucoidan for 48 h. The cell morphology was recorded under microscope (Olympus, IX73) at 48 h after fucoidan treatment. All the pictures were taken under 20 times magnification. Each group had three independent duplications.



Cell Proliferation

1×105 cells per well were seeded on 6-well plate overnight. The adherent cells were treated with 0.25 mg/mL and 0.5 mg/mL fucoidan for 48 h. Cells are digested and resuspended after 48 h and counted by blood counting chamber and presented as the mean ± standard deviation (SD) from three independent duplications.



Cell Viability Assay (CCK-8 Assay)

We used the WST-8-based detection method to analyze the cell viability according to the instructions of a CCK-8 kit (Yeasen). 2000 cells were seeded to the 96-well plate overnight. The adherent cells were treated with 0.25 mg/mL and 0.5 mg/mL fucoidan for the indicated times (0, 24, 48 and 72 h). 10 μL CCK-8 reagent and 90 μL medium were added per well and incubated for 2 h. After incubation, a multifunctional reader (MD FlexStation3) was used to detect the absorbance of the cells at 450 nm. There were three repetitions in each group and values were presented as the mean ± standard deviation (SD).



Clone Formation Assay

2500 cells were seeded on 6-well plates overnight and were then treated with 0.5 mg/mL fucoidan for 7-10 days according to the cell condition. The cells were then fixed with 4% paraformaldehyde for 15 min. After that, the fixative was washed out, and 0.1 g/mL crystal violet was added for 15 min for staining. The clones were recorded by camera and was counted by ImageJ. Each group had three independent repetitions.



Wound Healing Assay

6×105 cells were seeded into the 6-well plate. The cells were cultured in complete DMEM for 12 h to 90%-95% density, sterile pipette tip was used to draw a line vertically in the middle of each well. Then, cell debris was removed with preheated PBS twice, and the cells were treated with 0.25 mg/mL and 0.5 mg/mL fucoidan in FBS-free DMEM. Images were collected 0 h and 48 h later to measure the distance of wound. The wound closure rate is equal to the distance of the wound at 48 h divided by the distance of the wound at 0 h. There were three independent repetitions in each group and values were presented as the mean ± standard deviation (SD).



Cell Invasion Assay

Transwell assay was carried out by using 8 μm transwell chamber according to the manual (BD Science). 1×105 cells per well were digested and washed with serum-free DMEM for three times before seeding into the upper chamber. Serum-free DMEM was used to dissolve fucoidan to 0.5 mg/mL and the cells were resuspended at a volume of 100 μL per well and planted into the upper chamber, while 600 μL DMEM supplemented with 20% FBS and 0.5 mg/mL fucoidan was added into the lower chamber. After 48 h, the films were removed, washed with PBS twice and fixed with 4% paraformaldehyde for 15 min. 0.1% crystal violet was used to stain the film for 15 min and then the upper side of the film was carefully wiped with cotton swabs. The cells were recorded with microscope and the total area of cells was counted by ImageJ and values were presented as the mean ± standard deviation (SD). Each group had three independent repetitions.



Cell Cycle Assay

After seeding 6-well plates with 8×105 cells per well, the cells were cultured in medium containing 0.25 mg/mL, 0.5 mg/mL fucoidan for 48 h. The cell cycle was detected by a cell cycle and apoptosis kit (Beyotime Biotechnology) and flow cytometry according to standard instructions.



Cell Apoptosis Assay

Cell apoptosis was analyzed by flow cytometry as per the FITC-conjugated Annexin V/PI method (Annexin V-FITC/PI apoptosis kit, Beyotime Biotechnology). 2×105 cells were seeded into the 6-well plates. After 48 h treatment of 0.25 mg/mL and 0.5 mg/mL fucoidan, the adherent and suspended cells in each well were collected and resuspended in 195 μL binding buffer, following which Annexin V-FITC (5 μL) and PI (10 μL) were added to each sample and mixed. Cells were incubated for 15 min in the dark at 4 °C and then analyzed by flow cytometry. Each group had three independent repetitions and values were presented as the mean ± standard deviation (SD).



RNA Extraction and qRT-PCR

Total RNA was extracted by TRIzol (Invitrogen) according to the manual. Then the RNA was reverse-transcribed to cDNA using the Hifair® III 1st Strand cDNA Synthesis SuperMix kit (Yeasen) following the manufacturer’s instructions. The concentration and purity of each sample was tested by DS-11 Spectrophotometer (DeNovix). Equivalent amounts of cDNA were used for real-time PCR in a 20 μL reaction mixture using the Hieff® qPCR SYBR® Green Master Mix kit (Yeasen). Primers for qRT-PCR were as shown in Supplementary Table S3. The internal reference gene for lncRNA was GAPDH. QuantStudio5 (Applied Biosystems™) was used to perform the real-time fluorescent quantitative PCR, while ProFlex PCR system (Applied Biosystems™) was used to perform reverse-transcription. Relative levels in each sample were calculated based on their threshold cycle (Ct) values, 2-ΔΔCt method was used. Each sample had three independent repetitions.



siRNA Interference

The siRNA for LINC00261 knockdown was customized from GenePharma. Before transfection, cells were plated in 60 mm dish and transfected with si-LINC00261 at the 60%-80% confluence. The ribo FECTTM CP Transfection kit (RiboBio) was used to perform the transfection according to the manufacturer’s protocol. Every siRNA had a scrambled siRNA as negative control. The cells were incubated at 37 °C in a 5% CO2 incubator for 48 h, then the LINC00261 expression was examined by qRT-PCR.



High-Throughput Sequencing

To verify the change of lncRNA and mRNA expression after fucoidan treatment, High-Throughput sequencing was performed by GENEWIZ®. The cells were treated with saline and 0.5 mg/mL fucoidan for 48 h in T25 flasks. Cells were then digested and transferred into 1.5 mL tubes, the number of cells per tube is around 3×105. Total RNA was extracted by TRIzol (Invitrogen) according to the manual and was frozen to -80 °C. Ribosomal deletion RNA was used to build the sequencing library, thus the Illumina NovaSeq machine (Illumina) using a 2×150 paired-end (PE) configuration was used to perform the sequencing. Data with adapters and QCs less than 20 was removed using cutadapt (v1.9.1) to get the final clean record. Next, we used Hisat2 (v2.0.1) to analyze and map the clean data to the reference human genome. The count of each transcript was obtained by using rsem (v1.2.15) after quantification and annotation. Finally, the transcripts were standardized and analyzed for differential expression using DESeq2. The sequencing data was submitted to the Sequence Read Archive (SRA) data set with registration number PRJNA (PRJNA690771).



Differential Expression Analysis

Differential expression analysis used the DESeq2 or EdgeR Bioconductor package, a model based on the negative binomial distribution. The estimates of dispersion and logarithmic fold changes incorporate data-driven prior distributions, Padj of genes were setted <0.05 to detect differential expressed ones.



GO and KEGG Enrichment Analysis

GOSeq(v1.34.1) was used to identify Gene Ontology (GO) terms that annotate a list of enriched genes with a significant Padj less than 0.05. KEGG (Kyoto Encyclopedia of Genes and Genomes) is a collection of databases dealing with genomes, biological pathways, diseases, drugs, and chemical substances (http://en.wikipedia.org/wiki/KEGG). We used scripts in house to enrich significant differential expression gene in KEGG pathways.



Xenograft Tumor Model

All animal investigation in our study was conformed to the guidelines of Animal Care and Use Committee, Zhongshan Hospital of Fudan University. Balb/c nude mice were purchased from Vital River Laboratory Animal Technology Co., Ltd. 1×107 MHCC-97H cells were subcutaneously injected into 4 weeks old female mice. After two weeks, mice bearing tumors were randomly divided into two groups: the Ctrl group (saline) and the Fuc group (15 mg/kg per day). Each group consisted of five mice, which were orally fed for three weeks. Body weights of mice were measured every week. Tumor volume was measured by using the formula V = (a × b2)/2 (V is volume, a is the length of the tumor, b is the width of the tumor).



Statistical Analysis

Statistical analysis was performed using GraphPad 8.4.3. The analysis was carried out using Student’s t test (N.S. means not significant, * means P < 0.05, ** means P < 0.01, *** means P < 0.001, **** means P < 0.0001).




Results


Fucoidan Inhibits Proliferation of HCC In Vitro and In Vivo

The fucoidan we used contains a repetitive unit consisting of disaccharides including α-1,3-fucose and α-1,4-linked fucose with arms affixed to C2 position (54). To verify whether fucoidan could inhibit the proliferation of HCC, we treated MHCC-97H cells with saline (Ctrl), 0.25 and 0.5 mg/mL fucoidan (Fuc) for 48 h. Compared with the Ctrl group, fucoidan obviously restrained proliferation of MHCC-97H cells in a concentration-dependent manner and the morphological changes of cell apoptosis such as budding and vacuolation could be observed (Figure 1A). To further confirm this observation, we carried out cell proliferation experiment. Equal number of cells were treated with saline, 0.25 mg/mL and 0.5 mg/mL fucoidan respectively for 48 h. The results disclosed that the proliferation ability of the cells was slowed down after fucoidan treatment and the inhibitory effect was positively correlated with the dosages (Figure 1B). Similar results were obtained in the experiment repeated with Hep3B cells (Figure 1C). We additionally performed cell viability assay with both MHCC-97H and Hep3B cells respectively treated with saline, 0.25 mg/mL and 0.5 mg/mL fucoidan for 24 h, 48 h and 72 h. The results suggested that fucoidan suppressed cell viability and the inhibitory effect was manifested at 48 h (Figures 1D, E). The clone formation result further confirmed the inhibitory effect of fucoidan on HCC cell proliferation compared with the Ctrl group (Figure 1F).




Figure 1 | Fucoidan inhibits proliferation of hepatocellular carcinoma in vitro. (A) Morphology of MHCC-97H cells treated with saline (Ctrl), 0.25 and 0.5 mg/mL Fuc. (B, C) Relative cell proliferation rate of MHCC-97H (B) and Hep3B (C) cells after treatment with saline (Ctrl), 0.25 and 0.5 mg/mL Fuc. ** means P < 0.01, *** means P < 0.001. (D, E) Cell viability of MHCC-97H (D) and Hep3B (E) cells treated with saline (Ctrl), 0.25 and 0.5 mg/mL Fuc. *** means P < 0.001. (F) Colony formation results of MHCC-97H cells treated with saline (Ctrl) and 0.5 mg/mL Fuc. *** means P < 0.001.



To determine whether fucoidan inhibit HCC cell proliferation in vivo, we performed xenograft tumor model. 1×107 MHCC-97H cells were subcutaneously injected into 4 weeks old female Balb/c nude mice. After two weeks, 15 mg/kg Fuc were orally fed per day for three weeks. Body weights of mice were measured every week. Tumor weight and volume were recorded at the end of treatment. The results suggested that fucoidan not only is nearly no toxicity to mice (Figure 2A), but obviously decreased tumor weight and volume in vivo (Figures 2B–D).




Figure 2 | Fucoidan inhibits proliferation of hepatocellular carcinoma in vivo. (A) Body weight of the Ctrl group and Fuc group (15 mg/kg Fuc per day, dissolved in saline). (B) Xenograft tumor formation of the Ctrl group and Fuc group. (C) Tumor weight of the Ctrl group and Fuc group. *** means P < 0.001. (D) Tumor volume of the Ctrl group and Fuc group. ** means P < 0.01.





Fucoidan Inhibits Motility and Invasion of HCC Cells

To determine whether fucoidan could affect cell motility in HCC, wound healing assay was performed. As shown in Figure 3A, the relative wound width of Ctrl group was significantly lower than that of fucoidan treatment group, while cells treated with 0.5 mg/mL fucoidan showed better performance than those treated with 0.25 mg/mL, suggesting that fucoidan has inhibitory effect on cell motility and the effect is also dose-dependent (Figures 3A, B). Transwell assay was further conducted to verify the effect of fucoidan on the invasion ability of HCC cells. The results revealed that the number of cells penetrating the membrane decreased in the fucoidan treatment group, which confirmed that fucoidan decreased the invasion ability of the HCC cells (Figure 3C). Based on the above results, we preliminarily confirmed that fucoidan could inhibit the proliferation, motility and invasion of HCC cells.




Figure 3 | Fucoidan inhibits motility and invasion of hepatocellular carcinoma cells. (A, B) Wound healing results of MHCC-97H treated with saline (Ctrl), 0.25 and 0.5 mg/mL Fuc. ** means P < 0.01, *** means P < 0.001. (C) Transwell results of MHCC-97H treated with saline (Ctrl) and 0.5 mg/mL Fuc. *** means P < 0.001.





Fucoidan Induces Apoptosis and Cell Cycle Arrest in HCC Cells

To gain further insight into the involvement of fucoidan in HCC development, we used flow cytometry to detect the cell cycle distribution and apoptosis rate of MHCC-97H cells treated with fucoidan. Similarly, we seeded the cells in medium with saline, 0.25 mg/mL and 0.5 mg/mL fucoidan for 48 h. As shown in Figure 4A, treatment of MHCC-97H cells with higher dosage of fucoidan increased the S phase distribution, which indicated that fucoidan could induce cell cycle arrest at S phase in a dose-dependent manner (Figures 4A, B). Meanwhile, higher apoptosis rate was observed in fucoidan treated group rather than that of the control group, which was positively correlated with the concentration of fucoidan. This result further prompts that fucoidan also promotes the apoptosis of HCC cells (Figures 4C, D). Therefore, our data demonstrated that fucoidan is able to arrest cell cycle and promote apoptosis of HCC cells.




Figure 4 | Fucoidan arrests cell cycle and promotes apoptosis of MHCC-97H cells. (A, B) Cell cycle distribution was measured by flow cytometry in MHCC-97H cells induced by saline (Ctrl), 0.25 and 0.5 mg/mL Fuc. *** means P < 0.001, **** means P < 0.0001. (C, D) Percentage of apoptotic MHCC-97H cells after treatment with saline (Ctrl), 0.25 and 0.5 mg/mL Fuc. Q1 represents death cells, Q2 represents the late apoptosis cells, Q3 represents the ealry apoptosis cells, Q4 represents the normal cells. The apoptosis rate equals to the rate of late apoptosis cells (Q2) plus the rate of early apoptosis cells (Q3). * means P < 0.05, *** means P < 0.001.





Fucoidan Contributes to the Alteration of lncRNAs Profiling in HCC

To clarify the mechanism how fucoidan inhibits the development of HCC, we performed High-Throughput sequencing of lncRNAs in MHCC-97H cells with 0.5 mg/mL fucoidan treatment for 48 h. From the analysis of heatmap result, we could visually observe that large numbers of lncRNAs significantly altered. About 75% of all lncRNAs detected were previously annotated, while the remaining 25% were novel (Figure 5A). The detailed lncRNA names were listed in Supplementary Tables S1 and S2 (as shown in Supplementary Material). A total of 105 differentially expressed lncRNAs (DElncRNA) was identified with thresholds of log2 (Fold Change)>1 and adjusted P<0.05, of which 49 were down-regulated and 56 were up-regulated as presented by Volcano Plot result (Figures 5B, C). To better comprehend the underlying mechanisms of these DElncRNAs in the tumorigenesis of HCC, we performed mRNA sequencing. Volcano plots diagram showed that 1633 mRNAs were down-regulated and 1737 mRNAs were up-regulated (Figures 6A, B). We further conducted KEGG pathway analysis, which suggested that downstream mRNAs regulated by lncRNA closely related to HCC. In addition, the apoptosis-relevant genes were significantly changed after treated with 0.5 mg/mL fucoidan in MHCC-97H cells (Figure 6C).




Figure 5 | Fucoidan contributes to the alteration of lncRNAs profiling in MHCC-97H cells. (A) Heatmap shows clustering analysis of differentially expressed lncRNAs treated with saline (Ctrl) and 0.5 mg/mL Fuc. Each group had two duplicated experiments. (B) Volcano plots presents significantly different expression profiles of lncRNAs in MHCC-97H cells treated with saline and 0.5 mg/mL Fuc. Vertical lines referred to 2-fold changes in up-regulation and down-regulation. Horizontal line corresponds to p=0.05. Blue and red points represent to down- and up-regulation with statistical significance. (C) Numbers of significantly down- and up-regulated lncRNAs in MHCC-97H cells treated with 0.5 mg/mL Fuc.






Figure 6 | The alteration of mRNAs profiling regulated by fucoidan in MHCC-97H cells. (A) Volcano plots presents significantly different expression profiles of mRNAs in MHCC-97H cells treated with 0.5 mg/mL Fuc. (B) Numbers of significantly down and up-regulated mRNAs in MHCC-97H cells treated with 0.5 mg/mL Fuc. (C) Enriched KEGG pathways of differentially expressed mRNAs after fucoidan treatment. p value < 0.05.





Fucoidan Obviously Increases the Expression Level of LINC00261 to Inhibit the Proliferation and Invasion of HCC Cells

To further verify whether these DElncRNAs play an important role in HCC tumorigenesis, we selected a lncRNA named LINC00261 from all the differentially expressed lncRNAs. LINC00261 was confirmed by other studies to act as a tumor suppressor gene in prostate cancer, breast cancer, pancreatic cancer and many other types of cancers. For example, LINC00261 was found to inhibit lung cancer cells by interfering with the expression of downstream miR-1269a (55). Another research also confirmed that LINC00261 could inhibit the transcription of c-Myc in pancreatic cancer, thereby inhibiting the proliferation and metastasis of pancreatic cancer cells (56). According to our sequencing results, LINC00261 was significantly up-regulated in fucoidan treated group (log2 (fold change)=3.45). Since the anti-tumor effect of LINC00261 in HCC was rarely reported, we chose LINC00261 as the target of our further study. To explore the role of LINC00261 in HCC tumorigenesis, si-LINC00261 (si-LINC00261-1, si-LINC00261-2 and si-LINC00261-3) were respectively transfected in MHCC-97H cells. Scramble siRNA transfection was used as negative control. Then we used qPCR to detect the relative mRNA expression level of LINC00261 in MHCC-97H cells. The results showed that the expression level of LINC00261 decreased after transfection of three kinds of siRNAs and the knockdown effect of si-LINC00261-2 was the most significant. Then si-LINC00261-2 was selected for the follow-up experiments (Figure 7A). To demonstrate the effect of LINC00261 on cell proliferation and viability, we conducted the cell proliferation and viability assay after si-LINC00261-2 transfection. As shown in Figure 7B, after LINC00261 was knocked down, the relative proliferation rate of MHCC-97H cells was significantly increased than that of negative control group, and CCK-8 experiment also proved that HCC cell viability was improved after si-LINC00261-2 was transfected (Figure 7C). In addition, wound healing assay was carried out in MHCC-97H cells transfected with scrambled siRNA and si-LINC00261-2 to investigate the effect of LINC00261 on the motility of HCC cells. Results revealed that LINC00261 also inhibit the motility of HCC cells (Figures 7D, E). Based on the above results, we testified that fucoidan is able to increase the expression level of LINC00261, which plays an anti-tumor role by inhibiting the proliferation, viability and motility of HCC cells.




Figure 7 | (A) Relative LINC00261 expression level in MHCC-97H cells detected by qPCR after transfected with scramble siRNA, si-LINC00261-1, si-LINC00261-2 and si-LINC00261-3. ** means P < 0.01, **** means P < 0.0001. (B) Relative cell proliferation of MHCC-97H cells transfected with scramble siRNA and siLINC00261-2. ** means P < 0.01. (C) Cell viability of MHCC-97H transfected with scramble siRNA and si-LINC00261-2. *** means P < 0.001. (D, E) Wound healing results of MHCC-97H transfected with scramble siRNA and si-LINC00261-2. ** means P < 0.01.





LINC00261 Inhibits Proliferation of MHCC-97H Cells via Regulating miR-522-3p

To explore whether LINC00261 could target miRNAs in MHCC-97H cells, we examined the expression level of miR-1296a, miR-105, miR-522-3p and miR-552-5p (55, 57–59), which were reported to bind LINC00261. The qPCR results suggested that miR-522-3p was remarkably decreased by comparing fucoidan treated group with the Ctrl group (Figure 8A). Then we added equivalent saline, 0.25 mg/mL fucoidan and 0.5 mg/mL fucoidan into MHCC-97H cells and examined the expression level of miR-522-3p by qPCR. The results showed that fucoidan down-regulated miR-522-3p in dose-dependent manner (Figure 8B). MiR-522-3p mimic and inhibitor synthesized from GenePharma were separately transfected in MHCC-97H cells (Figure 8C). The results suggested that miR-522-3p mimic increased and miR-522-3p inhibitor decreased the proliferation rate of MHCC-97H cells (Figure 8D). Besides, we also examined the cell viability by CCK-8 assay and discovered that miR-522-3p mimic promoted, miR-522-3p inhibitor inhibited the cell viability of HCC cells (Figure 8E). To further address the mechanism of fucoidan inhibiting the cell viability of HCC cells by regulating miR-522-3p. MHCC-97H cells were transfected with miR-522-3p mimic and exposed to 0.5 mg/mL fucoidan at the same time. Compared with the only 0.5 mg/mL fucoidan treated group, miR-522-3p effectively rescued the inhibition of cell viability by fucoidan (Figure 8F). The transwell assay results further showed that overexpressing miR-522-3p promotes cell invasion of HCC and knocking down miR-522-3p inhibits cell invasion of HCC (Figures 8G, H). In conclusion, we demonstrated that fucoidan was able to increase the expression level of LINC00261, which inhibit cell proliferation and invasion of HCC via down-regulating miR-522-3p.




Figure 8 | (A) The relative level of miRNAs equals to the level of miRNAs in Fuc group divided by  the level of miRNAs in Ctrl group. (B) The schematic of LINC00261 binds to miR-522-3p by base pairing. The examination of miR-522-3p level in MHCC-97H cells treated with saline (Ctrl), 0.25 mg/mL Fuc and 0.5 mg/mL Fuc. ** means P < 0.01, *** means P < 0.001. (C) The qPCR results of MHCC-97H cells transfected with miR-522-3p mimic and inhibitor. NC-M is short for negative control of miRNA mimic. NC-I is short for negative control of miRNA inhibitor. ** means P < 0.01, **** means P < 0.0001. (D) Relative cell proliferation rate of MHCC-97H cells transfected with miR-522-3p mimic and inhibitor. *** means P < 0.001. (E) Cell viability of MHCC-97H cells transfected with miR-522-3p mimic and inhibitor. ** means P < 0.01. (F) The cell viability of MHCC-97H cells in Ctrl group, 0.5 mg/mL Fuc treated group, 0.5 mg/mL Fuc treated and miR-522-3p mimic (miR-522-3p-M) transfected group. *** means P < 0.001. (G) Overexpression of miR-522-3p accelerates cell invasion of MHCC-97H cells. (H) Inhibition of miR-522-3p restrained cell invasion of MHCC-97H cells.



Previous studies (58) demonstrated that miR-522-3p binds to Wnt signaling related gene SFRP2 (secreted frizzled-related protein 2) by base pairing. The qPCR result suggested that miR-522-3p could inhibit the expression level of SFRP2 (Figure 9A). Intriguingly, fucoidan increased the expression level of SFRP2 in a dose-dependent manner, which indicated that fucoidan up-regulates LINC00261 sponging miR-522-3p to increase the expression level of SFRP2 (Figure 9B). Western blots analysis also verified that fucoidan obviously increased the protein level of SFRP2 (Figure 9C).




Figure 9 | Fucoidan regulates SFRP2 via miR-522-3p. (A) miR-522-3p binds to SFRP2 by base pairing. miR-522-3p-M down-, miR-522-3p-I up-regulates the expression level of SFRP2. ** means P < 0.01. (B) Fucoidan obviously increases the level of SFRP2. *** means P < 0.001, **** means P < 0.0001. (C) Western blots analysis of  SFRP2 in MHCC-97H cells treated with different dosages of fucoidan (0, 0.25, 0.5 mg/mL).






Discussion

Safe and effective treatment has always been a key issue in the field of clinical treatment. Although the research and development of various chemical and biological agents and immunotherapy already made some previously incurable diseases cured in recent years, therapeutic drugs with less side effects and toxicity still need to be further explored. Natural compounds were widely used in food, cosmetics and other industries for many years. Because of their high safety, many clinical and preclinical studies begun to pay attention to them (60–64). As a natural polysaccharide extracted from brown algae, fucoidan was proved to have many biological effects (12–16). The anti-tumor abilities of fucoidan were confirmed in pancreatic cancer, bladder cancer, ovarian cancer and other types of cancers (65–68). Fucoidan could inhibit the occurrence and development of tumor by regulating tumor immunity (21, 22), inhibiting angiogenesis (23), interfering with cell cycle and apoptosis (19, 20), which is considered to have a broad prospect in the field of tumor therapy.

HCC has become the leading cause of cancer-related death worldwide (2). In view of the high incidence rate and mortality rate of HCC, diagnosis and treatment have always been a hot topic (3). Currently, the main treatment of HCC includes surgery, traditional chemotherapy drugs and novel targeted drugs (4). Although these therapeutic methods improved the prognosis and survival rate of HCC patients to a certain extent, many patients still die of HCC due to the limited therapeutic effects. Therefore, further exploration of novel treatments is necessary. Since the application of fucoidan in the treatment of HCC is rarely reported, our study focused on the anti-tumor effect of fucoidan in HCC. According to the experimental results, fucoidan affects HCC tumorigenesis through inhibiting proliferation, motility and invasion of MHCC-97H cells and it also plays an important role in arresting cell cycle and promoting cell apoptosis in a dose-dependent manner.

lncRNAs were proved to be involved in a variety of biological activities, which is of great significance in regulating cell growth, differentiation and characteristics. They were also testified to play roles in the regulation of various types of tumors (50–53). In this paper, we took advantage of High-Throughout sequencing to reveal the changes of lncRNA expression profiles in HCC after fucoidan treatment. Among the detected lncRNAs, 75% of which were previously reported and the other lncRNAs were novel. Further KEGG analysis show that these up-regulated and down-regulated lncRNAs were involved in cellular biological functions and intracellular signal pathways in HCC development. Hence, we suggest that fucoidan play an anti-tumor effect by regulating the expression level of lncRNAs. In our study, we select a lncRNA named LINC00261, which was proved in other studies to play an anti-tumor role by regulating the expression of downstream microRNA (59, 69, 70). We proved that LINC00261 could inhibit the tumor characteristics of MHCC-97H cells by regulating miR-522-3p in HCC. Shi et al. reported that miR-522-3p interacted with SFRP2 to suppress Wnt signaling pathway in non–small cell lung cancer (58). In our study, we found miR-522-3p indeed down-regulated the expression level of SFRP2. We examined the mRNA and protein level of SFRP2 in MHCC-97H cells treated with saline, 0.25 and 0.5 mg/mL fucoidan. Interestingly, fucoidan markedly promoted the expression level of SFRP2, which indicated the LINC00261- miR-522-3p- SFRP2 interacting effects in HCC cells. Although some other novel lncRNAs were also detected, lncRNAs could also affect tumorigenesis by regulating the expression of tumor suppressor genes, activating intracellular signaling pathways, regulating cell cycle and other ways according to other studies (28, 36, 44, 46, 48), these lncRNAs involved in the fucoidan regulatory pathway and their underlying regulatory mechanisms require further study, which may contribute greatly to the future HCC therapy.
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Pancreatic cancer is a common malignant tumor with a high incidence and mortality rate. The prognosis of patients with pancreatic cancer is considerably poor due to the lack of effective treatment in clinically. Despite numerous studies have revealed that baicalein, a natural product, is responsible for suppressing multiple cancer cells proliferation, motility and invasion. The mechanism by which baicalein restraining pancreatic cancer progression remains unclear. In this study, we firstly verified that baicalein plays a critical role in inhibiting pancreatic tumorigenesis in vitro and in vivo. Then we analyzed the alteration of microRNAs (miRNAs) expression levels in Panc-1 cells incubated with DMSO, 50 and 100 μM baicalein by High-Throughput sequencing. Intriguingly, we observed that 20 and 39 miRNAs were accordingly up- and down-regulated through comparing Panc-1 cells exposed to 100 μM baicalein with the control group. Quantitative PCR analysis confirmed that miR-139-3p was the most up-regulated miRNA after baicalein treatment, while miR-196b-5p was the most down-regulated miRNA. Further studies showed that miR-139-3p induced, miR-196b-5p inhibited the apoptosis of Panc-1 cells via targeting NOB1 and ING5 respectively. In conclusion, we demonstrated that baicalein is a potent inhibitor against pancreatic cancer by modulating the expression of miR-139-3p or miR-196b-5p.
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Introduction

Pancreatic cancer is one of the most malignant cancers with relatively high incidence and mortality (1). According to the statistical data of GLOBOCAN 2012, there were about 300,000 pancreatic cancer patients in this single year, and almost the same number of deaths caused by this disease worldwide because of its high degree of malignant transformation and the difficulties in early diagnosis (2). Pancreatic cancer mainly includes two types, exocrine cancer (such as adenocarcinoma) and neuroendocrine cancer. The former type accounts for the majority of cases and has always been emphasized in clinical and basic investigation (3). Although surgery, chemotherapy and radiotherapy have already been adopted for the treatment of pancreatic cancer, the prognosis of which was still extremely poor (4–6). Furthermore, the etiology and pathogenesis of pancreatic cancer have not been fully understood. In order to better treat pancreatic cancer, high curative-effect and low side-effect targeting drugs  are urgent to be exploited as soon as possible.

Baicalein, a main active flavonoid ingredient purified from Scutellaria baicalensis Georgi, has been found to have significant therapeutic potentials in inflammatory diseases, neurological disorders and tumors (7–12). Several studies demonstrated that baicalein has the ability to inhibit the proliferation, invasion, migration and adhesion of various types of cancers (13–16). Yan et al. found that baicalein promoted cell apoptosis and autophagy through down-regulating PI3K/AKT pathway in breast cancer (17). Baicalein was also proved to cause PD-L1 suppression mediated by restraining STAT3 activity in hepatocellular carcinoma (18). Besides, another study in 2018 showed that baicalein was able to regulate the epithelial–mesenchymal transition (EMT) by targeting tumor associated macrophages (19). Although existing studies partially revealed the potential mechanism of baicalein inhibiting the progression of different cancers, the detailed function of baicalein performing in pancreatic cancer still remains unclear.

miRNAs are small endogenous non-coding RNAs with approximately 22 nts, which could regulate the translation and cleavage of mRNA (20–22). A single miRNA is able to bind to a variety of specific mRNAs and gives play to gene silencing and transcriptional inhibition (23). MiRNAs are responsible for many biological processes, such as cell proliferation, apoptosis, fat metabolism, migration and invasion (24–27). Previous studies found that the modulation of miRNAs expression level by baicalein was closely related to its obviously biological effects (28, 29). Baicalein decreased the expression level of miR-424-3p in lung cancer to suppress cell proliferation and improve cisplatin sensitivity (13). Baicalein activates p38-MAPK-JNK pathway via increasing the expression level of miR-29 to retard proliferation and collagen deposition (30). To date, few studies reported whether baicalein could alter several specific miRNAs expression pattern to further affect the progression of pancreatic cancer.

In our study, we firstly treated Panc-1 cells with equivalent DMSO, 50 and 100 μM baicalein. The results suggested that baicalein not only prominently inhibited cell proliferation, motility and invasion, but induced cell cycle arrest in S phase and promoted apoptosis. Through analyzing the High-Throughput sequencing results of miRNAs profiling between the DMSO group and 100 μM baicalein treated group, we discovered that the expression level of 20 miRNAs were up-regulated and 39 miRNAs were down-regulated. Intriguingly, the value of fold change was related to the concentration of baicalein. Furthermore, we verified that miR-139-3p, the most significant up-regulated miRNA, promotes apoptosis of Panc-1 cells via targeting NOB1. miR-196b-5p, the most significant down-regulated miRNA, restrains apoptosis of Panc-1 cells via targeting ING5. In brief, we demonstrated that the alteration of miRNAs profiling induced by baicalein is crucial for suppressing the progression of pancreatic cancer.



Materials and Methods


Cell and Reagents

Panc-1 cells were preserved in our laboratory and were cultured in high-glucose Dulbecco’s modified Eagle’s medium (DMEM, Hyclone) containing 10% fetal bovine serum (FBS, Gibco) and 1% penicillin–streptomycin (Hyclone). All cells were cultured in a humidified incubator with 5% CO2 at 37 °C. Trypsin (Hyclone) was used to dissociate cells. Baicalein (purity > 98%) was purchased from Institute for the Control of Pharmaceutical and Biological Products (Beijing, China). Dimethyl sulphoxide (DMSO) was purchased from SigmaAldrich (St. Louis, MO, USA). Antibodies against β-actin (ab8226), cleaved caspase-3 (ab49822), p21 (ab109520), CCND1 (ab16663), NOB1 (ab205718) and ING5 (ab259904) were purchased from Abcam.



RNA Extraction and Quantitative RT-PCR (qRT-PCR)

After Panc-1 cells grew to a certain confluency, they are treated with three concentrations of baicalein (0, 50, 100 μM) for 72 h. Cells were then collected after digestion and washed once with PBS. Total RNA was extracted using Trizol reagent (Invitrogen) according to the standard RNA isolation protocol. The concentration of RNA was measured by NanoDrop 8000 spectrophotometer (Thermo Fisher Scientific). Single-stranded complementary DNA was synthesized from per 500 ng RNA in a 10 μL reaction volume with reverse transcription kits (Takara), and the reaction was performed according to the manufacturer’s protocol. qRT-PCR was carried out using a SYBR Green PCR kit (Thermo Fisher Scientific) following the protocol provided by the manufacturer and the cycle threshold (Ct) of each gene was recorded. The U6 small nuclear RNA was used as internal reference to calculate miRNAs expression and GAPDH was used as internal reference to calculate Caspase-3, p21, CCND1, NOB1 and ING5 expression. Data were analyzed by the comparative Ct method (2−ΔΔCt) (31). The primers used in this study were shown in Table S2 (shown in Supplementary Material).



Construction of MiRNAs Libraries and MiRNAs Expression Analysis

Total RNA was extracted by mirVana™ miRNAs Isolation Kit. After treatment with DNase I, 1 µg extracted RNA of each sample was taken to construct the small RNA library according to NEBNext® Multiplex Small RNA Library Prep Set for Illumina®. The concentration of each sample was determined using NanoDrop 8000 spectrophotometer (Thermo Fisher). Then libraries of small RNAs were sequenced by Illumina Novaseq 6000 (2 × 150 bp paired-end). The sequencing raw data was submitted to Sequence Read Archive (SRA), and the accession number is PRJNA690773. To get clean data, we used Trim_galore (0.6.4) to remove the adapter sequences from the raw data and filtered out sequences with QC < 30. The clean data was mapped by Bowite (1.0.0) to miRBase (Release 22) (www.mirbase.org), and then used Samtools (1.7) to calculate the counts of miRNAs. Different miRNA analysis was analyzed by DESeq2. The target gene of miRNAs was derived from miRTarBase (http://mirtarbase.mbc.nctu.edu.tw/index.html) (32) and the network diagram of miRNA and target gene was drawn by Cytoscape. R-Package clusterProfiler (33) was used to analyze the target genes of miRNAs for KEGG and GO enrichment analysis.



MiRNA Transfection

When cell confluency met approximately 60–80%, cells in six-well plate were transfected with miRNA mimics or inhibitors as well as negative control miRNA using Lipo-fectamineTM 2000 (Invitrogen). MiRNA mimics or inhibitors purchased from Shanghai GenePharma Co., Ltd. After transfection 6–8 h, medium was changed by fresh DMEM containing 10% FBS and cells were harvested after 24–72 h.



Cell Proliferation and Morphological Examination

After digestion, the cells were seeded in a six-well plate with a quantity of 2 × 105 per well. After overnight incubation, the medium containing with equivalent DMSO, 50 μM baicalein and 100 μM baicalein was added, and the cell morphology was photographed at 0 h. After that, the cell morphology in different groups were photographed at 48 h. At 72 h, all groups of cells were digested and then counted from three individual experiments to value the activity of cell proliferation.



CCK-8 Assay

The viability of cells treated with DMSO and different concentration of baicalein (50 and 100 μM) were obtained with Cell Counting Kit 8 (Beyotime Biotechnology). 2 × 103 cells per well were seeded in 96-well plates treated with different concentration of baicalein. All these cells were cultured for the indicated times (0, 24, 48 and 72h), and the cell viability was measured per 24 h stimulation by a multifunctional reader (MD FlexStation 3) to detect the absorbance of the cells at 450 nm according to the manufacturer’s instructions.



Transwell Assay

2 × 104 cells were harvested in serum-free medium and then seeded in 200 μL serum-free DMEM onto transwell chambers (Corning) with the lower part filled with 600 μl DMEM containing 20% FBS. Meanwhile, DMSO and 100 μM baicalein were added to cells, which were cultured for 48 h at 37 °C and were fixed in 4% para-formaldehyde and stained with 0.1% crystal violet. Each group had three independent duplications.



Wound Healing Assay

8 × 105 cells per well were dissociated and seeded in 6-well plates. After overnight incubation, the cell monolayer in each well was scratched using a plastic tip vertically across the plate and then washed twice with PBS until no suspending cells were observed in the wound areas under the microscope. Subsequently, the cells were divided into three groups, each containing three replicates and were incubated in serum-free medium with different concentration of baicalein (0, 50, 100 μM) and images were taken at 0 and 48 h to measure the distance of wound.



Clone Formation Assay

2 × 103 cells per well were seeded onto 6-well plates and were cultured for 7–10 days until visible clone were formed and stained with crystal violet solution (0.1% crystal violet, 25% methanol in ddH2O). The clones were recorded by camera and were counted by ImageJ. Each group had three independent repeats.



Apoptosis Assay

Apoptotic cells were determined with an Annexin V–fluorescein isothiocyanate (FITC)/PI apoptosis detection kit (Beyotime Biotechnology) according to the manufacturer’s instructions. Cells were incubated with baicalein for 72 h and were measured by flow cytometry and each group had three repeats.



Cell Cycle

After laying 6-well plates with 8 × 105 cells per well, cells were cultured in medium containing three concentrations of baicalein (0, 50, 100 μM) for 72 h. Cell cycle were detected by a cell cycle and apoptosis kit (Beyotime Biotechnology) and were measured by flow cytometry according to standard instructions. The rates of cell cycle were computed by ModFit LT software.



Xenograft Tumor Model

All animal investigation in our study was conformed to the guidelines of Animal Care and Use Committee, Zhongshan Hospital of Fudan University. Balb/c nude mice were purchased from Vital River Laboratory Animal Technology Co., Ltd. 1 × 106 Panc-1 cells were subcutaneously injected into 4 weeks old female mice. After a week, mice bearing tumors were randomly divided into two groups and each group consisted of five mice. Then mice were administered via intraperitoneal injection control solvent (5% DMSO and 95% saline) or 10 mg/kg baicalein (dissolved in 5% DMSO and 95% saline) thrice a week for 4 weeks (34). Body weights of mice were measured every week. Tumor volumes were measured by the formula V = (a × b2)/2 (V is the tumor volume, a is the length of the tumor, b is the width of the tumor).



Statistical Analysis

All data are showed as the mean ± SD (standard deviation). GraphPad 7.0 was used for data analysis. The unpaired, two-tailed Student’s t test was used to compare the significance of differences between experimental groups and controls from at least three independent repeats. ****p <0.0001, ***p <0.001, **p <0.01, *p <0.05, N.S. means no significance.




Results


Baicalein Inhibits Proliferation, Motility and Invasion of Pancreatic Cancer Cells

To verify whether baicalein (chemical formula as shown in Figure 1A, shortly BAI) functions in pancreatic cancer in vitro, equivalent DMSO, 50 μM baicalein and 100 μM baicalein was respectively added into Panc-1 cells for 48 h. The microscope records suggested that the density of Panc-1 cells in baicalein-treated group at 48 h was markedly less than the control group (Figure 1B). After treatment with baicalein for three days, the statistical result showed that baicalein significantly inhibited the proliferation of Panc-1 cells in a concentration dependent manner (Figure 1C). In addition, CCK-8 assay was performed to measure the cell viability of Panc-1 cells exposing to DMSO, 50 μM baicalein or 100 μM baicalein. The result also suggested that baicalein could restrain the viability of Panc-1 cells (Figure 1D). Then we performed colony formation experiment and measured the results by ImageJ, which indicated that baicalein decreased the ability of clone formation of Panc-1 cells (Figures 1E, F). Besides, wound healing assay demonstrated that baicalein indeed inhibited the ability of cell motility (Figures 1G, H). Transwell results showed that there was a significant difference in the number of migrated cells between the DMSO group and 100 μM baicalein group, which suggested baicalein was able to inhibit the invasion of Panc-1 cells (Figure 1I). Taken together, these results showed that baicalein isolated from natural product obviously inhibits proliferation, motility and invasion of pancreatic cancer cells in vitro.




Figure 1 | Baicalein inhibits proliferation, motility and invasion of pancreatic cancer cells in vitro. (A) Structural formula of baicalein (BAI). (B) The morphology of Panc-1 cells treated with DMSO, 50 µM and 100 µM baicalein for 0 and 48 h. (C) The relative cell proliferation rate of Panc-1 cells treated with DMSO, 50 µM and 100 µM baicalein for 72 h. (D) The cell viability of Panc-1 cells treated with DMSO, 50 µM and 100 µM baicalein for 0, 24, 48 and 72 h. (E, F) The clone formation of Panc-1 cells treated with DMSO, 50 µM and 100 µM baicalein. Cell area was measured by ImageJ. (G, H) The wound healing assay of Panc-1 cells treated with DMSO, 50 µM and 100 µM baicalein for 48 h. The value of relative wound width was measured by ImageJ. (I) Transwell assay of Panc-1 cells treated with DMSO and 100 µM baicalein for 48 h. Cell area was measured by ImageJ. ** means P < 0.01, *** means P < 0.001, **** means P < 0.0001.





Baicalein Inhibits Tumorigenesis of Pancreatic Cancer In Vivo

To address whether baicalein could inhibit pancreatic cancer cell proliferation in vivo, we took advantage of xenograft tumor model in our study. 1 × 106 Panc-1 cells were subcutaneously injected into 4 weeks old female Balb/c nude mice. Mice bearing tumor were randomly divided into two groups, the control group (5% DMSO and 95% saline) and the baicalein group (10 mg/kg, dissolved in 5% DMSO and 95% saline). Baicalein and corresponding solvent were administered via intraperitoneal injection thrice a week for 4 weeks. Tumor weights and volumes were recorded at the end of treatment. The results suggested that baicalein obviously decreased pancreatic tumor weight and volume in vivo (Figures 2A–C). In addition, we found that there was no significant difference in mice body weights between the control group and baicalein treated group, which indicated that baicalein nearly has no toxicity to mice (Figure 2D).




Figure 2 | Baicalein inhibits tumorigenesis of pancreatic cancer. (A) Xenograft tumor formation of the control (Ctrl) group (5% DMSO and 95% saline) and Baicalein (BAI) group (10 mg/kg BAI, dissolved in 5% DMSO and 95% saline). Each group consisted of five mice. (B) Tumor weights of the Ctrl group and BAI group. (C) Tumor volumes of the Ctrl group and BAI group. (D) Body weights of the Ctrl group and BAI group. *** means P < 0.001.





Baicalein Induces Apoptosis and Cell Cycle Arrest in Panc-1 Cells

To determine the mechanism of how baicalein inhibits pancreatic cells proliferation, we treated Panc-1 cells with DMSO, 50 μM baicalein or 100 μM baicalein for 48 h and performed Annexin V-FITC/PI assay to detect apoptosis rate by flow cytometry. The statistic result showed that the proportion of cells in early and late apoptosis was significantly increased after the treatment of baicalein and higher concentration of baicalein contributes to higher apoptosis rate (Figures 3A, B). We also examined the mRNA and protein level of Cleaved caspase-3 in Panc-1 cells treated with DMSO, 50 µM and 100 µM baicalein by qPCR and western blotting assay. Cleaved caspase-3 as the activated form of caspase-3 plays a key role in the pathway of apoptosis. The results suggested that baicalein significantly increases the expression of cleaved caspase-3 in a dosage dependent manner (Figures 3C, D).




Figure 3 | Baicalein induces apoptosis in a concentration dependent manner. (A) Apoptosis results of Panc-1 cells treated with DMSO, 50 µM and 100 µM baicalein for 48 h by flow cytometry. Q1 represents death cells, Q2 represents the late apoptosis cells, Q3 represents the normal cells, Q4 represents the ealry apoptosis cells. (B) The statistical result of apoptosis rate, which equals to the rate of late apoptosis cells (Q2) plus the rate of early apoptosis cells (Q4). (C, D) The mRNA (C) and protein (D) level of apoptosis related protein cleaved caspase-3 in Panc-1 cells treated with DMSO, 50 µM and 100 µM baicalein. ** means P < 0.01, *** means P < 0.001, **** means P < 0.0001.



To further confirm whether baicalein is able to affect cell cycle, we detected the proportion of cell phases through flow cytometry in Panc-1 cells treated with DMSO, 50 μM or 100 μM baicalein for 72 h. The results showed that baicalein induced S phase arrest in a concentration dependent manner (Figures 4A, B). Then we examined the mRNA and protein level of cell cycle related genes p21 and cyclinD 1 (CCND1) by qPCR and western blotting. We found that baicalein obviously increased p21 and decreased CCND1 levels in a dose-dependent manner (Figures 4C–E), which suggests that baicalein inhibit cell proliferation by extending duration of S phase. As a result, we concluded that baicalein inhibited pancreatic cells proliferation through promoting apoptosis and cell cycle arrest in S phase.




Figure 4 | Baicalein induces cell cycle arrest in S phase. (A) Cell cycle results of Panc-1 cells treated with DMSO, 50 µM and 100 µM BAI for 48 h by flow cytometry. (B) The statistical results of cell number measured by ModFit LT software. (C, D) The relative mRNA level of cell cycle related genes p21 (C) and CCND1 (D) measured by qPCR. (E) The protein level of p21 and CCND1 in Panc-1 cells treated with DMSO, 50 µM and 100 µM BAI measured by western blotting. ** means P < 0.01, *** means P < 0.001, **** means P < 0.0001.





Alteration of MiRNAs Profiling in Panc-1 Cells Treated With Baicalein

Previous studies reported that miRNA could bind to mRNAs causing gene silencing and transcriptional inhibition and is responsible for inhibiting tumor cell proliferation, migration and invasion. However, whether baicalein is able to alter several specific miRNAs expression to further influence the progression of pancreatic cancer needs to be further exploited. To clarify the miRNAs pattern in Panc-1 cells after the treatment of baicalein (50 and 100 μM) for 48 h, the miRNA High-Throughput sequencing was performed. The volcano plot showed that 20 miRNAs were up-regulated and 39 miRNAs were down-regulated (Figure 5B). The detailed alteration results of miRNAs are shown in Table S1. From the heat-map result (Figure 5A), we could conclude that the alteration of miRNA expression level was closely related to the concentration of baicalein. Besides, the highest increased miRNA candidate is miR-139-3p (fold change = 7.283) and the highest decreased miRNA candidate is miR-196b-5p (fold change = 0.124) (Figure 5A), which were reconfirmed by qPCR (Figures 5C, D). Moreover, we also measured the relative miRNA expression of other up-regulated miRNAs (miR-139-5p and miR-486-3p) and down-regulated miRNAs (miR-210-5p and miR-296-3p) (Figures 5E–H). In addition, we utilized R-Package clusterProfiler to analyze all of the target genes of miRNAs and draw the diagrams of GO enrichment (Figures S1A, B) and KEGG (Figures S1C, D). The analysis results indicated that both miR-139-3p and miR-196b-5p participated in multiple essential pathways in pancreatic cancer cells.




Figure 5 | Analysis of miRNAs profiling of Panc-1 cells treated with baicalein. (A) Heat map of deferentially expressed miRNAs in Panc-1 cells treated with different dosages of baicalein, log2 (Fold Change) >1. (B) The volcano plot of deferentially expressed miRNAs. Orange indicates up-regulated expression, grey means no significance and blue denotes down-regulated expression. (C–H) Identification of the miRNA level of hsa-miR-139-3p (C), hsa-miR-196b-5p (D), hsa-miR-139-5p (E), hsa-miR-486-3p (F), hsa-miR-210-5p (G) and hsa-miR-296-3p (H) by qPCR. N.S. means no significance, ** means P < 0.01, *** means P < 0.001.





Baicalein Alters the Expression Level of miR-139-3p and miR-196b-5p to Promote Apoptosis

Based on the above analysis data, we determined to clarify whether miR-139-3p and miR-196b-5p play a crucial role in the progression of pancreatic cancer. We firstly analyzed the association of miR-139-3p or miR-196b-5p expression level and the survival percentage of pancreatic cancer patients. Low level of miR-139-3p and high level of miR-196b-5p contribute to the poor survival according to the data from the TCGA (Figures 6A, B). To determine the function of miR-139-3p and miR-196b-5p in Panc-1 cells, cells were transfected with miRNA mimics or inhibitors (Figures 6C, D). After transfected, the apoptosis rate was measured. The results showed that miR-139-3p mimics (miR-139-3p-M) and miR-196b-5p inhibitor (miR-196b-5p-I) could promote apoptosis, while miR-139-3p inhibitor (miR-139-3p-I) and miR-196b-5p mimics (miR-196b-5p-M) function as inhibiting apoptosis (Figures 6E–H). To further explore whether baicalein promotes apoptosis through altering the expression level of miR-139-3p and miR-196b-5p, we performed rescue experiments by transfecting Panc-1 cells with miR-139-3p-I or miR-196b-5p-M after treated with 100 μM baicalein. qPCR results showed that miR-139-3p-I or miR-196b-5p-M partially rescued the alteration of the expression level of miR-139-3p or miR-196b-5p (Figures 7A, B). Then we measured the apoptosis rate by flow cytometry (Figure 7C), which showed that no matter miR-139-3p-I or miR-196b-5p-M could inhibited the acceleration of apoptosis caused by baicalein (Figure 7D).




Figure 6 | Baicalein alters the expression level of miR-139-3p and miR-196b-5p to promote apoptosis. (A, B) Survival curves of 177 (A) or 176 (B) pancreatic adenocarcinoma samples in TCGA database. (miR-139-3p or miR-196b-5p high-expression group, orange line; miR-139-3p or miR-196b-5p low-expression group, blue line). The number of miR-139-3p or miR-196b-5p high-expression group is 25 or 100. The number of miR-139-3p or miR-196b-5p low-expression group is 152 or 76. (C, D) The relative mRNA level of miR-139-3p (C) and miR-196b-5p (D) transfected with corresponding mimics or inhibitors by qPCR. (E–H) The apoptosis rate of miR-139-3p (E, G) and miR-196b-5p (F, H) transfected with corresponding mimics and inhibitors by flow cytometry. The apoptosis rate equals to the rate of late apoptosis cells (Q2) plus the rate of early apoptosis cells (Q4). * means P < 0.05, ** means P < 0.01, *** means P < 0.001.






Figure 7 | MiR-139-3p-I or miR-196b-5p-M partially rescued the alteration of the expression level of miR-139-3p or miR-196b-5p from baicalein. (A, B) The relative mRNA level of miR-139-3p (A) and miR-196b-5p (B) by qPCR. (C, D) The relative apoptosis rate of miR-139-3p and miR-196b-5p in Panc-1 cells treated with DMSO, 100 μM baicalein, 100 μM baicalein and miR-139-3p-I, 100 μM baicalein and miR-196b-5p-M. The apoptosis rate equals to the rate of late apoptosis cells (Q2) plus the rate of early apoptosis cells (Q4). ** means P < 0.01, *** means P < 0.001.



We further severally analyzed the relationship between miR-139-3p (Figure 8A) or miR-196b-5p (Figure 8B) and its down-steamed target genes, which were derived from miRTarBase, and draw the network diagram by Cytoscape. Previous studies showed that miR-139-3p bind to the 3’UTR region of NOB1, which suppresses apoptosis in cancer cells (35). And miR-196b-5p bind to the 3’UTR region of ING5, which induces apoptosis in cancer cells (36). Therefore, we examined the mRNA level of NOB1 and ING5 in Panc-1 cells treated with different dosages of baicalein. Intriguingly, baicalein obviously decreased the expression of NOB1 and increased the expression of ING5 (Figures 8C, E). Further, the mRNA and protein level of NOB1 and ING5 were tested respectively after transfected with mimics or inhibitors. The results showed that miR-139-3p-M effectively decreased, whereas miR-139-3p-I increased NOB1 expression (Figures 8D, G). Meanwhile, MiR-196b-5p-M decreased, and miR-196b-5p-I increased ING5 expression (Figures 8F, H). In conclusion, baicalein plays a key role in promoting apoptosis by up-regulating miR-139-3p or down-regulating miR-196b-5p to alter the expression level of NOB1 and ING5.




Figure 8 | Baicalein decreased the expression level of miR-139-3p downstream NOB1 and increased the expression level of miR-196b-5p downstream ING5. (A, B) Interactions between the top-ranked miRNA hsa-miR-139-3p (A) or hsa-miR-196b-5p (B) with corresponding downstream genes. The target gene of miRNAs was derived from miRTarBase and the network diagram was drawn by Cytoscape. (C) The relative mRNA level of NOB1 in Panc-1 cells treated with DMSO, 50 µM and 100 µM baicalein. (D) The relative mRNA level of NOB1 transfected with miR-139-3p mimics and inhibitors by qPCR. (E) The relative mRNA level of ING5 in Panc-1 cells treated with DMSO, 50 µM and 100 µM baicalein. (F) The relative mRNA level of ING5 transfected with miR-196b-5p mimics and inhibitors by qPCR. (G) The protein level of NOB1 transfected with miR-139-3p mimics and inhibitors by western blotting. (H) The protein level of ING5 transfected with miR-196b-5p mimics and inhibitors by western blotting. * means P < 0.05, ** means P < 0.01, *** means P < 0.001.






Discussion

In recent years, natural compounds were widely used in many fields including clinical treatment due to their safety and effectiveness. Many preclinical and clinical studies have confirmed that natural compounds have certain therapeutic effects in various diseases, especially cancers (12, 32, 37, 38). Baicalein purified from Scutellaria baicalensis Georgi is an active flavonoid ingredient, which was reported participating in inhibiting the progression of various cancers (13–19). However, the detailed mechanism of baicalein acting in pancreatic cancer still remains unclear. In this study, we demonstrated that baicalein plays a critical role in inhibiting pancreatic tumorigenesis in vitro and in vivo. Our results showed that 100 μM baicalein significantly suppressed the proliferation, motility and migration of pancreatic cancer cells. The Annexin V-FITC/PI assay indicated that baicalein is able to promote the apoptosis, which is similar to the previously reported in breast cancer (17). In order to further explore the mechanism of baicalein promoting apoptosis of pancreatic cancer cells, we analyzed the miRNAs High-Throughput sequencing data. As we expected, baicalein affect the profiling of miRNAs in pancreatic cancer cells. According to the analysis results, miR-139-3p or miR-196b-5p was increased or decreased the most in baicalein treated group. Further verification found that miR-139-3p induced, miR-196b-5p inhibited the apoptosis of Panc-1 cells via respectively targeting NOB1 and ING5. Although the concentrations of baicalein exposing to Panc-1 cells were relatively high comparing with some small molecule inhibitors of tumors, the result of in vivo experiments showed baicalein nearly has no toxicity to mice. In addition, we chose the appropriate concentrations of baicalein in in vitro experiments according to previous studies (11, 13–19, 30, 34, 39, 40).

miRNAs are small endogenous non-coding RNAs, which is able to bind to a variety of specific mRNAs to cause gene silencing. Numerous researchers found that the modulation of miRNAs expression in cancer cells is responsible for activate or inhibit tumorigenesis or metastasis (41). Firstly, miRNAs could directly bind to mRNA to suppress transcription activity of downstream oncogenes or tumor suppressor genes. In the second place, miRNAs also combine with long non-coding RNAs (lncRNAs) through base pairing, which influences transcription activity of downstream oncogenes or tumor suppressor gene (42). Previous studies have showed that baicalein inhibit the progression of lung cancer (13), hepatocellular carcinoma (40) and osteosarcoma (39, 43) by regulating miRNAs. In this study, we proved that baicalein promotes the apoptosis of pancreatic cancer cells by regulating the expression of miR-139-3p and miR-196b-5p. Further, we compared the expression levels of miR-139-3p and miR-196b-5p between normal tissues and pancreatic cancer tissues using TCGA database. Although there are very few miRNA expression data in normal tissues, the difference between the two groups still be seen (Figures S2A, B) which indicates that miR-139-3p and miR-196b-5p has a regulatory effect on pancreatic cancer. However, whether baicalein directly regulates the expression of miR-139-3p and miR-196b-5p still needs further exploration. Previously, Yu et al. reported that baicalein inhibits breast cancer growth via activating long noncoding RNA (lncRNA) PAX8-AS1-N (34), which indicated that baicalein may indirectly regulate miRNAs by affecting the expression of lncRNAs. In addition, more and more studies have confirmed that A-to-I RNA editing induced by ADARs family enzymes closely related to the tumorigenesis and progression of various types of cancers (44–47). Chen et al.reported that ADARs interact with Dicer to promote the processing of mature miR-27a, which targets a tumor suppressor gene METTL7A (48). Whether baicalein affects the expression of ADARs and regulates the processing of miRNAs is also worthy of further exploration.

In our study, we discovered that baicalein prominently induced cell cycle arrest and promoted apoptosis. Analysis of the High-Throughput sequencing data, we verified that miR-139-3p, the most significant up-regulated miRNA, promotes apoptosis of Panc-1 cells via suppressing NOB1 level. Meanwhile, miR-196b-5p, the most significant down-regulated miRNA, restrains apoptosis of Panc-1 cells via suppressing ING5 level. Based on existing studies, NOB1 was found to be associated with the 26S proteasome to inhibit apoptosis and ING5 may related to EGFR/PI3K/Akt pathway in colorectal cancer to induce apoptosis. We will further study NOB1 and ING5 participating in which downstream signaling pathways in the future. To sum up, this study not only further confirms the molecular mechanism of baicalein inhibiting pancreatic cancer but also provides a new possibility for the clinical treatment of pancreatic cancer.
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Objective

To compare the efficacy of adjuvant chemotherapy with six or eight cycles of S-1 plus oxaliplatin (SOX) or Capecitabine plus oxaliplatin (XELOX) after D2 resection of GC.



Design and participants

We collected 470 cases of patients with TNM stage II and III GC who underwent D2 gastrectomy in the Harbin Medical University Cancer Hospital from January 2007 to December 2017 and received six or eight cycles of SOX or XELOX regimen. This study was designed to evaluate the prognosis of patients receiving six or eight cycles of SOX or XELOX chemotherapy and identify the appropriate number of chemotherapy cycles.



Results

Among the 470 study participants [340 (72.3%) males; median age, 50 years (range, 24-76 years)], 355 and 115 received XELOX or SOX regimen chemotherapy, respectively. The number of 152 patients included in this study who received 6 and 8 cycles of chemotherapy in stage II and stage III without considering chemotherapy regimens were 125 and 27. The median DFS was, respectively, 14.9 months and 26.8 months (P = 0.08), the median OS was, respectively, 30.2 months and 30.8 months (P = 0.5), the difference was not statistically significant. Comprehensive survival analysis of XELOX and SOX group showed no significant difference for DFS (P = 0.29) and OS (P = 0.61). The total number of stage III GC patients who received six and eight cycles of chemotherapy was 92 and 19, respectively. The median DFS of patients who received six and eight cycles of chemotherapy was 14.6 and 23.2 months (P = 0.3), respectively. The median OS of patients who received six and eight cycles of chemotherapy was 26 and 30.6 months (P = 0.9), respectively. Comprehensive analysis of DFS (P=0.73) and OS (P=0.6) shows no difference between the XELOX group SOX groups. Subgroup analysis revealed significant differences in the gender (P = 0.05) and histological classification (P < 0.05) distribution.



Conclusion

Regardless of the XELOX regimen or the SOX regimen, similar survival benefits are observed in patients receiving six or eight chemotherapy cycles irrespective of the regimen used. The XELOX and SOX regimens are well tolerated in patients undergoing D2 resection of GC.
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Introduction

Gastric cancer (GC) is the fifth most common cancer worldwide and the fourth leading cause of cancer-related death (1). GC disproportionally affects males, with the rate of affected males being almost twice that of affected females. In 2020, there will be an estimated 1.09 million new cases of GC worldwide and about 769,000 death (1). About 49.3% of new cancer cases and 58.3% of cancer deaths occur in Asia. In China, there were about 679,000 new cases of GC and 498,000 GC-related deaths in 2015, making makes GC the second to only lung cancer in terms of morbidity and mortality (2). In China, about 80% of patients with GC are at an advanced stage at the time of diagnosis, and the 5-year survival rate is less than 30% (3). Therefore, it is important to improve the prognosis of patients with stage II and stage III GC after surgery.

Postoperative adjuvant chemotherapy has become a routine treatment for patients with GC. Indications for adjuvant chemotherapy after resectable GC are: D2 gastrectomy and no preoperative treatment for postoperative patients with pathological stage II and III advanced GC. D2 gastrectomy is based on resectable GC. Four extensive clinical studies, the ACTS-GC, CLASSIC, JACCORGC-07 and ARTIST studies, have confirmed the value of postoperative adjuvant chemotherapy. The Japanese ACTS-GC trial confirmed that S-1 single-agent postoperative adjuvant chemotherapy could significantly improve the 5-year survival rate after D2 gastrectomy for locally advanced GC (4). However, this result has not been verified in other studies, and it is unclear whether patients with stage III GC can benefit from S-1 single-drug adjuvant chemotherapy. In response to this, the CLASSIC study, a randomized, open, parallel-controlled phase III clinical study involving patients from South Korea, China Mainland, and Taiwan, showed that GC patients who received XELOX adjuvant chemotherapy had a significantly higher 5-year disease-free survival (DFS) rate than did those who had surgery alone (68% vs. 53%; HR = 0.58; 95% CI: 0.47–0.72; P < 0.0001), and the overall survival (OS) rate was also significantly improved (78% vs. 69%; HR = 0.66; 95% CI: 0.51–0.85; P = 0.0015). These data confirm that XELOX regimen adjuvant chemotherapy can significantly reduce the risk of postoperative recurrence, and the benefits of prolonging DFS can then be translated into prolonging the OS of patients. As the first chemotherapy regimen validated by evidence-based medicine in the Chinese population, the classic study showed that the XELOX regimen is suitable for postoperative adjuvant chemotherapy for patients with stage II and II GC in China. It also further confirmed that postoperative adjuvant chemotherapy could play an essential role in treating locally advanced GC (5, 6). The Japanese JACCROGC-07 study is a randomized controlled study designed to evaluate the efficacy of S-1 combined with docetaxel in adjuvant treatment after surgery. The 3-year recurrence-free survival (RFS) of the S-1 combined with the docetaxel group was 7% higher than that of the control group. The 3-year RFS was significantly better in the treatment group than in the control group (65.9% vs. 49.6%, HR = 0.632, 99% CI: 0.400–0.998, P = 0.0007), and S-1 combined with docetaxel is recommended as the new standard for adjuvant treatment after D2 gastrectomy in patients with stage III GC (7). The Korean ARTIST study compared postoperative radiotherapy and chemotherapy after D2 surgery to postoperative adjuvant chemotherapy (Capecitabine combined with cisplatin). The results indicate that the DFS and OS of the two groups are similar. Subsequently, the ARTIST-II study, enrolling patients with GC and positive lymph nodes after D2, was designed. The results showed that compared with S-1 single-drug, the SOX regimen alone and in combination with radiotherapy can significantly prolong DFS. However, SOX regimen combined with radiotherapy did not improve survival when compared to SOX regimen alone (8–10). The results of these clinical studies indicate that surgery is the only possible cure for GC, and postoperative adjuvant chemotherapy is the main way to achieve long-term survival for patients with GC.

Based on the efficacy and safety of chemotherapy, the level I recommended choices for postoperative adjuvant chemotherapy for Chinese is XELOX and SOX. S-1 is a fluorouracil derivative, and the main components are tegafur, gemerazine, and otixiracet potassium. The curative effect of S-1 is equivalent to that of capecitabine. However, S-1 is superior to capecitabine in increasing the concentration and time of 5-FU in tumor tissue and blood and reducing side effects, including hand-foot syndrome (11, 12). In 2019, the RESOLVE study showed that eight cycles of SOX adjuvant chemotherapy after D2 radical resection of GC is not inferior to XELOX (13). Currently, eight chemotherapy cycles are recommended for patients with stage II and stage III GC, irrespective of whether they are undergoing the XELOX or SOX regimen. Individual differences in patients’ tolerance to chemotherapy drugs mean that some patients cannot tolerate the toxicity of chemotherapy drugs, leading to the early termination of chemotherapy. Therefore, for this group of patients, we aimed to compare the prognosis of patients who received six or eight cycles of XELOX or SOX adjuvant chemotherapy after radical resection of GC. These insights will allow practitioners to choose a suitable chemotherapy cycle for patients to avoid the occurrence of chemotherapy-related adverse reactions. Moreover, this data provides valuable evidence supporting the need for patients with advanced GC to receive standardized and individualized treatment, which can prolong their lives, improve their quality of life, and reduce the social burden on their families.



Method


Study Design

This is a retrospective study. In the real world, the proportion of people who can complete eight cycles of standard postoperative adjuvant chemotherapy for gastric cancer is not large. Most patients have completed six cycles of adjuvant chemotherapy. This research aims to compare whether six cycles are not inferior to eight cycles in the real world. We conducted a three-phase study. First, we compared the DFS and OS of patients with TNM stage II and III GC that received six or eight chemotherapy cycles without considering the chemotherapy regimen. Second, we compared the DFS and OS of patients who received six and eight chemotherapy cycles of XELOX and SOX. In the third step of the study design, the DFS and OS of patients with TNM stage III GC and 6 or 8 chemotherapy cycles were compared with and without considering the chemotherapy regimen.



Inclusion Criteria

Data were collected from patients who were pathologically diagnosed with GC (GC)/gastric junction adenocarcinoma (GEJC) and had undergone D2 radical resection and postoperative adjuvant chemotherapy at the Harbin Medical University Cancer Hospital from January 2007 to December 2017. This study was approved by the Ethics Committee of the Harbin Medical University Cancer Hospital. Patient data were confidential, and the study complied with the Declaration of Helsinki.

Case inclusion criteria were (1): preoperative endoscopic biopsy or postoperative pathological diagnosis of GC/GEJC; (2) having undergone D2 radical operation; (3) postoperative pathological staging of stage II and stage III disease based on the American Joint Committee on Cancer (AJCC) TNM staging (8th edition); (4) postoperative hematology and imaging evaluation of patients show that they meet the criteria of postoperative adjuvant chemotherapy, and tolerate chemotherapy drugs; and (5) their postoperative adjuvant chemotherapy is XELOX or SOX.

Case exclusion criteria were: (1) patient received chemotherapy regimens other than S-1, SOX, or XELOX after D2 radical surgery for GC; (2) patient was unable to complete the specified adjuvant chemotherapy cycle as required for any reason; (3) for any reason, the standard chemotherapy dose was reduced by more than 30%; (4) patients received neoadjuvant therapy; and (5) patients with distant metastasis or relapse within 6 months during operation and after the operation, were excluded.



Treatment Criteria

XELOX treatment regimen was: oxaliplatin 130 mg/m2 (intravenous drip) on day 1, repeated every three weeks and capecitabine 1000 mg/m2 (oral) on days 1-14, twice a day, repeated every three weeks. SOX treatment regimen was: oxaliplatin 130 mg/m2 (intravenous drip) on day 1, repeated every three weeks and S-1 40 mg/m2 (oral) on days 1-14, twice a day, repeated every three weeks. The two treatment groups were subject to 6 or 8 cycles of chemotherapy. During chemotherapy, symptomatic and supportive treatments including antiemetic, liver protection, and stomach protection were administered. B-ultrasound, CT and other imaging examinations were performed every three cycles to evaluate the treatment effect.



Research Targets

DFS is defined as the time from the date of GC D2 resection to the occurrence of recurrence, metastasis, or death. The OS is the time from the date of GC D2 resection to death due to any cause. The primary study endpoint was 5-year OS, and the secondary study endpoint was 3-year DFS. All patients were followed up for at least five years.



Statistical Methods

Clinicopathologic characteristics of patients receiving six and eight chemotherapy cycles were compared using the Chi-square test. The univariate Cox regression analysis to measure the association between treatment regimens and prognosis. The DFS and OS survival curves were drawn using the Kaplan-Meier method, and the log-rank test was used for comparison. P < 0.05 was considered statistically significant. All statistical analysis was performed with R Statistical Software (version 4.0.3).




Result


Patient Clinical Characteristics

The patient’s condition and tumor characteristics are shown in Table 1. This is a real-world study of patients with GC (stage II-III) who underwent D2 gastrectomy and received adjuvant chemotherapy with SOX or XELOX regimen in Harbin Medical University Cancer Hospital from January 2007 to December 2017. We conducted a retrospective study of 470 patients who underwent D2 resection and received postoperative adjuvant chemotherapy at our hospital and completed at least four cycles of adjuvant chemotherapy with either XELOX or SOX regimens. There were 159 patients available for analysis of DFS and 203 patients available for analysis of OS. Postoperative pathological staging was stage II or stage III in 369 patients, of which 290 patients received six cycles of chemotherapy and 79 patients received eight cycles of chemotherapy. Following the administration of chemotherapy, 51 patients were excluded based on the exclusion criteria. A total of 152 patients were included in the analysis according to the exclusion criteria.


Table 1 | Clinical characteristics of patients with gastric cancer after D2 resection enrolled in this study.



The clinical characteristics of the 6-cycle and 8-cycle chemotherapy groups were similar. There were no significant differences in Lauren classification, tumor location, TNM staging, or WHO grade (P > 0.05). There was an obvious difference between these two groups in age distribution, with most patients under 65 years of age, but this difference was not statistically significant (P=0.063). Obvious differences in gender distribution (P = 0.05) and histological classification (P = 0.48) were observed (Table 1).



Survival Outcome for Stage II-III GC Patients Treated With Six or Eight Chemotherapy Cycles

All patients were followed up for at least 5 years. We conducted a comprehensive analysis of the data for patients with stage II and stage III, irrespective of whether they underwent XELOX or SOX regimens. Patient survival was then compared between groups. The number of patients receiving six and eight cycles of chemotherapy was 125 and 27, respectively. Patients receiving six or eight chemotherapy cycles had similar rates of DFS and OS. The Kaplan–Meier method was used for survival analysis and to draw DFS and OS survival curves. Median DFS time of patients receiving six and eight cycles of chemotherapy was 14.9 and 26.8 months (P = 0.08), respectively. Median OS time of patients receiving six and eight cycles of chemotherapy was 30.2 and 30.8 months (P = 0.5) (Figures 1A, B). The number of patients with stage II and stage III GC receiving six and eight cycles of XELOX regimen chemotherapy were 109 and 18, respectively. Median DFS time of patients receiving six and eight cycles of chemotherapy was 16 and 27 months (P = 0.07), respectively. The median OS times of patients receiving six and eight cycles of chemotherapy, respectively, were 30 and 31.9 months (P = 0.9. The number of patients receiving six and eight cycles of SOX regimen chemotherapy was 16 and 9, respectively. The median DFS times in these patient groups were 13.7 and 24.2 months (P = 0.6), respectively. The median OS times in these patient groups were 21.5 and 24.5 months (P = 0.5), respectively. Comprehensive analysis of DFS (P = 0.29) and OS (P = 0.61) between the XELOX and SOX groups revealed no statistical difference (Figures 1C, D). In patients receiving six chemotherapy cycles, DFS and OS did not differ between those receiving XELOX and SOX regimens (DFS, P = 0.97 and OS, P = 0.83) (Figures 2A, B). In patients receiving eight chemotherapy cycles, DFS and OS did not differ between those receiving the XELOX and the SOX regimens (DFS, P = 0.49 and OS, P = 0.084) (Figures 2C, D).




Figure 1 | Kaplan-Meier survival curves for disease-free survival (DFS) and overall survival (OS). DFS (A) and OS (B) analyses for stage II and stage III patients who received six or eight cycles of chemotherapy, irrespective of whether they underwent XELOX or SOX regimens. DFS (C) and OS (D) analyses for stage II and stage III patients who received six or eight cycles of chemotherapy, taking the specific regimen into account. XELOX, Capecitabine plus oxaliplatin; SOX, S-1 plus oxaliplatin.






Figure 2 | Kaplan-Meier survival curves for disease-free survival (DFS) and overall survival (OS). DFS (A) and OS (B) analyses for the XELOX and SOX regimens for patients with stage II and stage III gastric cancer receiving six cycles of chemotherapy. DFS (C) and OS (D) analyses for the XELOX and SOX regimens for patients with stage II and stage III gastric cancer receiving eight cycles of chemotherapy. XELOX, Capecitabine plus oxaliplatin; SOX, S-1 plus oxaliplatin.



Among all patients with stage III GC, 92 and 19 received six and eight chemotherapy cycles, respectively. Overall DFS time in patients receiving six and eight cycles of chemotherapy were 14.6 and 23.2 months (P = 0.3), respectively. The median OS times in patients receiving six and eight cycles of chemotherapy were 26 and 30.6 months (P=0.9), respectively (Figures 3A, B).




Figure 3 | Kaplan-Meier survival curves for disease-free survival (DFS) and overall survival (OS). DFS (A) and OS (B) analyses for patients with stage III gastric cancer who received six or eight cycles of chemotherapy, irrespective of whether they underwent XELOX or SOX regimens. DFS (C) and OS (D) analyses for patients with stage III gastric cancer who received six or eight cycles of chemotherapy, taking the specific regimen into account. XELOX, Capecitabine plus oxaliplatin; SOX, S-1 plus oxaliplatin.



In patients with stage III GC, 77 and 11 patients received six and eight cycles of the XELOX regimen chemotherapy, respectively. The median DFS times for patients receiving six and eight cycles of chemotherapy were 14.7 and 23.2 months (P = 0.6), respectively. The median OS times for patients receiving six and eight cycles of chemotherapy, 28 and 30.7 months (P = 0.6), respectively. the difference was not statistically significant. The number of people receiving six and eight cycles of SOX regimen chemotherapy was 15 and 8, respectively. The median DFS times for patients receiving six and eight cycles of chemotherapy were 13.7 and 26.8 months (P = 0.6), respectively. The median OS times for patients receiving six and eight cycles of chemotherapy were 21.5 and 24.5 months (P= 0.6), respectively. No differences in DFS (P = 0.73) and OS (P=0.6) were observed between the XELOX and SOX groups (Figures 3C, D). In patients receiving six chemotherapy cycles, DFS and OS did not significantly differ between the two treatment regimens (DFS, P = 0.7 and OS, P = 0.37) (Figures 4A, B). In patients receiving eight chemotherapy cycles, DSF and OS did not differ between the two treatment groups (DFS, P = 0.35 and OS, P = 0.25) (Figures 4C, D).




Figure 4 | Kaplan-Meier survival curves for disease-free survival (DFS) and overall survival (OS). DFS (A) and OS (B) analyses for XELOX and SOX regimens for patients with stage III gastric cancer receiving six cycles of chemotherapy. DFS (C) and OS (D) analyses for the XELOX and SOX regimens in stage III patients receiving eight cycles of chemotherapy. XELOX, Capecitabine plus oxaliplatin; SOX, S-1 plus oxaliplatin.



Results of the univariate Cox regression suggested that there is no difference in survival between patients receiving six or eight chemotherapy cycles in either of the treatment regimens examined (P>0.05) (Figures 5A–D). Patients receiving eight cycles of XELOX regimen chemotherapy appeared to have better OS than did those receiving eight cycles of SOX or XELOX regimen chemotherapy, but this difference was not statistically significant (OS: HR, 0.46; P = 0.086) (Figure 5B).




Figure 5 | The relationship between different chemotherapy cycles and disease-free survival (DFS) and overall survival (OS) of gastric cancer patients. DFS (A) and OS (B) analyses for patients with stage II and stage III gastric cancer. DFS (C) and OS (D) analyses for stage patients with stage III gastric cancer.





Subgroup Analysis

Stratification by gender, age, Lauren classification, tumor location, TNM staging, WHO grade, and histological classification revealed similar DFS results for patients receiving six and eight cycles of chemotherapy (Figure 6A; P > 0.05). However, a significant difference was observed in DFS in patients classified as poorly differentiated histologically (P = 0.034), suggesting that six cycles of chemotherapy for patients with GC histologically classified as poorly differentiated should be sufficient. Stratification by gender, age, Lauren classification, tumor location, TNM staging, WHO grade, and histological classification revealed similar that OS for all patients irrespective of whether they received six or eight cycles of chemotherapy (Figure 6B; P>0.05).




Figure 6 | Subgroup analyses of disease-free survival (DFS) (A) and of overall survival (OS) (B).






Discussion

GC is a highly invasive and highly heterogeneous disease. The survival rate of locally advanced or metastatic disease of GC has not been significantly improved. It is still a serious global health problem. GC passes through the lymphatic system, blood and peritoneum in the early stage. Spread, recurrence after surgery is common, about 40% of patients relapse within 2 years after surgery (14–16). In order to reduce the rate of local recurrence and metastasis of GC and prolong the survival time of patients, we routinely perform postoperative adjuvant chemotherapy for patients. SOX regimen and XELOX regimen are the first-line treatment options for advanced GC, reducing cancer recurrence, improving the survival rate, and reducing the occurrence of adverse reactions, so that the survival of patients with advanced GC has obvious benefits (17–21). In recent years, a number of large randomized clinical studies have also confirmed the status of the two regimens in adjuvant chemotherapy after GC surgery. The purpose of our research is to compare the efficacy of patients receiving 6, and 8 cycles of SOX and XELOX adjuvant chemotherapy after D2 radical resection of GC, and to compare the prognosis of patients receiving different chemotherapy cycles. As far as we know, this idea was proposed for the first time. Regardless of how many cycles of chemotherapy the patient received, we did not observe significant differences between the two regimens in DFS and OS. In all subgroup analyses, only the distribution of patients classified as poorly differentiated histologically in 6 and 8 chemotherapy cycles was significantly different (P=0.034).

Previous prospective studies on the adjuvant treatment of GC, the ACTS-GC, CLASSIC, and ARTIST II studies, showed that compared with surgery alone, S-1, SOX and XELOX regimens have better curative effects, but these studies did not directly compare the efficacy of SOX regimen and XELOX regimen. Therefore, the difference in the efficacy of these two regimens was still unknown at that time. A single-center retrospective study showed that there was no significant difference in the efficacy of S-1 and XELOX regimens in stage III patients, but XELOX regimen was more effective than S-1 in patients with stage IIIC GC (22). Another multi-center retrospective study showed that for patients with stage IIIB or IIIC GC after D2 lymph node dissection, XELOX regimen adjuvant chemotherapy is more effective than S-1 (23). For the comparison of the effects of SOX and XELOX, a Japanese study showed that XELOX and SOX treatments have similar effects in patients with stage III GC who underwent D2 resection (24). Subsequently, the RESOLVE study published by ESMO in 2019 showed that the SOX adjuvant chemotherapy for 8 cycles after radical resection of GC D2 is not inferior to XELOX (25). The results of a recent single-center retrospective study also showed that SOX is as effective as XELOX for patients with GC after radical resection and that there is no significant difference in survival rate in patients receiving the different treatments (13).

The limitations of this study should be taken into consideration when analyzing the results. First, this is a single-center retrospective study, and the data collected will inevitably have some deviations. Second, the number of patients included is small and the sample distribution is uneven. These factors may affect the experimental results. Therefore, to verify the accuracy of our results, it is necessary to conduct large-scale prospective clinical randomized controlled trials.

Together, these results and ours presented here show that the SOX chemotherapy regimen is not inferior to the XELOX regimen. Therefore, it is appropriate to compare the survival and prognosis of patients with GC receiving six and eight chemotherapy cycles, irrespective of whether they underwent SOX or XELOX regimens. Our results suggest that for patients with stage III GC, eight cycles of chemotherapy are not more effective than six cycles with regards to DFS and OS. We propose that clinically, for patients with stage III GC, six chemotherapy cycles are effective and decrease the occurrence of chemotherapy-related adverse reactions. This result needs to be verified, but may help patients with GC choose the number of adjuvant chemotherapy cycles after surgery, avoid unnecessary increased rounds of chemotherapy, improve the quality of life, and reduce family burdens.



Conclusion

Six chemotherapy cycles of SOX or XELOX are as effective as eight cycles in patients with TNM stage III GC after D2 radical resection.
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Background

Chrysin is a natural flavone that is present in honey and has exhibited anti-tumor properties. It has been widely studied as a therapeutic agent for the treatment of various types of cancers. The objectives of this present study were to elucidate how chrysin regulates non-coding RNA expression to exert anti-tumor effects in gastric cancer cells.



Methods

Through the use of RNA sequencing, we investigated the differential expression of mRNAs in gastric cancer cells treated with chrysin. Furthermore, COPB2, H19 and let-7a overexpression and knockdown were conducted. Other features, including cell growth, apoptosis, migration and invasion, were also analyzed. Knockout of the COPB2 gene was generated using the CRISPR/Cas9 system for tumor growth analysis in vivo.



Results

Our results identified COPB2 as a differentially expressed mRNA that is down-regulated following treatment with chrysin. Moreover, the results showed that chrysin can induce cellular apoptosis and inhibit cell migration and invasion. To further determine the underlying mechanism of COPB2 expression, we investigated the expression of the long non-coding RNA (lncRNA) H19 and microRNA let-7a. Our results showed that treatment with chrysin significantly increased let-7a expression and reduced the expression of H19 and COPB2. In addition, our results demonstrated that reduced expression of COPB2 markedly promotes cell apoptosis. Finally, in vivo data suggested that COPB2 expression is related to tumor growth.



Conclusions

This study suggests that chrysin exhibited anti-tumor effects through a H19/let-7a/COPB2 axis.
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Introduction

Currently, gastric cancer (GC) is the third most common cause of human mortality among malignant cancers (1). Although surgical treatment for GC has led to increased survival rates, the diagnosis of GC needs to improve (2). There are several potential biomarkers of GC, including many genes and cell signaling pathways that are involved in GC development, such as BRCA2 and Ras-Raf-MAPK signaling (3, 4). Coatomer protein complex subunit beta 2 (COPB2) is a protein that functions to transport other proteins as vesicles from the endoplasmic reticulum to Golgi apparatus (5). Recently, numerous reports have indicated that COPB2 is abnormally expressed in colorectal cancer (CRC), cholangiocellular carcinoma and lung cancer (6–8). Previous studies have indicated that the reduction of COPB2 expression inhibited cell growth and induced apoptosis through the JNK/c-Jun signaling pathway in RKO and HCT116 cells (9). Moreover, miR4461 and miR335 were found to regulate COPB2 expression, which subsequently inhibited cell growth in CRC and lung cancer cells (10, 11).

Increasing evidence suggests that non-coding RNAs (ncRNAs), such as miRNAs, can be applied to the classification of GC (12). As tumor suppressors, the let-7 family is down-regulated in GC (13). Increased expression of let-7a has been shown to inhibit cell migration and invasion in prostate cancer (14). Compared to the loss of let-7a expression, the long non-coding RNA (lncRNA) H19 has been shown to be highly expressed in cancers, including GC (15). As a molecular sponge, H19 was found to be related to let-7 in the context of breast cancer stem cells (16). Previous reports have suggested that H19 expression suppressed endogenous let-7 while H19 mutant was not related to let-7 (17). Additionally, reduced expression of H19 induced cellular apoptosis and inhibited cell growth in HCC (18). However, there is little evidence to suggest that COPB2 expression is associated with lncRNAs and miRNAs in GC.

As a traditional Chinese medicine, chrysin is a natural flavone that has anti-cancer function (19). Previous reports have indicated that chrysin induces cellular apoptosis and inhibits tumor glycolysis in HCC (20). Moreover, chrysin has been shown to inhibit cell migration and invasion in melanoma cells (21). In this study, chrysin was used to treat GC cells and we screened differentially expressed genes using RNA-seq. Additionally, we created a COPB2 knockout (KO) cell line using the CRISPR/Cas9 system. Our findings indicate that chrysin can regulate COPB2 expression through let-7, which is antagonized by H19.



Materials and Methods


Cell Culture and Chrysin Treatment

Human GC cell lines (SGC7901, MKN45 and BGC823) and the human gastric epithelial cell line GES-1 were grown in Dulbecco’s modified Eagle’s (DMEM; Gibco) supplemented with 10% fetal bovine serum (Gibco), and cultured at 37°C in 5% CO2. The human gastric epithelial cell GES1 served as control. Experiments were conducted by treating GES1, SGC7901, MKN45 and BGC823 cells with 40 μM of Chrysin (Yuanye Bio-Technology, Shanghai) for 48 h when they reached 80 to 90% confluence.



RNA Isolation and RNA-Seq Analysis

GC cells were treated with 40 μM chrysin for 48 h, after which total RNA was extracted. To remove and purify ribosomal RNA (rRNA), we used the RiboZero Magnetic Gold Kit (Epidemiology, USA). Then, RNA-seq (Sangon Biotech, Shanghai, China) was carried out on HiSeq2500 (Illumina, USA) to analyze raw reads, which were quality controlled by FastQC. Using the HISAT2 software, the sequenced-reads were aligned to the reference sequence. The gene expression analysis and differential gene expression analysis were determined using DEGseq and DESeq program, respectively, in HISAT2 (qValue <0.05, Fold Change >2). Using clusterProfiler, the enrichment analysis, including Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway, of differential expressed genes was determined.



Knockdown and Overexpression of COPB2, H19 and let-7a

The pcDNA3.1 (GenePharma, China) vector served as the backbone for the overexpression construct of COPB2 (pcDNA3.1-COPB2) and H19 (pcDNA3.1-H19). The cells were cultured without FBS once they reached a confluence of 80% over 12–16 h. Next, the pcDNA3.1-COPB2 (2 μg), pcDNA3.1-H19 (2 μg) and Lipofectamine 2000 (Invitrogen, USA) were utilized for transfection. After incubating for 48 h, G418 (400 mg/ml, Invitrogen, USA) was added to GC cells. The clones were grown and picked after 14 days.

The siRNAs of COPB2 (si-COPB2) and H19 (si-H19) were obtained from RiboBio (Guangzhou, China). The target sequences of small interfering RNAs (siRNAs) are listed in Table S1. The mimics and inhibitors of let-7a-3p, miR29b-3p and miR675-3p were obtained from RiboBio. The GC cells were transfected with knockdown (siRNA), let-7a-3p mimics, and let-7a-3p inhibitor for 48 h. The nonspecific siRNA (si-Nc) was transfected into control cells.

The COPB2-KO was generated using the CRISPR/Cas9 system (px459, Addgene, USA). The single guide RNAs (sgRNAs) were designed as previously reported (22). The sequences of sgRNAs are listed in Table S2. Transfection was conducting using COPB2-KO (5 μg) and Lipofectamine 2000 (Invitrogen, USA) for 48 h. Next, puromycin helped select the positive clones. After 14 days, the clones (COPB2-KO) were grown and picked for subsequent western blot, qPCR and sequencing analysis.



DNA Methylation Analysis

The Bisulfite Sequencing PCR (BSP) protocol was carried out as previously described (23). Using the TIANamp Genomic DNA Kit (TIANGEN, Beijing, China), the DNA of SGC7901 and BGC823 cells were extracted. The DNA was modified using CpGenome™ Turbo Bisulfite Modification Kit (Millipore, USA). The differentially methylated regions (DMRs) of H19 were amplified using nested PCR. The products, which included 10 positive clones, were analyzed using the BiQ Analyzer software (http://biq-analyzer.bioinf.mpi-inf.mpg.de/tools/MethylationDiagrams/index.php). The primers of H19 DMR are listed in Table S3.



Gene Expression Analysis

The GC cells’ RNA was extracted and cDNAs were generated using the cDNA first-strand synthesis kit (TIANGEN, China). Gene expression analysis was conducted using quantitative real-time PCR (qPCR). The conditions for qPCR included heating to 94°C for 3 min, and then denaturation at 94°C for 10 s after 35 cycles. The annealing was carried out at 59°C for 15 s. The products were extended at 72°C for 30 s. The internal controls included GAPDH and U6 for genes and miRNAs, respectively. The primers for qPCR are listed in Table S4. The sequences of COPB2 exon 5 and exon 22 are listed in Table S5.



Cell Migration and Invasion Analysis

Wound healing assay was conducted to analyze cell migration of GC cells. In brief, 5 × 105 cells were cultured and seeded before treatment with chrysin, siRNAs, overexpression vectors, let-7a-3p mimics or let-7a-3p inhibitor. The cells were cultured after a scratched line was created with culture medium without serum. Cell migration was measured using the scratched area at 12, 24 and 48 h.

For cell invasion assays, GC cells (3 × 104) were cultured and seeded with 20 μl Matrigel prior to treatment with chrysin, siRNAs, overexpression vectors, let-7a-3p mimics and let-7a-inhibitor (BD Biosciences, USA). Next, 0.5 ml of medium, which contained 10% FBS, was added to the cells for 24 h. Then, 0.2% crystal violet dye (Solarbio, China) was used to stain cells after being fixed with 4% paraformaldehyde. The stained cells were assayed using the ImageJ software.



Cell Counting Kit-8 Assay

The GC cells (4 × 103) were cultured and seeded prior treatment with chrysin, siRNAs, overexpression vectors, let-7a-3p mimics and let-7a-3p inhibitors in order to conduct cell viability assay, as previously described (24). Then, Cell Counting Kit-8 (CCK-8) solution (10 μl, Dojindo, Kumamoto, Japan) was added to each well. After incubating for 2.5 h, the cells were measured using absorbance (OD) at 450 nm to analyze cell viability.



Cell Apoptosis Analysis

GC cells (1 × 106) were cultured prior to treatment with chrysin, siRNAs, overexpression vectors, let-7a-3p mimics and let-7a-inhibitor for detection of cellular apoptosis, as previously described (25). Then, Annexin V-FITC/PI reagent was added to cell to react for 30 min and flow cytometry (BD Biosciences, Franklin Lakes, NJ, USA) was used to detect fluorescent cells.



Western Blot Analysis

Total protein was extracted from GC cells using protein extraction buffer (Beyotime, China). Then, proteins were quantified utilizing the BCA protein assay kit (TIANGEN, Beijing, China). Sodium dodecyl sulfate-polyacrylamide gel electrophoresis was used to separate the proteins. After electrophoresis, proteins were transferred to the polyvinylidene difluoride (PVDF) membrane. The membrane was then incubated with primary antibodies, including anti-COPB2 (BETHYL, A304-522A-M-1, USA), anti-P53 (Abcam, ab131442, USA), anti-BAX (CST, D2E11, USA), anti-BCL2 (CST, D55G8, USA), anti-E-CADHERIN (Proteintech, 20874-1-AP,USA) and anti-GAPDH (Bioworld, AP0066, USA), overnight at 4°C. Subsequently, membranes were incubated with HRP-conjugated affiniPure goat antibodies IgG (BOSTER, China) for 1.5 h. The target bands were analyzed using ECL Super Signal (Pierce, USA).



Hematoxylin and Eosin (H&E) Staining

Tumor tissues from the control and chrysin groups were fixed in 4% paraformaldehyde for 48 h, embedded in paraffin wax and sliced into 5 μm sections. The slides were then stained with H&E and cancer cell infiltration was determined by observation under a light microscope.



Animals and Animal Care

For in vivo experiments, 17 female nude mice (6–8 weeks old) were utilized to determine the effect of chrysin treatment and COPB2 KO on tumor growth. The mice were acquired and grouped-housed in the Laboratory Animal Center of Jilin University. All mice were provided ad libitum access to standard rodent food and tap water within the laboratory cages, as well as under specific pathogen-free (SPF) conditions. The BGC823, pcDNA3.1-COPB2 and COPB2-KO cell lines (3 × 106) were subcutaneously injected into the left flank of each mouse, and tumors were observed after seven days. The tumor length (L) and width (W) were calculated as L × W2/2.



Statistical Analysis

An unpaired Student’s t-test was utilized in the present study. The SPSS 16.0 software (SPSS Inc., Chicago, IL, USA) helped conduct statistical analysis. All data was expressed as mean ± SD. A p-value of <0.05 was considered to be statistically significant. The website of http://ualcan.path.uab.edu/index.html was used for The Cancer Genome Atlas (TCGA) analysis. The TargetScan database was used to predict miRNA.




Results


Screen of Differentially Expressed Gene of Chrysin-Treated GC Cells

In order to analyze gene expression patterns of chrysin treatment in gastric cancer cells, we performed RNA-Seq. Overall, 20,010 genes were identified as core genes (Figure 1A). Compared to the control group, 380 genes were significantly up-regulated while 2,071 were significantly down-regulated (Figure 1B). Data from heatmap and KEGG pathway suggests that the differentially expressed genes have functions in cell death and growth (Figures 1C, D). In order to confirm this data, six genes (CAPN2, MXI1, HSPA9, RHBDD2, COPB2 and GABAPAPL1), which were related to cell growth and death, were further validated (Figure 1E). The qPCR results indicated that COPB2 expression was downregulated upon chrysin treatment in SGC7901 (Figure 1F) and MKN45 (Figure 1G) cells. These results indicate that COPB2 expression is regulated by chrysin in GC cells.




Figure 1 | Screening of differentially expressed genes by RNA-seq. Analysis of differential expressed genes after chrysin treatment (A), Identification of different expressed genes (B). The heatmap was drawn to show the differentially expressed genes (C). KEGG pathway of the differentially expressed genes (D). The expression of log2 fold change in six genes (E). Relative expression of CAPN2, MXI1, HSPA9, RHBDD2, COPB2 and GABAPAPL1 were analyzed by qPCR after Chrysin treatment in SGC7901 (F) and MKN45 cells (G). The data are represented as the mean ± SD (n = 3). * (p <0.05) and ** (p <0.01) indicate statistically significant differences.





Chrysin Increased let-7a and Inhibited H19 and COPB2 Expression in GC Cells

In order to further verify the expression levels of COPB2 in GC, we utilized the TCGA database. Results indicated increased expression of COPB2 in primary tumor of the stomach adenocarcinoma (STAD) patients (Figure S1A). Compared to GES1 cells, qPCR and western bolt results indicated increased expression of COPB2 in MKN45, SGC7901 and BGC823 cells (Figures 2A, B). To investigate which miRNAs were involved in COPB2 expression, bioinformatics analysis was performed. The database suggested that let-7a targets COPB2 (Figures 2C, S2). Furthermore, we analyzed let-7a levels in the TCGA database. Results indicated no differences between normal and tumor tissues (Figure S1B). However, qPCR results suggested that let-7a levels were reduced in GC cells, compared to GES1 cells (Figure 2D). Considering that let-7a is associated with expression of the lncRNA H19, we analyzed the expression pattern of H19. The TCGA database indicated increased expression of H19 among STAD patients (Figure S1C). The qPCR results indicated increased expression of H19 in GC cells (Figure 2E). DNA methylation results indicated the hypo-methylation profile of H19 DMR in GC cells (Figure S3). The cell growth was analyzed after chrysin treatment. The CCK8 results indicated that 40 μM was the optimal dose for subsequent experiments (Figure 2F). Moreover, qPCR results indicated increased expression of let-7a, as well as reduced expression of H19 after chrysin treatment in GC cells (Figure 2G). Besides, chrysin was able to induce cell apoptosis, as well as inhibit cell migration and invasion in GC cells (Figures 3, S4). These results indicate that chrysin has an anti-cancer role and regulates expression of COPB2, H19 and let-7a in GC cells.




Figure 2 | Analysis of COPB2, let-7a and H19 expression pattern. The expression of COPB2 in GC cells using qPCR (A) and western blot (B). Schematic representations of COPB2 and let-7a (C). Relative expression of let-7a in GC ells (D). Relative expression of H19 in GC ells (E). The cell growth was analyzed by CCK8 assay (F). Relative expression of COPB2, let-7a and H19 was analyzed by qPCR after chrysin treatment in GC cells (G). The data are represented as the mean ± SD (n = 3). * (p <0.05), ** (p <0.01), *** (p <0.001) and **** (p <0.0001) indicate statistically significant differences.






Figure 3 | Analysis of cell apoptosis and invasion after chrysin treatment. The cell apoptosis was analyzed between Con and chrysin group (A). Statistical analysis of the percentage of cell apoptosis (B). The cell invasion was analyzed (C). Statistical analysis of the percentage of cell invasion (D). The data are represented as the mean ± SD (n = 3). ** (p <0.01) and *** (p <0.001) indicate statistically significant differences.





H19/let-7a Regulate COPB2 Expression

Considering that H19 has a role in let-7a expression, we analyzed the effect of H19 knockdown and overexpression in GC cells. The results indicated reduced expression of let-7a in the H19 overexpression group, as well as overexpression of let-7a in the H19 knockdown group (Figures 4A–C). In order to investigate the expression pattern of let-7a, we utilized miRNA mimics and inhibitors. The qPCR and western blot results demonstrated that let-7a mimics led to suppressed expression of COPB2 (Figures 4D–G). These results confirm that H19 acts as a sponge that competes with let-7a, thus regulating COPB2 expression.




Figure 4 | Analysis of COPB2 expression pattern through H19/let-7a in GC cells. Relative expression of H19 and let-7a in pcDNA3.1-Con, pcDNA3.1-H19, Nc and si-H19 group using qPCR (A–C). Expression of COPB2 protein in Nc-mimics, mimics-let-7a, Nc-inhibitor and inhibitor-let-7a group using Western blot (D). Relative expression of let-7a, H19 and COPB2 in Nc-mimics, mimics-let-7a, Nc-inhibitor and inhibitor-let-7a group using qPCR (E–G). The data are represented as the mean ± SD (n = 3). * (p <0.05), ** (p <0.01) and *** (p <0.001) indicate statistically significant differences.





Reduced Expression of COPB2 Induced Cell Apoptosis and Inhibited Cell Invasion

In order to analyze whether COPB2 expression has an effect on cell death and growth, we transfected knockdown and overexpression vector of COPB2 into GC cells. The CCK8 data demonstrates that reduced expression of COPB2 and increased expression of let-7a inhibits cell growth (Figure S5). Moreover, our results suggested that reduced expression of COPB2 induced cellular apoptosis (Figures 5A, B). In order to validate this, we analyzed markers of cell apoptosis. The results showed that increased expression of p53 was observed in the COPB2 knockdown group (Figure S6). In addition, COPB2 expression did not have an effect on cell migration in GC cells (Figures 5C, D). However, our data shows that reduced expression of COPB2 inhibited cell invasion (Figures 5E, F). Next, we investigated the effect of chrysin about cell migration and invasion in the COPB2 overexpression group. This result demonstrated that chrysin induced cell apoptosis and inhibited cell migration and invasion (Figures S7, S8). In order to validate this finding, the overexpression and knockdown of H19 and let-7a were used to analyze cell apoptosis. The results demonstrated that reduced expression of H19 and increased expression of let-7a induced cell apoptosis (Figure S9). Overall, these results suggest that COPB2 has a role in cell apoptosis and invasion.




Figure 5 | Analysis of cell apoptosis, migration and invasion after knockdown and overexpression of COPB2. Cell apoptosis was analyzed in the pcDNA3.1-Con, pcDNA3.1-COPB2, si-Nc, and si-COPB2 group (A, B). Cell migration was analyzed after si-COPB2 and pcDNA3.1-COPB2 were transfected (C, D). The cell invasion was analyzed in pcDNA3.1-Con, pcDNA3.1-COPB2, si-Nc, and si-COPB2 group (E, F). Statistical analysis of the percentage of cell invasion (D). The data are represented as the mean ± SD (n = 3). * (p <0.05) and **** (p <0.0001) indicate statistically significant differences.





Loss Expression of COPB2 Inhibited Tumor Growth In Vivo

In order to assess the anti-cancer effect of chrysin in vivo, we utilized nude mice. The BGC823 cells were injected into nude mice and after seven days, mice were treated with chrysin (20 mg/kg) for two weeks. The results showed that chrysin is able to inhibit tumor growth and COPB2 expression in vivo (Figures 6A–D). The H&E staining results confirm this data (Figure S10). Moreover, qPCR result indicated that chrysin inhibited the expression of H19, and increased let-7a in vivo (Figure S11). In order to determine the effect of loss expression of COPB2 in vivo, CRISPR/Cas9 system was used to edit the COPB2 exon 5 (Figure 6E). The qPCR data showed lower expression of COPB2 in the COPB2 KO group compared to the control group (Figure 6F). Moreover, chrysin treatment reduced COPB2 expression in overexpression and KO of COPB2 cells (Figure S12). To further confirm the effect of COPB2 expression, COPB2 KO cells were injected into nude mice. Results suggested that loss of expression of COPB2 inhibited tumor growth (Figures 6G, H). Overall, these results indicate that reduced expression of COPB2 leads to anti-tumor effects.




Figure 6 | CRISPR/Cas9-mediated gene targeting of COPB2. Morphological observation of mouse tumor tissue (A). Analysis of tumor volume (B). The expression pattern of COPB2 in tumor of mice after chrysin treatment (C, D). Schematic diagram of sgRNAs targeting the COPB2 gene loci (E). The expression of COPB2 using qPCR (F). The tumor morphology (G) and volume (H). Blue indicated COPB2. * (p < 0.05), ** (p < 0.01), *** (p < 0.001) **** and (p < 0.0001) indicate statistically significant differences.






Discussion

Chrysin, a natural medicine, has anti-inflammatory and anti-cancer function and has been used to treat degenerative disorders and cancers in several Asian countries (26, 27). In this study, chrysin was used to treat GC cells in order to evaluate its effect on cellular apoptosis, growth, migration and invasion. Previous reports have indicated that chrysin induces cell apoptosis and inhibits cell growth, migration and invasion in glioblastoma cells (28), which was by validated by our results, which showed that chrysin has anti-cancer effects in SGC7901, MKN45 and BGC823 cells. Moreover, chrysin was found to increase expression of miR-9 and let-7a in GC cells, in accordance with previous data (29). Interestingly, our previous data suggested that chrysin inhibited cell migration and invasion in MKN45 cells through TET1, which regulates global DNA methylation (30). Previous reports have indicated abnormal DNA methylation in GC (31). Herein, our results suggested that H19 DMR is hypomethylated in SGC7901 and BGC823 cell lines, which is related to increased expression of H19. In addition, chrysin functions to regulate the expression of H19, let-7a and COPB2. Furthermore, chrysin inhibited cell invasion which was overexpression of COPB2.

Recently, lncRNAs and miRNAs have been demonstrated to have roles in development of different types of cancer, including HCC (18). There is evidence that reduced expression of lncRNA H19 leads to inhibition of tumor growth in breast cancer, bladder cancer and colorectal cancer (32). Moreover, H19, as a competitive endogenous RNA, is associated with miRNAs, such as miR-29 and let-7 (16, 33). Our results indicated that H19 and let-7a have competitive regulation in GC cells, which has also been confirmed in a previous report (17). Emerging evidence suggested that loss of expression of let-7 correlates with poor prognosis in various cancer (34). Our data showed that chrysin increased expression of let-7a and inhibited cell migration and invasion. Previous reports indicated that silencing of let-7, which targets MDM4, promotes cell proliferation, migration and invasion (35). Further, reduced expression of H19 and increased let-7a expression induced cell apoptosis in GC cells, which validated the previous report (36). These results suggested that the expression of H19 and let-7a is involved in cell apoptosis, growth and invasion of GC cells.

Previous reports indicated that let-7f targets HMGA2 in thyroid cancer (37). Compared to let-7f, IL-6 and CKIP-1 were reported to be targets of let-7a (38, 39). Our results suggest that let-7a targets COPB2, which leads to differential expression after chrysin treatment in GC cells. A previous study indicated that the expression of COPB2 is associated with cell growth, apoptosis, migration and invasion, functioning through a miR-216a manner, in lung cancer (8). Our results suggested that expression of COPB2 was regulated by H19/let-7 axis in GC cells (Figure 7). Moreover, reduced expression of COPB2 induced cellular apoptosis and inhibited cell growth in prostate cancer (40). Our data showed reduced expression of COPB2 increased p53 and E-cadherin expression. These results indicated that reduced expression of COPB2 induced cell apoptosis and inhibited invasion through H19/let-7a.




Figure 7 | Schematic diagram of H19/let-7a regulate COPB2 expression.



In order to confirm the effect of COPB2 in vivo, a xenograft model using nude mice was established. The in vivo results suggested that chrysin led to reduced expression of COPB2, which further confirms our data in GC cells. Furthermore, chrysin inhibited tumor growth in vivo, which is in accordance with a previous report in melanomas (41). These data indicate that chrysin can regulate COPB2 expression, which inhibits tumor growth in vivo. In order to further analyze the putative effect of COPB2, the KO and overexpression COPB2 cell line were injected into nude mice. As a powerful gene editing tool, the CRISPR/Cas9 system was wildly used in vitro and in vivo. Our results indicated that COPB2 KO suppressed tumor growth.

In summary, COPB2 is a differentially expressed gene that was identified after chrysin treatment in GC cells. Our data indicated that COPB2 is regulated by let-7a, which acts as a molecular sponge of H19. Moreover, reduced expression of COPB2 induced cellular apoptosis and inhibited cell growth and invasion. Therefore, this present study revealed that COPB2 is a potential molecular targeted therapy in GC.
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Supplementary Figure 9 | Cell apoptosis and cell growth analysis. The cell apoptosis was analyzed in pcDNA3.1-Con, pcDNA3.1-H19, Nc and si-H19 group (A, B). Cell apoptosis was analyzed in the Nc-mimics, mimics-let-7a, Nc-inhibitor and inhibitor-let-7a group (C, D). ** (p < 0.01) and *** (p < 0.001) indicate statistically significant differences.
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Non-small cell lung cancer (NSCLC) has the highest morbidity and mortality among all carcinomas. However, it is difficult to diagnose in the early stage, and current therapeutic efficacy is not ideal. Although numerous studies have revealed that Ailanthone (Aila), a natural product, can inhibit multiple cancers by reducing cell proliferation and invasion and inducing apoptosis, the mechanism by which Aila represses NSCLC progression in a time-dependent manner remains unclear. In this study, we observed that most long noncoding RNAs (lncRNAs) were either notably up- or downregulated in NSCLC cells after treatment with Aila. Moreover, alterations in lncRNA expression induced by Aila were crucial for the initiation and metastasis of NSCLC. Furthermore, in our research, expression of DUXAP8 was significantly downregulated in NSCLC cells after treatment with Aila and regulated expression levels of EGR1. In conclusion, our findings demonstrate that Aila is a potent natural suppressor of NSCLC by modulating expression of DUXAP8 and EGR1.




Keywords: Ailanthone, non-small cell lung cancer, long noncoding RNA, DUXAP8, EGR1



Introduction

Lung cancer is the most widespread malignant tumor and has the highest mortality among all cancers. Based on one global cancer study conducted by the International Agency for Research on Cancer (IARC), there were approximately 4 million newly diagnosed and dead lung cancer patients in 2018 worldwide (1). Moreover, the number of people who are initially diagnosed with lung cancer is approximately 770,000, and those who die from lung cancer is nearly 700,000 annually in China (2). All of these data indicate that lung cancer is a tremendous threat to public health. Currently, lung cancer is classified into a variety of histological subtypes, among which NSCLC accounts for approximately 80-85% of all cases (3, 4). At present, the primary treatments for NSCLC include surgery, radiotherapy and pharmacotherapy, the latter including chemotherapy, targeted therapy, immunotherapy, etc. (5). However, due to the insidious onset of NSCLC, the majority of patients have lost the optimal timing for radical surgery at the time of diagnosis (6). In addition, since chemoradiotherapy has nonnegligible deficiencies, such as side effects, drug resistance and narrow indications (7, 8). Drug resistance and metastasis may arise during the chemotherapy, thereby substantially compromising the therapeutic efficacy of cancer treatment (9). So its overall therapeutic efficacy for NSCLC is unsatisfactory, and the 5-year survival rate of patients is poor at less than 20% (10). Therefore, it is particularly important to identify novel treatment method to provide early diagnosis, improve treatment efficiency, and reduce the mortality rate of NSCLC.

Currently, natural products have become a focus of new anticancer drug development, accounting for approximately 3/4 of clinical applications of antitumor drugs (11). Chinese herbal medicine is considered a gift of nature and these compounds derived from herbs have the advantage with availability, efficacy, and relatively low toxicity (12). As the primary active compound isolated from the root bark of the traditional medicinal plant Ailanthus altissima, Aila (11β,20-Epoxy-1β,11,12α-trihydroxypicrasa-3,13 (21)-diene-2,16-dione) has been proven to have a robust anticancer effect and can inhibit various cancers, including those arising in the reproductive system, urinary system, digestive system, blood system, respiratory system and other systems, in recent years (13). In genitourinary cancer, Aila significantly inhibited MDA-MB-231 mammary cancer cell viability and invasion and led to apoptosis by upregulating expression of miR-148a, blocking the AMPK and Wnt/β-catenin signaling pathways (14). Additionally, Wang et al. found that Aila induces apoptosis and restrains proliferation in MCF-7 mammary cancer cells by upregulating proapoptotic caspase-3 and upregulating the antiapoptotic apoptosis regulator B-cell lymphoma-2 (15). In addition, He et al. observed that Aila inhibited the proliferation and migration of castration-resistant prostate cancer (CRPC) cells and prevented drug resistance of the androgen receptor (AR) antagonist MDV3100 by binding p23 (16). Daga et al. found that Aila also significantly reduced expression of Nrf2, YAP and c-Myc in 253J and T24 bladder cancer cells. Since these proteins can increase the drug resistance of cisplatin (CDDP), Aila plays a role in limiting the proliferation and migration of bladder cancer cells, as well as reversing drug resistance (17). Moreover, Cucci found that Aila inhibits the growth of A2780/CP70 oophoroma cells and reverses resistance to CDDP (18). For alimentary system cancers, Aila causes Huh7 hepatocellular carcinoma cell cycle arrest and induces apoptosis by downregulating cyclins and CDKs and upregulating p21 and p27 (19). Furthermore, Aila induced G (2)/M cell cycle arrest and apoptosis in SGC-7901 human gastric carcinoma cells by decreasing Bcl-2 and increasing Bax expression (20). In terms of hematologic cancers, Wei et al. discovered that Aila exerts a tumor suppressor effect on HL-60 human promyelocytic leukemia cells and dose-dependently increases beclin-1 and LC3-II and decreases LC3-I and p62 expression (21). By upregulating miR-449a to disturb the Notch and PI3K/AKT signaling pathways, Aila represses acute myeloid leukemia (AML) cell metastasis and invasion (22). In lung cancer, Aila restrains cell proliferation and promotes apoptosis and autophagy by upregulating expression of miR-195 alone and reducing phosphorylation of PI3K, Akt, JAK and STAT3 (23). Aila also inhibits DNA duplication to curb NSCLC cell growth by downregulating RPA1 (24). Moreover, Aila exhibits inhibitory effects on other types of cancers. Liu et al. observed that Aila causes B16 and A375 melanoma cell cycle arrest and induces apoptosis, exerting a tumor-suppressive effect (25). Furthermore, Aila inhibits vestibular schwannomas (VS) by controlling miR-21 to regulate the Ras/Raf/MEK/ERK and mTOR signaling pathways (26). Aila also hinders MG63 osteosarcoma cell proliferation, migration, and invasion and induces apoptosis by upregulating miR-126 and downregulating VEGF-A to block PI3K/AKT signaling pathways (27).

LncRNAs, a class of RNAs with more than 200 nucleotides that perform essential regulatory functions with respect to genetic expression (28), are involved in the occurrence and development of numerous diseases, particularly tumors (29). With the development of profound experimental and high-throughput sequencing technology, a variety of lncRNAs have been identified as aberrantly expressed in NSCLC (30). For example, MALAT1 is more highly expressed than in normal tissues in NSCLC, and its aberrant upregulation enhances the migration and invasion of NSCLC cells (31), while this effect was suppressed after implementation of gene silencing (32). In addition, MEG3 promotes NSCLC cell proliferation by aberrant downregulation, the levels of which are correlated with the course of lung cancer, tumor size, and prognostic status (33) and strengthen the sensitivity of lung cancer cells to chemotherapeutic agents (34). Double homeobox A pseudogene 8 (DUXAP8), derived from a pseudogene (35), is highly expressed in many cancers, such as hepatocellular carcinoma (36), colorectal cancer (37) and oral cancer (38). Recently, Yin et al. determined that overexpression of DUXAP8 in NSCLC cells not only promotes cell proliferation and migration but was also related to the clinical grade and prognosis of NSCLC patients, and downregulation of DUXAP8 remarkably inhibited cell growth and migration (39).

Human early growth response factor-1 (EGR1) is a nuclear transcription factor belonging to the EGR family and containing a highly conserved DNA binding domain that binds to a GC-rich consensus sequence (40). In recent years, EGR1 was proven to directly or indirectly upregulate multiple tumor suppressors, such as PTEN, TP53, fibronectin, BCL-2 and TGFb1 (40, 41), and was expressed at low levels in a variety of cancers, such as colon cancer (42) and oophoroma (43).

In this study, we found that Aila inhibits A549 and H1299 cell viability and invasion and promotes cell cycle stagnation and apoptosis. Moreover, exploring its molecular mechanism, we determined that DUXAP8 was significantly downregulated and EGR1 expression was upregulated in Aila-treated NSCLC cells. Moreover, knockdown of DUXAP8 enhanced Aila’s antitumor effect, whereas its overexpression had the opposite effect. Consequently, these results indicate that Aila affects cell proliferation, cell cycle progression and apoptosis by reducing expression of DUXAP8 to increase expression of EGR1 in A549 and H1299 cells. Our research may provide new insight into therapeutic approaches for NSCLC.



Materials and Methods


Cell Culture

Human NSCLC A549 and H1299 cell lines were obtained from Jilin University. A549 cells were cultured in high glucose DMEM (HyClone, Los Angeles, USA), and H1299 cells were incubated in RPMI-1640 (HyClone, Los Angeles, USA). All culture media were supplemented with 10% fetal bovine serum (tbd Science, Tianjin, China) and 100 units/mL penicillin and streptomycin (HyClone, Los Angeles, USA) and were then cultured in a humidified atmosphere of 5% CO2 at 37°C.



MTT Assay

The MTT assay was applied to determine the effect of Aila on NSCLC cell proliferation. Aila was purchased from BioBioPha Co., Ltd. (Yunnan, China). Briefly, A549 and H1299 cells were collected and seeded in 96-well plates at a density of 1×104 cells per well. Following treatment with 1 μM Aila, MTT was added and incubated for another 4 h. The medium was changed to dimethyl sulfoxide (DMSO). A microplate reader was used to detect the optical density (OD) of the cells at 490 nm every 24 h until 72 hours.



Live/Dead Cell Staining

Live/dead cell staining was used to visualize the influence of Aila on the viability of NSCLC cells. The Live and Dead Cell Double Staining Kit was obtained from Abbkine (Abbkine, Beijing, China). A549 cells were cultured in 24-well plates at 8 × 104 cells per well. After administration of 1 μM Aila for 24 h, cells were stained for 15-30 min at room temperature in the dark according to the instructions. Subsequently, after washing cells with phosphate-buffered saline (PBS), they were imaged under a fluorescence microscope (Leica, Wetzlar, Germany) with appropriate filters as soon as possible.



Colony Formation Assay

To test the role of Aila in A549 and H1299 cell tumorigenicity, a colony formation assay was performed. First, 100 cells/well were seeded into 6-well plates. Then, 1 μM Aila was added to the trial group, while an equal volume of solvent was added to the control group. Cells were cultured for 7 to 10 days, and the medium was replaced every 3 to 4 days. Furthermore, after washing with PBS, cells were fixed in 4% paraformaldehyde and stained with crystal violet. Finally, colonies were imaged and counted under an inverted microscope (Leica, Wetzlar, Germany).



Wound Healing Assay

The wound healing assay was applied to assess the migration ability of NSCLC cells. Briefly, 7 × 104 cells/well were cultured in 24-well plates. When A549 and H1299 cells reached 90% confluence, a wound area was created using a 200 μL pipette tip. Afterward, at 0, 24 and 48 h, images of cellular migration were captured.



Transwell Assay

To evaluate the invasive capacity of A549 and H1299 cells, we performed a transwell assay. A total of 1 × 105 cells per well were seeded into the upper transwell chamber precoated with 40 μL Matrigel and cultured in serum-free medium. Subsequently, 500 μL medium containing 10% FBS was transferred into the lower chamber. Cells continued to be incubated for 24 h. Subsequently, the upper cells were wiped off, and the invaded cells were fixed with 4% paraformaldehyde and stained with crystal violet. Images of stained cells were collected using an inverted microscope.



Cell Cycle Analysis

We conducted cell cycle analysis using a Cell Cycle and Apoptosis Analysis Kit (Beyotime, Shanghai, China). In brief, A549 and H1299 cells were cultured in 6-well plates separately. Then, cells were treated with 1 μM Aila. Next, we fixed cells in 70% ethanol at 4°C for 12 to 24 h. Following washing and collection, cells were resuspended in 500 μL PI staining solution for 30 min in the dark. Ultimately, these dyed cells were detected using the PI signal detector of the flow cytometer (Beckman Coulter, USA), and the results were analyzed using ModFit LT.



Cell Apoptosis Analysis

An Annexin V-FITC Apoptosis Detection Kit (Beyotime, Shanghai, China) was used to perform the apoptosis analysis. First, A549 and H1299 cells were seeded into 6-well plates and treated with 1 μM Aila. Then, cells were harvested and resuspended in 195 μL binding buffer along with 5 μL Annexin V-FITC and 5 μL PI. Flow cytometry was used to measure cell apoptosis, and FlowJo (vX.0.7) was employed to analyze the data. An One Step TUNEL Apoptosis Kit (Beyotime, Shanghai, China) was also employed according to the manufacturer’s instruction.



LncRNA-seq and Data Analysis

We performed high-throughput lncRNA sequencing to further explore the molecular mechanism of Aila in NSCLC. Initially, H1299 and A549 cells were evenly cultured in 10 cm dishes. When cells reached 80-90% confluence, 3 μM Aila was added for 24 h, and the control group was set up. Subsequently, collected cells were sent to GENEWIZ Biotech (GENEWIZ, Suzhou, China) to perform lncRNA sequencing. Total RNAs were isolated using TRIzol solution. Then, next-generation sequencing library preparations were constructed using ribosomal depleted RNA. Therefore, sequencing was implemented on an Illumina NovaSeq (Illumina, San Diego, CA, USA) using a 2x150 paired-end (PE) configuration. Clean data were obtained after removing adapters and QCs less than 25 in raw sequencing date using trim_galore (0.6.4). Then, data were analyzed using STAR (STAR_2.6.1a) to map clean data to a reference human genome (GRCh38). After that, transcripts were quantified and annotated (GENECODE v35) using stringtie (1.3.3), and the count for each transcript was obtained. Furthermore, transcripts were normalized, and differential expression analysis was performed using DESeq2. Moreover, GO and KEGG enrichment analyses were performed using clusterProfiler (44). The data of LUAD patients were obtained from TCGA. Sequencing data were submitted to the Sequence Read Archive (SRA) dataset under the accession number PRJNA (PRJNA690710).



Knockdown and Overexpression of DUXAP8

We knocked down and overexpressed DUXAP8 to verify the regulatory role of lncRNAs in NSCLC. Si-DUXAP8 was purchased from RiboBio (RiboBio, Guangzhou, China), and pcDNA3.1-DUXAP8 was constructed in the laboratory. A549 and H1299 cells were collected when the density was approximately 70-90%. Subsequently, cells were transfected using Lipofectamine™ 3000 Reagent (Thermo Fisher, Massachusetts, USA) following the manufacturer’s instructions. Afterward, the medium was changed to serum-containing medium after 4 h of transfection. Moreover, RT-PCR was used to examine whether knockdown and overexpression were successfully established. The siRNA target sequences are listed in Table S1.



Real-Time PCR

A549 cells were incubated in 6 cm dishes, and one group was treated with 1 μM Aila, while the other was given an equal volume of DMSO. First, total RNA was extracted from A549 cells using TriPure isolation reagent (Roche, Basel, Switzerland). Then, cDNA was synthesized using Plus All-in-one 1st Strand cDNA Synthesis SuperMix (Novoprotein, Shanghai, China) according to the manufacturer’s guidelines. Furthermore, quantitative real-time PCR was performed utilizing SYBR qPCR SuperMix Plus (Novoprotein, Shanghai, China) on a PIKOREAL 96 Real-Time PCR System. RT-PCR was conducted using the following parameters: predenaturation at 95°C for 1 min, followed by 40 cycles of denaturation at 95°C for 20 s, annealing at 60°C for 20 s, and extension at 72°C for 30 s. Moreover, GAPDH was used as an internal reference, and expression of related genes was calculated utilizing the 2-ΔΔCt method. Primer sequences are listed in Table S2.



Western Blot Analysis

First, A549 cells were collected and lysed in RIPA buffer to isolate proteins. Protein concentrations were subsequently determined using a BCA protein reagent assay kit (Beyotime, Shanghai, China). Next, 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) was conducted, followed by transfer of proteins onto a membrane. Afterward, membranes were blocked in 5% nonfat milk and then probed with primary antibodies against anti-EGR1 (Affinity, BF0443) and anti-GAPDH (Proteintech, 60004-1-Ig) at 4°C overnight. Furthermore, membranes were washed and incubated with horseradish peroxidase (HRP) and incubated with conjugated polyclonal goat antimouse IgG (Beyotime, A0216) secondary antibody for 1 h at room temperature. Finally, Fusion FX Edge Spectra (VILBER LOURMAT, Paris France) was utilized for imaging after washing the membranes once again.



Mouse Xenograft Experiments

Female nude mice (4-5 weeks) were employed to perform the xenograft experiments. First, 10 mice were randomly divided into two groups, and each group was subcutaneously injected with 1 × 106 H1299 cells. One week after tumor induction, mice in the trial group were intraperitoneally injected with 2 mg/kg Aila daily, while controls were treated with an equal volume of saline. Treatments were continued for 2 weeks. Subsequently, mice were sacrificed with CO2 asphyxiation.



Statistical Analysis

In all experiments, trial and control groups were set up, and at least three independent experiments were performed. Data are expressed as the mean ± standard deviation (SD). Statistical analyses were performed using GraphPad statistical software (GraphPad Software, La Jolla, CA). P<0.05 was considered statistically significant.




Results


Aila Inhibits A549 and H1299 Cell Viability

To test the anticancer effect of Aila on NSCLC, we examined the cell growth and colony formation of A549 and H1299 cells. A549 cells were treatment with Aila and counted by blood counting chamber. We chose 1μM for subsequent experiments (Figure 1A). From the MTT assay, we could see that Aila significantly inhibited the proliferation of A549 and H1299 cells in a time-dependent manner (P<0.01) (Figure 1B). Additionally, Aila significantly restrained cell viability in live/dead cell staining (Figure 1C). Moreover, colony formation was reduced after treatment with Aila (Figure 1D).




Figure 1 | Aila inhibits A549 and H1299 cell viability and colony formation. (A) Cells treated with different dosages of Aila (0, 0.25, 0.5, 2, 2 and 4 μM). (B) The proliferation of A549 and H1299 cells was analyzed by MTT assay at 24, 48 and 72 h. (C) Cell viability of A549 cells was detected by live/dead assay after the addition of 1 μM Aila with an established control group. (D) Colony formation of A549 and H1299 cells was performed after treatment with or without 1 μM Aila in 6-well plates. Data are represented as the mean ± SD (n = 3). **(P < 0.01), ***(P < 0.001) and ****(P < 0.0001) indicate statistically significant differences.





Aila Restrains A549 and H1299 Migration and Invasion

Wound healing assays and transwell assays were performed to observe the influences of Aila on migration and invasion. Wound images were collected at 0, 24 and 48 h after the scratch was made. Results showed that Aila clearly slowed cell migration of A549 cells (P<0.05) (Figures 2A, B) and H1299 cells (P<0.01) (Figures 2E, F). Furthermore, compared to the control group, the inhibitory effect of Aila on cell invasion was significant of A549 cells (P<0.001) (Figures 2C, D) and H1299 cells (P<0.05) (Figures 2G, H).




Figure 2 | Aila restrains A549 and H1299 cells migration and invasion. (A, B) Cell migration of A549 cells was tested by wound healing experiments between control and Aila groups. (C, D) Cell invasion was analyzed using the transwell assay of A549 cells. (E, F) Cell migration of H1299 cells was tested by wound healing experiments between control and Aila groups. (G, H) Cell invasion was analyzed using the transwell assay of H1299 cells. The data are represented as the mean ± SD (n = 3). *(P < 0.05), **(P < 0.01) and ***(P < 0.001) indicate statistically significant differences.





Aila Induces A549 and H1299 Cell Cycle Arrest and Apoptosis

The uncontrollable growth of tumors is primarily related to cell cycle disturbances (45). Therefore, cell cycle analysis was performed to test whether Aila had a positive effect on the cell cycle arrest. Flow cytometry results showed that the S phase was decreased in A549 and H1299 cells after treatment with Aila (P < 0.001) (Figures 3A, C). Therefore, we concluded that Aila led to G1 stagnation in A549 and H1299 cells.




Figure 3 | Aila induces cell cycle arrest and apoptosis in A549 and H1299 cells. (A, C) The cell cycle of A549 and H1299 cells was examined by flow cytometry between control and Aila groups. (B, D) Apoptosis of A549 and H1299 cells was analyzed between control and Aila groups and the quantified apoptosis data refers to the total proportion of both early and late apoptosis. The results were analyzed using FlowJo and ModFit software. Data are represented as the mean ± SD (n = 3). **(P < 0.01), ***(P < 0.001) and ****(P < 0.0001) indicate statistically significant differences.



To further investigate whether Aila suppressed the growth of A549 and H1299 cells by triggering apoptotic signals, we used Annexin V/PI double staining to evaluate the apoptotic effects of Aila on A549 and H1299 cells. Results revealed that apoptosis of A549 and H1299 cells was increased in response to treatment with Aila (P < 0.01) (Figures 3B, D), implying that Aila significantly induces apoptosis.



Aila Downregulates DUXAP8 in A549 Cells

To explore lncRNA expression patterns after treatment with Aila in NSCLC, lncRNA-seq was performed with Illumina NovaSeq in H1299 cells. A total of 489 lncRNAs in A549 cells and 339 lncRNAs in A549 cells were differentially expressed between cells treated with Aila and untreated cells. From Venn diagrams, GARS1-DT, AL162595.1, DUXAP8, AC027627.1 and AC008735.2 were downregulated in two cell lines (Figure 4A). GSEA result show that genes involved in apoptosis were enriched after treatment with Alia in two cell lines (Figures 4B, C). Next, RT-PCR confirmed that DUXAP8 was significantly downregulated (Figure 4D). Moreover, The Cancer Genome Atlas (TCGA) database showed that DUXAP8 in lung adenocarcinoma patients (LUAD) was significantly higher than in noncancerous tissue, and the level of DUXAP8 upregulation was associated with poor prognosis and reduced survival (Figures 4E, F). The Cancer Cell Line Encyclopedia (CCLE) database revealed that DUXAP8 in A549 and H1299 cells was significantly higher than in IMR-90 cells (Figure 4G). At present, one study has found that knockdown of DUXAP8 inhibits growth of NSCLC cells (39). These data support our results, suggesting that Aila inhibits the growth of H1299 cells by downregulating DUXAP8.




Figure 4 | LncRNA expression profiling by RNA-seq. (A) Venn diagrams of differentially expressed lncRNAs. Gene set enrichment analysis (GSEA) revealed that apoptosis was upregulated after treatment with Aila in A549 cells (B) and H1299 cells (C). (D) Relative expression of GARS1-DT, AL162595.1, and DUXAP8 was analyzed by RT-PCR after Aila treatment in A549 cells. (E) The effect of DUXAP8 expression level on patient survival in TCGA database. (F) Expression of DUXAP8 in LUAD based on sample types. (G) The expression of DUXAP8 between IMR-90, A549 and H1299 cells in CCLE database. Data are shown as the mean ± SD (n = 3). *(P < 0.05), **(P < 0.01) and ****(P < 0.0001) indicate statistically significant differences.





Effects of Knockdown and Overexpression of DUXAP8 on Cell Viability and Invasion

A549 and H1299 cells were transfected with si-DUXAP8 and pcDNA3.1-DUXAP8 expression vectors and treated with Aila to further elucidate the possible regulatory mechanism of DUXAP8 in NSCLC. RT-PCR revealed that the expression of DUXAP8 was decreased in response to si-DUXAP8, while that in pcDNA3.1-DUXAP8 was increased, indicating that knockdown and overexpression were successfully established (Figure 5B). Next, we investigated the phenotypes of NSCLC after knockdown and overexpression of DUXAP8 and Aila treatment. Compared to the control group, si-DUXAP8 significantly attenuated cell viability (Figures 5A, C). Aila and si-DUXAP8 treatment also significantly attenuated cell viability (Figure 5E). Besides, si-DUXAP8 significantly reduced the number of invaded cells, while overexpression of DUXAP8 has no significant effects (Figure 5D). Cells treated with Aila and si-DUXAP8 and overexpression of DUXAP8 has the same trend (Figure 5F).




Figure 5 | Analysis of the effects of DUXAP8 expression on the viability and invasion ability of A549 and H1299 cells. (A) Cell growth of A549 and H1299 cells was analyzed after si-DUXAP8 transfection by MTT assay. (B) Relative expression of DUXAP8 in the Nc, si-DUXAP8, pcDNA3.1-Con and pcDNA3.1-DUXAP8 groups using RT-PCR. (C) Live/dead cell staining of A549 cells was analyzed after si-DUXAP8 and pcDNA3.1-DUXAP8 transfection. (D) The invasion assay of A549 cells was performed after si-DUXAP8 and pcDNA3.1-DUXAP8 transfection. (E) Live/dead cell staining of A549 cells was analyzed after si-DUXAP8 and pcDNA3.1-DUXAP8 transfection and Aila treatment. (F) The invasion assay of H1299 cells was performed after si-DUXAP8 and pcDNA3.1-DUXAP8 transfection and Aila treatment. Data are shown as the mean ± SD (n = 3). *(P < 0.05), **(P < 0.01), ***(P < 0.001) and ****(P < 0.0001) indicate statistically significant differences.





Effects of Knockdown and Overexpression of DUXAP8 on Cell Cycle and Apoptosis in A549 Cells

To further analyze the effect of expression of DUXAP8 on the cell cycle and apoptosis, A549 cells was transfected with si-DUXAP8 or pcDNA3.1-DUXAP8 expression vectors and treated with Aila. Flow cytometry results showed that si-DUXAP8 significantly decreased S phase, while pcDNA3.1-DUXAP8 reversed this pattern in A549 cells (Figures 6A, C). Cells treated with Aila and si-DUXAP8 also significantly decreased S phase and overexpression of DUXAP8 and Aila treated reversed this pattern (Figures 6E, G). To investigate whether DUXAP8 is associated with apoptosis in A549 cells, we used the Annexin V/PI double staining method. Results revealed that si-DUXAP8 induced apoptosis of A549 cells, while pcDNA3.1-DUXAP8 reversed this effect (Figures 6B, D). Cells treated with Aila and si-DUXAP8 also induced apoptosis and overexpression of DUXAP8 and Aila treated reversed this pattern (Figures 6F, H).




Figure 6 | Analysis of the effects of DUXAP8 expression on the cell cycle and apoptosis of A549 cells. (A) The cell cycle was analyzed after si-DUXAP8 and pcDNA3.1-DUXAP8 transfection of A549 cells. (B) Apoptosis was detected after si-DUXAP8 and pcDNA3.1-DUXAP8 transfection of A549 cells. (C) Statistical analysis of the percentage of cell cycle distribution. (D) The quantified apoptosis data were calculated from the total proportion including both early and late apoptosis, the histogram represents the sum of Q2 and Q3. (E) The cell cycle was analyzed after si-DUXAP8 and pcDNA3.1-DUXAP8 transfection and treated with Aila. (F) Apoptosis was detected after si-DUXAP8 and pcDNA3.1-DUXAP8 and treated with Aila. (G) Statistical analysis of the percentage of cell cycle distribution. (H) The quantified apoptosis data were calculated from the total proportion including both early and late apoptosis, the histogram represents the sum of Q2 and Q3. The data are represented as the mean ± SD (n = 3). *(P < 0.05), **(P < 0.01), ***(P < 0.001) and ****(P < 0.0001) indicate statistically significant differences.





Knockdown and Overexpression of DUXAP8 on Cell Cycle and Apoptosis in H1299 Cells

To further analyze the effect of expression of DUXAP8 on the cell cycle and apoptosis, H1299 cells was transfected with si-DUXAP8 or pcDNA3.1-DUXAP8 expression vectors and treated with Aila. Flow cytometry results showed that si-DUXAP8 significantly decreased S phase, while pcDNA3.1-DUXAP8 reversed this pattern in H1299 cells (Figures 7A, C). Cells treated with Aila and si-DUXAP8 also significantly decreased S phase and overexpression of DUXAP8 and Aila treated reversed this pattern (Figures 7E, G). To investigate whether DUXAP8 is associated with apoptosis in H1299 cells, we used the Annexin V/PI double staining method. Results revealed that si-DUXAP8 induced apoptosis of H1299 cells, while pcDNA3.1-DUXAP8 reversed this effect (Figures 7B, D). Cells treated with Aila and si-DUXAP8 also significantly induced apoptosis and overexpression of DUXAP8 and Aila treated reversed this pattern (Figures 7F, H). These results were all consistent with our previous finding that DUXAP8 was downregulated in NSCLC cells treated with Aila, indicating that downregulation of DUXAP8 may represent a potential therapeutic strategy for the treatment of NSCLC.




Figure 7 | Analysis of the DUXAP8 expression on the cell cycle and apoptosis of H1299 cells. (A) The cell cycle was analyzed after si-DUXAP8 and pcDNA3.1-DUXAP8 transfection of H1299 cells. (B) Apoptosis was detected after si-DUXAP8 and pcDNA3.1-DUXAP8 transfection of H1299 cells. (C) Statistical analysis of the percentage of cell cycle distribution. (D) The quantified apoptosis data were calculated from the total proportion including both early and late apoptosis, the histogram represents the sum of Q2 and Q3. (E) The cell cycle was analyzed after si-DUXAP8 and pcDNA3.1-DUXAP8 transfection and treated with Aila. (F) Apoptosis was detected after si-DUXAP8 and pcDNA3.1-DUXAP8 and treated with Aila. (G) Statistical analysis of the percentage of cell cycle distribution. (H) The quantified apoptosis data were calculated from the total proportion including both early and late apoptosis, the histogram represents the sum of Q2 and Q3. The data are represented as the mean ± SD (n = 3). *(P < 0.05), **(P < 0.01) and ***(P < 0.001) indicate statistically significant differences.





Expression Patterns of DUXAP8 and EGR1

We detected the effect of DUXAP8 overexpression on cell apoptosis after Aila treatment via tunnel test. The results showed that overexpressing DUXAP8 after Aila treatment can reduce the apoptosis (Figure 8A), indicating that DUXAP8 may play an important role during the cell apoptosis. Based on the sequencing results, we screened PTGS2, IRF1, EGR1, BIRC3 and CCL5 genes, which are closely related to cell proliferation, cell cycle progression and apoptosis. First, RT-PCR was used to detect mRNA expression of these genes after knockdown of DUXAP8, and EGR1 was significantly upregulated (Figure 8B). Moreover, TCGA database revealed that EGR1 in lung adenocarcinoma patients (LUAD) was significantly lower than in noncancerous tissue, and the downregulation level of EGR1 was associated with poor prognosis and short survival inversely (Figures 8C, D). CCLE database revealed that EGR1 in A549 and H1299 cells was significantly lower than in IMR-90 cells (Figure 8E). Next, we transfected the knockdown and overexpression vectors to detect the interaction mechanism between DUXAP8 and EGR1 at the mRNA and protein levels. The results revealed that after knockdown of DUXAP8, expression of EGR1 was much higher than in the control group by both RT-PCR and western blot analysis; in contrast, expression levels of EGR1 were significantly decreased in the overexpression group (Figures 8F, H). Compared to the control group, Aila group delay the growth of tumor xenografts in mouse models (Figure 8G). This finding demonstrates that EGR1 expression is regulated by DUXAP8 and is negatively correlated with its expression.




Figure 8 | Expression patterns of DUXAP8 and EGR1 in A549 cells. (A) The effect of DUXAP8 overexpression on cell apoptosis after Aila treatment by tunnel tests in A549 cells. (B) Relative expression of PTGS2, IRF1, EGR1, BIRC3 and CCL5 after si-DUXAP8 transfection by RT-PCR in A549 cells. (C) The effect of EGR1 expression level on patient survival in TCGA database. (D) Expression of EGR1 in LUAD based on sample types. (E) The expression of ERG1 between IMR-90, A549 and H1299 cells in CCLE database. (F) Relative mRNA expression of EGR1 in the Nc, si-DUXAP8, pcDNA3.1-Con, and pcDNA3.1-DUXAP8 groups determined by RT-PCR in A549 cells. (G) Tumor morphology of the control group (right) and Aila group (left). (H) Relative protein expression of EGR1 in the Nc, si-DUXAP8, pcDNA3.1-Con, pcDNA3.1-DUXAP8 and Aila treatment groups using western blotting in A549 cells. The data are represented as the mean ± SD (n = 3).  *(P < 0.05), **(P < 0.01) ***(P < 0.001), and ****(P < 0.0001) indicate statistically significant differences.






Discussion

In recent years, lncRNAs have become an attractive research focus because lncRNAs have been found to be involved in important physiological and pathological processes in a variety of cells. By interacting with multiple DNAs, RNAs and proteins, lncRNAs exhibit tumor-suppressive or oncogenic effects and have enormous potential as cancer biomarkers (46). It has already been demonstrated that abnormal expression of lncRNAs is closely related to the occurrence, metastasis, diagnosis and treatment of lung cancer (47). For example, EPEL promotes lung cancer cell proliferation by activating E2F (48). Additionally, MetaLnc9 facilitates metastasis of lung carcinoma by sensitizing cells to the AKT/mTOR signaling pathway (49). Furthermore, Li et al. found that AFAP1-AS1 was easily detected in vivo, which may help in diagnosing carcinoma (50). In addition, MALAT1 directly reverses the resistance of NSCLC cells to chemotherapeutic agents (51).

In our study, high-throughput lncRNA sequencing was conducted. The results showed that DUXAP8 was significantly downregulated in H1299 cells treated with Aila. Moreover, knockdown of DUXAP8 greatly inhibited cell viability and induced cell cycle arrest and apoptosis in A549 and H1299 cells, whereas overexpression of DUXAP8 reversed these effects. Previous experiments reported that DUXAP8 was overexpressed in cancers and that its aberrant upregulation promoted cancer cell growth (36), which is consistent with our results. Although the degree of apoptosis cycle arrest after overexpression and knockdown of DUXAP8 was not completely consistent between A549 and H1299 cells, the Alia induced apoptosis and cell cycle arrest was substantially similar. Therefore, reduced expression of DUXAP8 plays a vital role in restraining NSCLC.

An increasing number of reports suggest that decreased expression of EGR1 is involved in cancer progression (52). Downregulation of EGR1 contributes to the proliferation of colorectal cancer (42). SUN et al. performed RIP assays, and showed that DUXAP8 RNA could directly bind to EZH2 in H1299 cells. Additionally, they found that EZH2 could directly bind to EGR1 promoter region, and DUXAP8 was able to repress EGR1 by interacting with EZH2 (53). Our results demonstrated that EGR1 is upregulated in response to knockdown of DUXAP8, inhibiting lung cancer growth.

Currently, approximately 75% of NSCLC patients in the world are at an advanced stage when diagnosed, leading to a particularly short life expectancy (8). As a malignant tumor, NSCLC has a complicated pathogenesis. Although a large number of studies have developed drugs to combat NSCLC, such as PD-1 inhibitors and angiogenesis inhibitors (54, 55), they are far from meeting the clinical demands. Therefore, it remains urgent to explore novel regulators to identify new therapeutic strategies for NSCLC. Natural products have been proven to possess powerful anticancer ability by regulating multiple genes and proteins related to cancers. Aila, an active compound extracted from Ailanthus altissima, has been shown to have a powerful inhibitory effect on NSCLC (13). However, there have been no studies investigating the relationships between Aila and DUXAP8.

Aila can significantly decrease cell viability of both B16 and A375, with the IC50 values of 1.83 and 5.77 μM (25). Aila is able to repress the viability of SGC-7901 cells and the IC50 at 72 h was 2.47 µM (56) and Ni et al. found that Aila has ability to inhibit A549 cell proliferation at 1.25uM (24). Based on these previous data, we decided to employ Aila with a concentration at 1 μM for this study. In the present research, it was shown that Aila significantly inhibits A549 and H1299 cell proliferation both in vitro and induced cell cycle arrest and apoptosis. Meanwhile, sequencing results demonstrated that Aila markedly downregulated DUXAP8 and upregulated EGR1 in H1299 cells. Consequently, we conclude that Aila suppresses cell viability and induces cycle arrest and apoptosis in A549 and H1299 cells by downregulating DUXAP8 and upregulating EGR1 expression.

Altogether, this research verifies the antitumor effects of Aila in NSCLC and further illuminates its mechanism involving DUXAP8 and EGR1. These data all suggest that DUXAP8 has great potential for the diagnosis, treatment, and prognosis of NSCLC, and our results provide a feasible theoretical basis for subsequent studies.
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Casearlucin A, a diterpenoid obtained from Casearia graveolens, has been reported to possess strong cytotoxic activity. However, the in vivo anti-tumor effects and the action mechanism of casearlucin A remain poorly understood. Our study revealed that casearlucin A arrested cell cycle at G0/G1 stage and induced cell apoptosis in cell level. Additionally, casearlucin A inhibited HepG2 cell migration via regulating a few of metastasis-related proteins. Furthermore, it inhibited tumor angiogenesis in zebrafish in vivo. More importantly, casearlucin A significantly inhibited cell proliferation and migration in an in vivo zebrafish xenograft model. Collectively, these results are valuable for the further development and application of casearlucin A as an anticancer agent.
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Introduction

Cancer is the leading cause of death in the world, and the incidence rate is high in many Asian countries including China (1, 2). Nowadays, the most common ways to treat cancer are the combination of chemotherapy, radiation therapy, and surgical interventions. However, there are still many problems in current clinical treatment, such as side effects and drug resistances, which urges researchers to develop new treatment strategies or find alternative treatments (3). As we all know, medicinal plants are a promising source for developing new pharmaceuticals, and many well-known drugs approved by FDA, such as paclitaxel, camptothecin, and artemisinin, have been derived from natural products or their derivatives (4). In the development of new drugs, the main role of natural products is to provide lead compounds, or provide clues for the discovery of lead compounds.

The genus Casearia Jacq. belonging to the family Flacourtiaceae, consists of about 160 species, which distributed widely in tropical Africa, Asia, northwest Australia, and South America. Recent phytochemical studies have revealed the presence of abundant diterpenoids, particularly clerdoane diterpenoids, in Casearia plants, which showed extensive biological activities, including antimalarial, antimicrobial, antifungal, and cytotoxic activities (5–13). The plant Casearia graveolens evoked our interest, a phytochemical examination aiming to acquire biologically active compounds was thus carried out by our research group. In the previous chemical investigation conducted by our group, nine new clerodane diterpenoids (graveospenes A−I) and three known clerodane diterpenoids (casearlucin A, casearlucin F, and bucidarasin C) was obtained. A biological evaluation of the new compounds was performed, and graveospenes A was found to be cytotoxic (14). Therefore, three known compounds with similar structure to graveospenes A were screened for cytotoxic activity. The results revealed that all of the three compounds were cytotoxic against HepG2, A549, and Hela cell lines, and casearlucin A was the most active. According to the previous literature, there have been no reports on the mechanism of casearlucin A, especially the anti-tumor effects in vivo. The further research on casearlucin A with remarkable cytotoxicity may be potentially useful for the development of casearlucin A as an anticancer agent.

Casearlucin A with prominent cytotoxic activity attracted our interest, and there is no report on its action mechanism. So, this study aims to investigate the anti-tumor effects in vivo using a zebrafish tumor xenograft, and the anti-tumor mechanism, all of which are important and valuable for the further development and application of casearlucin A as an anticancer agent.



Materials and Methods


Materials and Cell Culture

Dulbecco’s modified Eagle’s medium (DMEM), Fetal bovine serum (FBS, BI, Israel) were purchased from LABBIOTECH Co. Ltd. (Shandong, China). MTT and dimethyl sulfoxide (DMSO) were purchased from Solarbio (Beijing, China). Celltracker CM-DiI was obtained from Yeasen Biotechnology Co. Ltd (Shanghai, China). Annexin V-FITC Apoptosis Detection Kit, Cell Cycle and Apoptosis Kit, BCA protein assay kit were provided by Beyotime Biotechnology Co. Ltd (Shanghai, China). Rabbit monoclonal antibodies to Bax, Bcl-2, FAK, p-FAK (phospho Y397), MMP-2, β-actin were all purchased from Cell Signaling Technology (Danvers, MA, USA).

The three cancer cell lines (HepG2, Hela and A549 cells) were obtained from Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences (Shanghai, China). The cells were cultured in DMEM containing 10% (v/v) fetal bovine serum and 100 U/mL penicillin/streptomycin under a water-saturated atmosphere of 95% air and 5% CO2.



Cytotoxic Activity Assay

The cytotoxic activities were evaluated using MTT assay (15). Briefly, after reaching approximate 80% confluence, the cells were harvested and seeded in 96-well plates (1×104 cells/well) and allowed to adhere for 24 h at 37°C. Then, the cells were treated with the test samples dissolved in DMSO at different concentrations, including the positive. Etoposide was used as a positive control. After continuous incubation for 48 h, 20 μL MTT solution (5 mg/mL) was added in each well for 4 h incubation. Then, the medium was replaced with 150 μL DMSO and the absorbance was measured at 492 nm using microplate reader (Thermo Fisher Scientific Inc. America). The experiments were performed in triplicate, and the IC50 value was defined as the concentration of the compounds that inhibited cell proliferation by 50%.



Wound-Scratch Assay

The effects of casearlucin A on motility ability of HepG2 cells were assessed using wound scratch assay (16). Briefly, cells were seeded into 6-wells plate with a concentration of 5 × 105cells/well. After reaching 90% confluence, cells were scratched by a sterile pipette tip. Then, the cells were treated with various concentrations of casearlucin A. The wounded healing was observed using microscope at 0 and 48 h. The scratch distance value was measured by Image J software.



Cell Cycle Analysis

The distribution of cell cycle of HepG2 cells affected by casearlucin A was performed using Flow cytometric analysis (17). HepG2 cells in exponential growth phase were seeded in 12 well plate at the density of 2 × 105 cells/well for 24 h at 37 °C. Then, the cells were treated with different concentrations of casearlucin A (2, 4, and 8 μM). After an exposure to the test sample for 48 h, the cells were harvested, washed with PBS twice, and fixed in 70% ice-cold ethanol at 4°C overnight. Then, the cells were washed with PBS twice and treated with propidium iodide staining buffer containing RNase (Beyotime, C1052) for 30 minutes at 37°C in the dark, followed immediately by cellar DNA analysis using BDLSR Fortessa flow cytometry. Data were processed using ModFit LT Software.



Apoptosis Analysis by Flow Cytometry

The apoptosis analysis of HepG2 cells induced by the tested compound was accomplished by flow cytometry using Annexin V-FITC Apoptosis Detection Kit (Beyotime, C1062L) according to the manufacturer’s instructions (18, 19). Briefly, HepG2 cells were harvested and seeded in 12-well plates (1 × 105 cells/well) and allowed to adhere for 24 h at 37°C. Then, the cells were treated with various concentrations (5, 10, and 15 μM) of casearlucin A. After 48 h incubation, the cells were washed twice with PBS and resuspended in the binding buffer (Beyotime, Shanghai, China). This suspension was incubated for 20 min at room temperature in the dark after adding 10 μL Annexin V-FITC and 5 μL PI. Then, cell apoptosis was examined by BD LSRFortessa flow cytometry (BD Biosciences). The cell apoptosis data were obtained with FLOWJO flow cytometry analysis software (FLOWJO LLC, Ashland, OR, USA).



Western Blot Analysis

HepG2 cells were seeded in 6-well plate at the density of 1 × 105 cells/well for 24 h. Then, the cells were treated with casearlucin A for 36 h, the cells were washed with cold PBS twice and collected. The cells were lysed with lysis buffer containing protease inhibitor cocktail and PMSF. Then, the lysates were centrifuged at 10,000 rpm for 10 min and the supernatants were collected to acquire the total protein. Protein concentrations were quantified using the BCA protein assay kit (Beyotime, P0012S). The proteins were separated by 10% SDS-PAGE and transferred to polyvinylidene difluoride. The membrane was blocked with 5% skim milk for 1 h at room temperature and then incubated (4°C, overnight) with primary antibodies against Bax (Cell Signaling Technology, 14796S), Bcl-2 (Cell Signaling Technology, 4223S), FAK (Cell Signaling Technology, 3285S), p-FAK (phospho Y397) (Cell Signaling Technology, 8556S), and MMP-2 (Cell Signaling Technology, 87809S). The membranes were subsequently incubated with horseradish peroxidase-conjugated secondary antibody for 1 h at room temperature. Lastly, the protein blots were visualized using an ECL detection kit (Beyotime, P0018AS). β-Actin protein (Cell Signaling Technology, 4970S)was used as an internal reference. Each band was quantified by Image J software (20).



Toxicity Screening of Zebrafish Embryos

Adult AB strain zebrafish were obtained from School of Medicine, Nankai University (Tianjin, China). Embryos were taken from adult zebrafish, which were placed in the breeding room overnight and mixed for 30 min to give fertilized eggs. Embryos were cultured in Holt buffer (NaCl 59.9 mM, KCl 0.7 mM, NaHCO3 0.3 mM, and CaCl2 0.9 mM) for further experiments.

The healthy zebrafish embryos were selected and treated with casearlucin A of 2.5, 5, 10, and 20 µM, to assess the toxicity of the compound on developing zebrafish embryos.The deformity rate and mortality rate were recorded every 24 h after continuous administration. All the procedures involving animals were approved by the Institutional Animal Care Committee of Nankai University (No. SYXK (JIN) 2019-0001).



Antiangiogenetic Assay Using Transgenic Zebrafish Model

The angiogenesis inhibitory activity of the selected compound was carried out using transgenic zebrafish Tg (fli1: EGFP). Transgenic zebrafish were obtained from Shanghai FishBio Co., Ltd. The embryos were obtained from adult Tg zebrafish as reported previously (21, 22). Briefly, 6 hour post fertilization (hpf) embryos were grouped randomly and placed in the 24-well plate, and then the embryos were exposed to various concentrations of casearlucin A for 48 h at 28.5°C. After the treatment, embryos were anesthetized with 0.02% tricaine and photographed by a confocal microscopy (Leica, Germany). The development of intersegmental blood vessels (ISVs) and dorsal longitudinal anastomotic vessels (DLAVs) at 48 hpf were observed, and the length of ISV vessels was measured using Image J software.



In Vivo Anti-Tumor Assay Using Zebrafish Model

Embryos were obtained from adult AB zebrafish as reported previously (23). 48 hours post-fertilization (hpf) embryos were utilized to establish a xenograft tumor model (24). Prior to microinjection, HepG2 cells were labeled with 2 μM CM-DiI (Yeasen, 40718ES50). Then, the cells were resuspended in serum-free DMEM medium and adjusted to a density of 1 × 107 cells/mL. Subsequently, 48 hpf embryos were anesthetized and microinjected into the yolk with 5 nL stained cells. After 4 h incubation, tumor-bearing embryos were randomly divided into five groups (15/group) and treated with different concentrations of casearlucin A by soaking. The embryos were incubated continuously for 48 h at 28.5°C. Lastly, images were captured at 5 days post-fertilization using a confocal microscopy (Leica, Germany), and the density and focus number of red fluorescence was measured using Image J software.



Statistical Analysis

Data were analyzed by GraphPad Prism and presented as mean ± SD. Probabilities (P) less than 0.05 were determined to be significant by analysis of variance (ANOVA). The differences among three or more groups were analyzed by one-way ANOVA multiple comparisons. The experiments were repeated three times.




Results


Casearlucin A Inhibited Cancer Cell Growth In Vitro

In recent years, the potential therapeutic effects of bioactive natural products for cancer treatment have attracted broad attention (4). Thus, we studied the anti-cancer effects of three clerodane diterpenoids (casearlucin A, casearlucin F and bucidarasin C) from Casearia graveolens. To assess the anti-proliferative activity of the compound, three human cancer cell lines (HepG2, A549, and Hela cells) were selected to test their toxicities by MTT assays (25, 26). Etoposide was used as a positive control (27, 28). Results showed that casearlucin A was the most active and reduced the cell growth in a dose-dependent manner (Figure 1). Their respective IC50 values on three cell lines were calculated and shown in Table 1, casearlucin A intensively inhibited the three tumor cell lines with lower IC50 values than etoposide, especially on HepG2 cells.




Figure 1 | Anti-proliferative effects of casearlucin A treatment on three cell lines. HepG2 (A), A549 (B) and Hela (C) cells were treated with casearlucin A (3, 10, and 30 μM) for 48 h. Cell viability was examined using MTT assay. DMSO was used as a negative control. The results are presented as means ± SD.  ***p < 0.001 versus control group.




Table 1 | Cytotoxicities of three compounds against three human cancer cell lines.



Next, we further investigated the inhibitory effects of casearlucin A on cell migration, the wounded healing assay was performed (29, 30). As shown in Figure 2, after 48 h treatment of different concentrations of casearlucin A, the migration of HepG2 cells were markedly inhibited.




Figure 2 | Casearlucin A inhibited HepG2 cells in wounded healing assay. (A) HepG2 cells were photographed at 0 h and 48 h (scale bar: 100 μm). Data of Migration rate (%) were shown in (B). DMSO was used as a negative control. The results are presented as means ± SD. **p < 0.01, and ***p < 0.001 versus control group.





Effects of Casearlucin A on Cell Cycle

In order to investigate whether casearlucin A inhibited the growth of HepG2 cells by regulating the cell cycle, we first detected its contribution to the induction of cell cycle arrest by flow cytometric analysis (31, 32). HepG2 cells were treated with various concentrations of casearlucin A and then were stained with PI for cell cycle analysis. With the concentrations of casearlucin A increasing from 2 μM to 8 μM, the percentage of cells in the G1 phase increased from 28.9% (control) to 34.7% (2 μM), 39.2% (4 μM), and 52.4% (8 μM), while the S and G2 phase decreased after treated with different concentrations (Figure 3). Collectively, these results implied that casearlucin A could induce G0/G1 cell cycle arrest in HepG2 cells.




Figure 3 | Arrest effects of casearlucin A on HepG2 cell cycle. HepG2 cells were treated with different concentrations (2, 4, and 8 μM) of casearlucin A for 48 h. DMSO was used as a negative control. (A) The cells were harvested and stained with propidium iodide (PI), and the cell cycle distribution was analyzed using flow cytometry. (B) Data processing of cell cycle distribution. Data from three separate experiments are expressed as means ± SD.





Apoptosis Effects Induced by Casearlucin A

Then, the effects of casearlucin A on cell apoptosis were investigated in HepG2 cells. We analyzed the apoptosis by flow cytometry using Annexin V/PI double staining (33, 34). As shown in Figure 4, we found that the population of the early and late apoptotic cells increased dramatically. With the increase of concentrations of casearlucin A, the percentage of apoptotic cells rose from 8.0% (control) to 37.4% (5 μM), 67.2% (10 μM) and 79.3% (15 μM). The data indicated that the apoptosis of HepG2 cells induced by casearlucin A was dose-dependent. As a result, casearlucin A was proven to possess strong apoptotic induction abilities against HepG2 cells.




Figure 4 | Apoptosis effects of HepG2 cells induced by casearlucin A. HepG2 cells were treated with different concentrations (5, 10, and 15 μM) of casearlucin A for 48 h. DMSO was used as a negative control. Then, the cells were harvested, stained with Annexin V and propidium iodide (PI), and subsequently analyzed by flow cytometry. (A) Flow cytometric analysis of HepG2 cells after treated with different concentrations of casearlucin A. (B) Histogram of apoptotic cells at 48 h with the treatment of casearlucin A. Data from three separate experiments are expressed as means ± SD. ***p < 0.001 versus control group.



Moreover, since the Bcl-2 family proteins are the key regulators of mitochondrial membrane function, which have pivotal roles in the regulation of mitochondrial apoptosis. We examined the effects of casearlucin A on the expression of anti-apoptotic Bcl-2 protein, and pro-apoptotic Bax protein. As the results illustrated in Figure 5, casearlucin A treatment increased the protein levels of Bax, and decreased the protein levels of Bcl-2.




Figure 5 | Effects of casearlucin A on apoptosis related proteins expression in HepG2 cells. HepG2 cells were pre-treated with casearlucin A for 36 h, and western blotting analysis was performed. DMSO was used as a negative control. (A) Western blotting results of protein levels. (B) Quantitative analysis of apoptosis related proteins expression. β-Actin protein was used as internal reference. **p < 0.01 compared with control group cells. Data were obtained by at least three independent experiments.





Casearlucin A Inhibited HepG2 Cell Metastasis via Regulating FAK/MMPs Signaling Pathway

In order to further reveal the mechanism of casearlucin A inhibiting cell metastasis, a few of metastasis-related proteins were detected after 36 h treatment (35, 36). Many studies have reported that matrix-metalloproteinases (MMPs) play key roles in tumor progression and metastasis, tumor cells usually have high expression levels of MMP. Our results revealed that the protein expression level of MMP-2 in HepG2 cells was obviously reduced in a dose-dependent manner after casearlucin A treatment (Figure 6). Then, the mechanism underlying casearlucin A-induced downregulation of MMP-2 expression in HepG2 cells was investigated, and accumulating evidence have demonstrated that the phosphorylation at Tyr 397 of FAK could promote the combination between FAK and PI3K, which in turn activated Akt, ultimately increased the MMPs. Thus, as shown in Figure 6, we further confirmed that the phosphorylation of FAK was decreased when HepG2 cells were treated with casearlucin A.




Figure 6 | Effects of casearlucin A on metastasis-related proteins expression in HepG2 cells. HepG2 cells were pre-treated with casearlucin A for 36 h, and western blotting analysis was performed. DMSO was used as a negative control. (A) Western blotting results of protein levels. (B) Quantitative analysis of metastasis-related proteins expression. β-Actin protein was used as an internal reference. *p < 0.05, and **p < 0.01 compared with control group cells. Data were obtained by at least three independent experiments.





Toxicity Screening of Casearlucin A to Zebrafish Embryos

The zebrafish embryos were treated with casearlucin A (2.5 to 20 µM) for 48 h. As shown in Figure 7, the morphology of zebrafish was healthy without deformity, tail dysplasia, and yolk enlargement under the concentration of 2.5−20 µM. Hence, there was no toxicity to zebrafish after the treatment of casearlucin A (2.5−20 µM). Based on the results, the concentrations of 5, 10, 20 µM were selected for further in vivo research.




Figure 7 | Developmental toxicity of casearlucin A in Zebrafish Embryos. The zebrafish embryos were treated with casearlucin A (2.5, 5, 10, and 20 μM) for 48 h. (A) The morphology of zebrafish. (B) The survival rate of zebrafish. DMSO was used as a negative control.





Antiangiogenetic Activity of Casearlucin A Using a Transgenic Zebrafish Model

In this study, the effects of casearlucin A on zebrafish intersegmental vessels formation were examined. Herein, we used the transgenic zebrafish embryos to directly visualize the effect of casearlucin A on the new vessel development (37, 38). As shown in Figure 8, in contrast with the blank control, the intersegmental vessels (ISVs) and dorsal longitudinal anastomotic vessels (DLAVs) were absent and broken after treatment with casearlucin A and the positive control, sunitinib malate. According to the satanical results, the average length of ISVs of the control group was 2654.9 μm, and the length decreased in a dose-dependent manner (2119.0 ± 137.7 μm at 5 μM, 1542.6 ± 126.4 μm at 10 μM, and 1232.0 ± 74.6 μm at 20 μM) with the increase of concentrations of casearlucin A.




Figure 8 | Anti-angiogenesis activity of casearlucin A in transgenic zebrafish model. The embryos from transgenic zebrafish Tg (fli1: EGFP) were treated by the tested compound and the anti-angiogenetic compound, sunitinib malate (positive control). DMSO was used as a negative control. After exposure to the compounds for 48 h, the development of intersegmental vessels (ISVs) and dorsal longitudinal anastomotic vessels (DLAVs) were observed, and the length of ISV vessels was measured using ImageJ program. (A) Representative images of zebrafish embryos treated with vehicle, casearlucin A, and sunitinib malate. (B) The average length of ISVs of zebrafish after treated with different concentrations of casearlucin A (5, 10, and 20 μM). (n = 15 for each experimental group). *p < 0.5, ***p < 0.001 versus control group.





In Vivo Anti-Tumor Activity of Casearlucin A Using a Zebrafish Model

Previous studies showed that casearlucin A exhibited cytotoxic activity to three human tumor cells in vitro, and markedly inhibited the migration of HepG2 cells. Thus, we examined whether the compound could block HepG2 cells proliferation in zebrafish xenograft tumor model (39, 40). HepG2 cells labeled with CM-DiI were microinjected into the yolk sac of 48 hpf embryos, and examined by fluorescence microscopy. As presented in Figure 9, treatment with casearlucin A significantly decreased cell proliferation and migration, and the compound showed inhibition effects in dose-dependent manners. The results showed that casearlucin A effectively blocked tumor cell invasion and metastasis, which was comparable to the positive control, etoposide.




Figure 9 | In vivo anti-tumor effects of casearlucin A in zebrafish xenografts. CM-DiI stained HepG2 cells were transplanted into 2 dpf zebrafish embryos by microinjecting. 4 h later, tumor-bearing embryos were treated with casearlucin A (5, 10, and 20 μM) and etoposide (10 μM) for 48 h (n = 15/group). DMSO was used as a negative control. (A)Intensity and distribution of the red fluorescence were imaged under a confocal microscope. (B) Fluorescence intensity of the tumor xenografts, representing the number of HepG2 cells. (C) Quantification of the fluorescent area of the tumor xenografts, representing HepG2 cell metastasis. Results are expressed as means ± SD. **p < 0.01 and ***p < 0.001 versus control group.






Conclusion and Discussion

As numerous studies reported, because of its abnormal proliferation and high invasiveness, the treatment of cancer is very difficult. A key feature of tumor proliferation and metastasis processes is abnormal angiogenesis. Thus, the therapeutic agents targeting these characteristics will be more effective.

In our study, we have taken out a series of experiments to detect the effects of casearlucin A on cancer cell proliferation and migration in vitro. The results showed that casearlucin A exhibited the cytotoxicity against the selected cancer cell lines and possessed the most cytotoxic effects against HepG2 cells with an IC50 value of 3.8 μM. Meanwhile, the wound healing assay indicated that HepG2 cells showed a migration inhibition tendency after treated by casearlucin A. Furthermore, we used zebrafish as a powerful and reliable preclinical animal model to further study the inhibitory activity of casearlucin A on the proliferation and metastasis of HepG2 cells, which revealed the anti-tumor activity in vivo of casearlucin A. Taken together, the in vitro and in vivo promising results suggested that the mechanism of casearlucin A should be further assessed.

The subsequent preliminary mechanism investigation revealed that casearlucin A induced the apoptosis and arrested the HepG2 cell cycle at the G0/G1 stage to exert cytotoxic effects. Moreover, we examined the expression levels of the representative proteins associated with cell apoptosis. It has been reported that the proteins of Bcl-2 family play a vital role in the mitochondria-mediated apoptosis pathway. In our study, the inhibition of Bcl-2 expression and the increase in Bax protein level by casearlucin A, demonstrated that the compound could promote apoptosis by targeting mitochondrial pathway.

In addition, FAK/MMPs signaling pathway had been proved to play critical roles in cancer cell migration and invasion. As we all know,, over-expressed FAK protein participates in the formation of focal adhesions and activates signaling pathways related to proliferation, cell migration, and angiogenesis. Furthermore, many studies have reported that matrix-metalloproteinases (MMPs) are overexpressed in almost all cancer types of cancer, and play key roles in the cancer progression and aggression (41, 42). While, as a major kinase of focal adhesion, in this process, the phosphorylation at Tyr 397 of FAK could promote the combination between FAK and PI3K, ultimately increasing the MMPs (43). Our results revealed that casearlucin A treatment decreased the phosphorylation of FAK, and the protein expression level of MMP-2 was obviously reduced in a dose-dependent manner.

Moreover, the abnormal angiogenesis is a key feature of tumor proliferation and metastasis, and thus, angiogenesis is considered as an attractive target for cancer therapeutic strategy. In our study, we used the transgenic zebrafish embryos to directly demonstrate its anti-angiogenic Tg (fli1: EGFP) activity.

For a long time, the favorable efficacy and low side effect of phytochemicals promoted people to seek for anti-cancer drug candidates from natural source. In our study, casearlucin A had stronger cytotoxic activity than the positive control etoposide, and there was no toxicity to zebrafish embryo development under the concentration of 2.5−20 µM. With the in-depth research, the potential pharmacological effects and mechanism had been evaluated. In conclusion, casearlucin A may be a novel chemotherapeutic drug for cancer by inhibiting cell proliferation and migration and blocking angiogenesis.
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Cucurbitacin B (CuB), a natural product, has anti-tumor effects on various cancers. In order to investigate the expression of long non-coding RNAs (lncRNA), we carried out RNA sequencing (RNA-seq) and quantitative PCR (qPCR). The data indicated that CAL27 and SCC9 tongue squamous cell carcinoma (TSCC) cells had reduced expression of X-inactive specific transcript (XIST) after CuB treatment. Moreover, our results showed increased expression of XIST in human tongue cancer. In this study, CuB treatment inhibited proliferation, migration and invasion of SCC9 cells, and induced cellular apoptosis. Interestingly, knockdown of XIST led to inhibition of cell proliferation and induced apoptosis in vitro. In addition, reduced expression of XIST suppressed cell migration and invasion. MicroRNA 29b (miR-29b) was identified as a direct target of XIST. Previous reports indicated that miR-29b regulates p53 protein. Our results suggest that increased expression of miR-29b induces cell apoptosis through p53 protein. The clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (CRISPR/Cas9) system validated the role of XIST knockout in tumor development in vivo. Together, these results suggest that CuB exerts significant anti-cancer activity by regulating expression of XIST via miR-29b.
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Introduction

Although significant advances have been made in the diagnosis and treatment of TSCC, a type of oral cancer, the 5-year overall survival remains low. The natural products, including traditional Chinese medicine, have been widely used to treat human cancer (1). Recently, CuB, which is derived primarily from Trichosanthes cucumerina L. fruits, has been shown to be effective across various cancers. There is evidence that the anti-cancer properties of CuB are through regulated cell death by altering cell cycle progression in osteosarcoma cells (2, 3). Moreover, CuB has the ability to induce cell apoptosis via the Janus kinase 2/signal transducer and activator of transcription 3 signaling pathway across human gastric carcinoma cells (4). In addition, CuB inhibits cell proliferation by regulating focal adhesion kinase/p53 pathways in human cholangiocarcinoma cells (5). Previous reports indicated that CuB suppresses cell proliferation through lncRNAs and microRNAs (miRNAs) in pancreatic cancer cells (6). Results from these studies suggest that CuB plays an important role in cancer development.

A previous report suggested that numerous lncRNAs are aberrantly expressed in TSCC (7). XIST, a lncRNA, regulates X chromosome inactivation (XCI) (8), and plays a crucial role in the development of numerous cancers. The expression pattern of lncRNA XIST is associated with cellular apoptosis, proliferation, migration, and invasion in human colorectal cancer (CRC), as well as bladder cancer (9, 10). Compared to lncRNAs, miRNAs are small non-coding RNA molecules that are approximately 20 - 22 nucleotides in length. As a tumor suppressor, miR-29 inhibits cell growth and induces cell apoptosis (11). Moreover, miR-29 has a function in epithelial-mesenchymal transition (EMT) (12). There is evidence to indicate that the miR-29 family activates the p53 pathway in order to induce cell apoptosis in MCF-7 and HeLa cells (13). Indeed, lncRNAs work with miRNAs to participate in cancer development. However, the roles of XIST and miR-29b in TSCC have not yet been investigated.

Herein, we investigated XIST expression by RNA-seq in SCC9 cells after CuB treatment. Moreover, we examined the role of miR-29b as a potential target of XIST. In order to analyze the role of XIST and miR-29b in cell apoptosis, proliferation, migration and invasion, XIST and miR-29b were both overexpressed and knocked down. To validate the role of miR-29b in cell apoptosis, we investigated the expression of p53 protein. In addition, we evaluated the effects of CuB on tumor development in nude mice. Finally, we utilized the CRISPR/Cas9 system to knock out (KO) the XIST gene, and to evaluate its role in tumor development in vivo (14). Our findings have suggested that CuB exerts its anti-cancer effects by regulating XIST and miR-29b expression in TSCC.



Materials and Methods


TSCC Samples

All TSCC samples were acquired from patients (N = 3) which underwent clinical surgery at the Hospital of Stomatology of Jilin University. The tumor samples were collected and stored in liquid nitrogen.



Cell Culture

CAL27 and SCC9 cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Gibco, Gaithersburg, MD, USA), high glucose or DMEM/F12. The culture media was supplemented with 10% fetal bovine serum and 100 U/mL penicillin/streptomycin (Gibco). The cells were cultured in a 5% CO2 incubator at 37°C.



RNA Isolation and RNA-Seq Analysis

In order to analyze the differential expression of lncRNAs after CuB treatment in SCC9 cells, we utilized RNA-seq. The SCC9 cells were grown to 70-90% confluency, and were seeded onto a 6-well plate and treated with CuB (Sigma, St. Louis, MO, USA) for 48 h. Next, total RNA was extracted from SCC9 cells through the use of a TRIzol reagent (Invitrogen, Carlsbad, CA, USA). Ribosomal RNA was removed and purified using the Ribo Zero Magnetic Gold Kit (Sangon Biotech, Shanghai, China). RNA-seq was performed using the Sequencing and Non-Coding RNA Program (Sangon Biotech, Shanghai, China). Next, the reads were aligned to the genome. Then, the reads were compared to known genes, and the raw counts were generated and calculated using various algorithms, including HISAT2, RSeQC, BEDTools and Qualimap.



Knockdown and Overexpression of XIST and miR-29b

For knockdown, the small interfering RNA (siRNA) target sequence of XIST (GCATGCATCTTGGACATTT) was purchased from RiboBio (Guangzhou, China), while pcDNA3.1-XIST was purchased from GenePharma (Shanghai, China) for overexpression. The miR-29b-3p-mimics and miR-29b-3p-inhibitor were purchased from RiboBio. The SCC9 cells were transiently transfected with pcDNA3.1-XIST, si-XIST, miR-29b-3p-inhibitor or miR-29b-3p-mimics for 48 h in vitro. A non-specific siRNA was transfected into control (Con) cells.



Construction of pcDNA3.1-XIST and XIST-KO Cells Lines by Stable Transfection

In order to construct the pcDNA3.1-XIST overexpression cell line, we utilized SCC9 cells. The SCC9 cells were cultured without FBS once cells reached a confluence of 80% for 12 – 16 h. Next, the pcDNA3.1-XIST (2 μg) and Lipofectamine 2000 (Invitrogen, USA) were utilized for transfection. After incubation for 48 h, G418 (400 mg/mL, Invitrogen, USA) was added into SCC9 cells. The clones were grown and picked after 14 days.

The CRISPR/Cas9 plasmid (px459; Addgene, Watertown, MA, USA) was utilized for gene editing of XIST. The design of a single guide RNA (sgRNA) has been previously described (14). The sgRNAs and primer sequences are listed in Table S1. Plasmid construction with sgRNA (XIST-KO) was validated via sequencing (Sangon, China). Transfection was conducted using XIST-KO (5 μg) and Lipofectamine 2000 (Invitrogen, USA) for 48 h. Next, puromycin was used to select the positive clones. After 14 days, the clones (XIST-KO) were grown and picked for subsequent western blot, qPCR and sequencing analysis.



Analysis of Gene Expression

Total RNA was isolated from CAL27 and SCC9 cells. Additionally, total RNA was extracted from human tumor and mouse tumor samples through the use of TRIzol reagents (Invitrogen, Carlsbad, CA, USA). Using the BioRT cDNA first-strand synthesis kit (Bioer Technology, Hangzhou, China), cDNA was generated as per the manufacturer’s protocols. The qPCR was carried out to detect the expression of genes utilizing the BioEasy SYBR Green I Real-Time PCR Kit (Tiangen, Beijing, China). The qPCR reaction was carried out at 94°C for 3 min, followed by 35 denaturation cycles at 94°C for 10 s, annealing at 59°C for 15 s, and extension at 72°C for 30 s. GAPDH was utilized as an internal reference. The 2-ΔΔCT method was used to assess relative gene expression. All experiments were conducted in triplicate.



Western Blot

The protein from TSCC cells was extracted utilizing the protein extraction buffer (Beyotime, China). In order to quantify the proteins from TSCC cells, we utilized the BCA protein assay kit (Tiangen, China). The proteins were then separated through the use of 10% SDS-PAGE gels. Next, these proteins were transferred onto the PVDF membranes. These membranes were then blocked (5% non-fat milk powder) and washed with TBST (0.1% Tween-20). The primary antibodies, including anti-p53 (Abcam, ab131442, USA), anti-E-cadherin (Proteintech, 20874-1-AP, USA) and anti-Gapdh (Bioworld, AP0066, USA), were incubated with the membrane overnight at 4°C. Subsequently, the membranes were incubated with HRP-conjugated affiniPure goat antibodies IgG (BOSTER, China) for 2 h. Finally, the proteins were identified using ECL Super Signal (Pierce; Thermo Fisher Scientific, USA).



The Colony Formation Assay

For the colony formation assay, the target cells (1 × 103) were seeded per well of a 60 mm plate. After 2 weeks, colonies were fixed with paraformaldehyde and stained with 0.1% (w/v) crystal violet. Photographs were acquired and the cell numbers were counted.



Cell Migration Analysis

Cell migration was measured through the use of a wound healing assay. In brief, 5 × 105 cells were seeded and cultured 48 h prior to transfection. A scraped line was created, and cells were cultured in a serum-free medium. The scratched area of cell migration was then visualized at 12, 24, and 48 h. Through the use of an inverted microscope and ImageJ software, the cell migration area was measured. All experiments were conducted in triplicate.



Cell Invasion Analysis

The cell invasion was analyzed through the use of a Transwell assay (15). In brief, SCC9 cells were treated with CuB or transfected with pcDNA3.1-XIST, si-XIST, miR-29b-3p-inhibitor or miR-29b-3p-mimics. Next, they were serum-starved for 24 h. Subsequently, cells (3 × 104) were added to the upper chamber of Transwell assay (Corning, New York, NY, USA), which contained 20 μL of Matrigel (BD Biosciences, Franklin Lakes, NJ, USA). This was then followed by the addition of 0.5 mL medium containing 10% FBS to the bottom chamber (Corning, New York, NY, USA). After incubation at 37°C for 24 h, cells on the bottom side were fixed in 4% paraformaldehyde and stained using a 0.1% crystal violet dye (Solarbio, Beijing, China). Using an inverted microscope and ImageJ software, the stained cells were counted. All experiments were conducted in triplicate.



Cell Counting Kit-8 Assay

Cell viability was determined through the use of a Cell Counting Kit-8 (CCK-8) assay (Dojindo, Kumamoto, Japan). In brief, cells (4 × 103) were seeded after they have undergone CuB treatment or were transfected with pcDNA3.1-XIST, si-XIST, miR-29b-3p-inhibitor, miR-29b-3p-mimics. Next, 10 μL of the CCK-8 solution was added to 96-well plates. The cells were then incubated at 37°C for 2.5 h. The absorbance (optical density) at 450 nm was utilized to measure cell viability. To analyze the CuB concentration in TSCC cells, half maximal inhibitory concentration (IC50) was performed using GraphPad Software (USA).



Cell Apoptosis Analysis

Cell apoptosis was assessed as previously described (16). In brief, SCC9 cells were treated with CuB or transfected with pcDNA3.1-XIST, si-XIST, miR-29b-3p-inhibitor or miR-29b-3p-mimics for 48 h. The cells were then washed twice with phosphate-buffered saline. Then, the cells (1 × 106 cells/mL) were harvested, and a mixture of Annexin V-FITC/PI reagent (Beyotime, China, Cat No. C1062L) was added to the cells and incubated for 30 min. Finally, cell fluorescence was analyzed through flow cytometry (BD Biosciences, USA).



Animals and Animal Care

Overall, 36 nude mice (half male half female, 8 weeks old) were utilized for this study. All mice were acquired from the Laboratory Animal Center of Jilin University. The mice were then grouped and housed in laboratory cages under specific pathogen-free conditions at a temperature of 24°C, with a relative humidity of 50 - 60%, and under a 12-h-light/12-h-dark schedule. Animals were then provided ad libitum access to standard rodent food and tap water. All mice were healthy and not infected during the experimental period. All surgical procedures were carried out under aseptic conditions. The SCC9 cell lines (8 × 106) were subcutaneously injected into the left flank of each mouse, and tumors were observed after seven or eight days. The mice were then used for CuB treatment when tumor volumes had reached 100 - 150 mm3. The nude mice were treated with CuB (0.5 mg/kg, N = 6) each day for 14 days, while the Con group (N = 6) were treated with PBS. The pcDNA3.1-XIST and XIST-KO cells lines were acquired through a stable transfection. Then, the pcDNA3.1-Con, pcDNA3.1-XIST and XIST-KO cells lines (8 × 106) were inoculated into nude mice. Half of pcDNA3.1-XIST group (N = 6) was administered 0.5 mg/kg of CuB. The Con (N = 6), XIST-KO (N = 6) group and half of pcDNA3.1-XIST group (N = 6) received an equivalent volume of PBS. The tumor length (L) and width (W) were recorded and tumor volumes were calculated as L×W2/2.



Statistical Analysis

The unpaired Student’s t-test was utilized to assess differences between the two groups (Con and experimental group) in CCK8 assay, cell apoptosis, migration, invasion, qPCR and tumor volumes. The measurement data were tested for normal distribution using the Kolmogorov Smirnov (K-S) test to compare cumulative distribution. Data conforming with the normal distribution were summarized with mean values and standard deviations (SD). Statistical analysis was conducted using GraphPad Prism 5.0 (GraphPad Software, Inc). P < 0.05 was considered statistically significant.




Results


Effects of CuB in Cell Apoptosis, Growth, Migration, and Invasion

In order to analyze the viability of SCC9 cells, the CCK-8 assay was conducted after CuB treatment. IC50 data indicated that 200 and 500 nM CuB had toxic effects on SCC9 cells (Figure 1A). Thus, 50 nM CuB was utilized for qPCR analysis. Moreover, compared to Con cells, CuB was able to induce apoptosis (Figures 1B, C), and inhibit cell migration (Figures 1D, E) and invasion (Figures 1F, G) in SCC9 cells. Overall, these results suggest that CuB exerts its anti-cancer effects by inhibiting the migratory and invasive potential of TSCC cells.




Figure 1 | Effects on cell growth, apoptosis, migration, and invasion after CuB treatment. (A) IC50 was assessed in SCC9 cells after CuB treatment to measure the proliferation of SCC9 using CCK8. (B) Cell apoptosis was analyzed in the Con and CuB groups (50 nM) in SCC9 cells to determine the effect of CuB on cell apoptosis. (C) Statistical analysis of the percentage of cell apoptosis among the two groups. (D) Analysis of cell migration in the Con and CuB groups in SCC9 cells to determine the effect of CuB on cell migration. (E) Statistical analysis of the percentage of cell migration between the Con and CuB groups. (F) Analysis of cell invasion in the SCC9 cells to determine the effect of CuB on cell invasion. (G) Statistical analysis of the percentage of cell invasion migration between the Con and CuB groups. Statistical significances between groups were evaluated using t-test for independent groups.





Expression Profile of lncRNAs

Next, we performed RNA-seq to determine the expression profile of lncRNAs in SCC9 cells. The results demonstrated that there were 90 upregulated and 87 downregulated lncRNAs in the CuB-treated group compared to the Con group (Figure 2A). Moreover, gene function classification indicated that the differentially expressed lncRNAs were more likely to be expressed during cell growth (Figures 2B, C). Specifically, we analyzed the role of five lncRNAs (BBC3, STK11IP, XIST, FDFT1, and PRR14), which are known to be related to cell growth and apoptosis in cancer development (Figure S1). The qPCR results demonstrated that XIST expression was reduced in both CAL27 and SCC9 cells after CuB treatment (Figures 2D, E). Hence, XIST was further analyzed in this study.




Figure 2 | LncRNA expression profile by RNA-seq. (A) Identification of differentially expressed lncRNAs in SCC9 cells. (B) KEGG pathways associated with the differentially expressed lncRNAs. (C) Heatmap depicts the differentially expressed lncRNAs. (D) Relative expression of BBC3, STK11IP, XIST, FDFT1 and PRR14 were analyzed via qPCR post-CuB treatment of CAL27 cells. (E) Relative expression of BBC3, STK11IP, XIST, FDFT1 and PRR14 were analyzed in SCC9 cells. Data are expressed as mean ± SD (n = 3). Statistical significances between groups were evaluated using t-test for independent groups.





CuB Reduced Expression of XIST in TSCC Cells

The Cancer Genome Atlas (TCGA) database showed that higher XIST expression is associated with a poorer prognosis for patients with head and neck squamous cell carcinoma (HNSCC) (Figure S2). The qPCR results revealed that XIST was significantly higher expressed in TSCC tissue compared to the paracancerous tissue (Figure 3A). Moreover, expression of XIST was reduced after CuB treatment (Figure 3B). Next, miR-29, which is located on exon 1 of XIST, was investigated as a potential target of XIST (Figures 3C, S3). The inhibited expression of miR-29 was observed in TSCC patients (Figure 3D). Additionally, CuB increased miR-29b expression in SCC9 cells (Figure 3E). These results indicate that CuB is able to regulate expression of XIST and miR-29b in TSCC cells.




Figure 3 | Analysis of XIST and miR-29b expression after CuB treatment. (A) Relative expression of XIST in TSCC patients (N = 3) using qPCR. (B) The relative expression of XIST, analyzed by qPCR, after CuB treatment of SCC9 cells. (C) Schematic representations of the sequences of XIST and miR-29b. (D) Relative expression of miR-29b among TSCC patients (N = 3). (E) Relative expression of miR-29b, analyzed by qPCR, after CuB treatment of SCC9 cells. Data are expressed as mean ± SD (n = 3). Statistical significances between groups were evaluated using t-test for independent groups.





Effects of XIST and miR-29b Expression on Cell Apoptosis, Growth, Migration, and Invasion

In order to further determine the effect of XIST on cell apoptosis, XIST was knocked down, as well as overexpressed, in SCC9 cells. As expected, the qPCR results demonstrated that XIST expression was inhibited in the si-XIST group, and overexpressed after the pcDNA3.1-XIST transfection (Figures 4A, B). The CCK-8 assay demonstrated that reduced expression of XIST led to an inhibition in the growth of SCC9 cells (Figure 4C) and induced apoptosis (Figures 4D, E). Next, we analyzed the effect of XIST expression on cell migration and invasion in SCC9 cells. The data indicated that overexpression of XIST is able to stimulate migration (Figures 5A, B) and invasion (Figures 5C, D), compared to the Con group. These results demonstrated that expression of XIST plays a role in cell growth, apoptosis, migration, and invasion. The role of miR-29b expression was also investigated in cell growth, apoptosis, migration, and invasion. The qPCR and CCK8 results revealed that increased expression of miR-29b led to inhibition of cell growth (Figures 6A–C) and induced cell apoptosis (Figures 6D, E). Considering that miR-29b positively regulates p53 protein, we investigated the expression of p53 (Figure S4A). Western blot and qPCR results validated that miR-29b mimics led to increased expression of p53 and E-cadherin (Figure S4B, C). In addition, increased expression of miR-29b led to inhibition of cell invasion (Figures 7, S5). In order to validate the role of miR-29b, a miR-29b inhibitor was transfected in the CuB group. The results demonstrated that miR-29b inhibitor promotes cell growth and inhibits apoptosis in SCC9 cells (Figure S6). Hence, our results validated that decreased expression of XIST induced apoptosis and suppressed cell growth through miR-29b in SCC9 cells.




Figure 4 | Analysis of XIST expression. (A, B) Relative expression of XIST in pcDNA3.1-Con, pcDNA3.1-XIST, si-Nc, and si-XIST groups, respectively, using qPCR in SCC9 cells. Data are represented as mean ± SD (n = 3). (C) Cell growth was analyzed using the CCK-8 assay in SCC9 cells to determine the effect of XIST on cell proliferation. (D) Cell apoptosis was analyzed after transfection with pcDNA3.1-XIST and si-XIST in SCC9 cells to determine the effect of XIST on cell apoptosis. (E) Statistical analysis of the percentage of cells undergoing apoptosis in the four groups. Statistical significances between groups were evaluated using t-test for independent groups.






Figure 5 | Analysis of cell migration and invasion after XIST knockdown and overexpression. (A) Cell migration was assessed in the pcDNA3.1-Con, pcDNA3.1-XIST, si-Nc, and si-XIST groups in SCC9 cells to determine the effect of XIST on cell migration. (B) Statistical analysis of the percentage of cell migration among the four groups in 0 h, 24 h and 48 h. (C) Cell invasion was assessed in the pcDNA3.1-Con, pcDNA3.1-XIST, si-Nc, and si-XIST groups in SCC9 cells to determine the effect of XIST on cell invasion. (D) Statistical analysis of the percentage of cell invasion among the four groups. Statistical significances between groups were evaluated using t-test for independent groups.






Figure 6 | Analysis of miR-29b-3p expression. (A, B) Relative expression of miR-29b in the Nc-mimics, miR-29b-3p-mimics, Nc-inhibitor, and miR-29b-3p-inhibitor groups, utilizing qPCR in SCC9 cells. Data are represented as mean ± SD (n = 3). (C) Cell growth was assessed by the CCK-8 assay in SCC9 cells to determine the effect of miR-29b-3p on cell proliferation. (D) Cell apoptosis was analyzed after transfection with miR-29b-3p-mimics and miR29b-3p-inhibitor in SCC9 cells to determine the effect of miR-29b-3p on cell apoptosis. (E) Statistical analysis of the percentage of cell apoptosis among the four groups. Statistical significances between groups were evaluated using t-test for independent groups.






Figure 7 | Analysis of cell migration and invasion after miR-29b knockdown and overexpression. (A) To determine the effect of miR-29b-3p on cell migration, cell migration was analyzed in Nc-mimics, miR-29b-3p-mimics, Nc-inhibitor, and miR-29b-3p-inhibitor groups, respectively, in SCC9 cells. (B) Statistical analysis of the percentage of cell migration among the four groups. (C) To determine the effect of miR-29b-3p on cell invasion, Cell invasion was analyzed in Nc-mimics, miR-29b-3p-mimics, Nc-inhibitor, and miR-29b-3p-inhibitor groups, respectively, in SCC9 cells. (D) Statistical analysis of the percentage of cell invasion among the four groups. Statistical significances between groups were evaluated using t-test for independent groups.





Anti-Tumor Effects of CuB In Vivo

In order to analyze CuB-mediated regulation of XIST expression in nude mice, SCC9 cells were injected. Compared to the Con group, the nude mice were treated with CuB (0.5 mg/kg) after 11 days. Our results demonstrated that CuB treatment significantly suppressed tumor growth in vivo (Figures 8A, B). The qPCR results indicated that CuB suppressed expression of XIST (Figure 8C). In order to analyze the effect of reduced expression of XIST in SCC9 cells, we designed two sgRNAs of XIST exon 1 (Figure 8D). The results demonstrated that XIST expression was lost in XIST KO cells (Figure 8E). Sanger sequence data validated the effect of gene editing of XIST (Figure S7). In order to investigate the XIST expression profile, XIST KO cells were injected into nude mice. Our in vivo data suggested that compared to the Con group, suppressed tumor growth occurred in the XIST KO group. Additionally, treatment with CuB in the XIST overexpression group suppressed tumor growth (Figures 8F, G). These results suggest that CuB has a function in the biological processes of cancer cells by regulating XIST expression.




Figure 8 | CRISPR/Cas9-mediated gene targeting of XIST. (A) Morphological observation of the mouse TSCC tumor tissue (N = 6 in each group). (B) Analysis of tumor volume. (C) Expression pattern of XIST in mice tumors after CuB treatment. Data are represented as mean ± SD (n = 3). (D) Schematic diagram of sgRNAs targeting the XIST gene loci. (E) Expression of XIST using qPCR in SCC9 cells. Data are represented as mean ± SD (n = 3). (F) Tumor morphology and (G) volume (N = 6 in each group). Statistical significances between groups were evaluated using t-test for independent groups. Yellow indicates XIST, while red indicates exon of miR-29b-3p.






Discussion

CuB is a tetracyclic triterpene compound found in the Cucurbitaceae family, and has anti-inflammatory and anti-tumor effects on cancers. Considering that CuB has potential anti-cancer effects on breast cancer and CRC (17, 18), we analyzed cell invasion, migration, apoptosis and growth in TSCC cells that were treated with CuB. Our results demonstrated that CuB induced cell apoptosis and inhibited cell growth, migration and invasion in SCC9 cells. A previous study revealed that CuB inhibits cell growth by regulating expression of miR-146b-5p and the lncRNA actin filament associated protein 1 antisense RNA1 in pancreatic cancer cells (6). In addition, CuB regulates the expression of the lncRNA gastric cancer-associated transcript 3, which induces apoptosis in gastric cancer cells (19). These results suggest that CuB may have a function in TSCC through a lncRNA-mediated mechanism.

Noncoding RNAs (ncRNAs) play significant roles in the development of various cancers. Specifically, lncRNAs are associated with being either tumor suppressors or oncogenes, and therefore, regulate the expression of genes and proteins in human cancer. In this study, RNA-seq revealed the presence of several differentially expressed lncRNAs that were associated with cell growth, apoptosis, migration and invasion after CuB treatment. Furthermore, the expression of XIST was found to be significantly reduced in both CAL27 and SCC9 cells. As an imprinted gene, XIST is crucial for embryo development and regulates XCI in mammals. However, XIST is abnormally expressed in various cancers, including hepatocellular carcinoma (HCC) (20). This indicates that the expression of XIST may be related to TSCC cancer development. A previous report demonstrated that reduced expression of XIST led to inhibition of tumor growth in thyroid cancer (21). Our results suggested that knockdown of XIST expression inhibited growth of SCC9 cells, which was validated from prior studies. Moreover, knockdown of XIST inhibited EMT in CRC (22). These data indicate that overexpression of XIST promotes cell migration and invasion. Furthermore, cellular apoptosis was induced by altered expression of XIST in HCC (23). The results of this study suggest that the expression of XIST has a function in cell apoptosis, growth, migration and invasion in TSCC.

Mounting evidence has revealed that miR-29b is a potential therapeutic candidate for CRC, HCC and lung cancer (24–26). In this study, bioinformatics analysis suggested that XIST has potentially competitive binding sites with miR-29b. Thus, miR-29b may play a role in TSCC. A previous report indicated that overexpression of miR-29b led to a reduction in myeloid cell leukemia 1 expression and induced cell apoptosis in KMCH cholangiocarcinoma cells (27). Additionally, miR-29b was targeted to the folate receptor 1 (FOLR1) in order to inhibit cell growth in CRC (28). Interestingly, previous RNA-seq data demonstrated that FOLR1, which has high expression in ovarian cancer, is differentially expressed in TSCC (29, 30). Indeed, miR-29b activates p53 protein, which induces cell apoptosis (13). Our results demonstrate that XIST regulates miR-29b expression, which induces cell apoptosis through the p53 pathway in TSCC cells.

In order to confirm the effect of XIST on TSCC in vivo, a mouse tumor model in nude mice was established. The in vivo data demonstrates suppressed expression of XIST after CuB treatment, which was further validated by our data in SCC9 cells. Moreover, CuB inhibited tumor growth in mice, which is in accordance with previous data in breast cancer (31). These results suggest that CuB is able to regulate the expression of XIST, which inhibits tumor development. In order to further investigate the putative function of XIST and miR-29b in TSCC, we analyzed KO and overexpressed XIST. The CRISPR/Cas9 system is powerful for gene editing in HCC and GC cells (32, 33). Our study revealed that XIST KO via the CRISPR/Cas9 system is able to inhibit tumor growth. These results suggest that reduced the expression of XIST inhibits tumor growth.

In summary, we identified 177 differentially expressed lncRNAs in TSCC cells after CuB treatment. These results suggested that expression of XIST is regulated by CuB in TSCC. Furthermore, knockdown of XIST and overexpression of miR-29b led to an inhibition of cell growth and invasion, and induced apoptosis. Collectively, our results indicate that CuB plays a role in TSCC by regulating expression of XIST and miR-29b, which regulates the p53 protein.
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Supplementary Figure 5 | Analysis of cell invasion by colony formation assay. (A, B) Cell invasion was analyzed using colony formation assay after CuB treatment in SCC9 cells (C, D) Cell invasion was analyzed after transfection with pcDNA3.1-XIST and si-XIST in SCC9 cells. (E, F) Cell invasion was analyzed after transfection with miR-29b-3p-mimics and miR29b-3p-inhibitor in SCC9 cells. Statistical significances between groups were evaluated using t-test for independent groups.

Supplementary Figure 6 | Analysis of cell growth and apoptosis after transfection of miR-29b inhibitor in CuB-treated cells. (A) Cell growth was analyzed using the CCK-8 assay after transfection with the miR-29b-3p-inhibitor in CuB-treated (50 nM) SCC9 cells. (B) Cell apoptosis was assessed after miR-29b-3p-inhibitor transfection in CuB-treated (50 nM) SCC9 cells. (C) Statistical analysis of the percentage of cell apoptosis among the two groups. Statistical significances between groups were evaluated using t-test for independent groups.

Supplementary Figure 7 | Analysis of XIST-KO by Sanger sequencing of SCC9 cells. 
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The Wan-Nian-Qing prescription (WNQP), an herbal composite containing Ornithogalum caudatum, has been used in China for several years for cancer treatment. However, the mechanism of its pharmacological action against liver cancer is not clear. This study aimed to investigate the role of WNQP in inhibiting tumor growth in hepatocellular carcinoma model mice and determine its mechanism of action. We established HepG2- and SMMC-7721-xenografted tumor models in nude mice and BALB/c mice. The mice were administered WNQP for 2 weeks. The bodyweight of each mouse was monitored every day, and the tumor size was measured using vernier caliper before each round of WNQP administration. After the last dose, mice were sacrificed. The tumors were removed, lysed, and subjected to proteome profiling, enzyme-linked immunosorbent assay, and western blotting. The liver, spleen, and kidney were collected for histopathological examination. The effects of WNQP against liver cancer were first systematically confirmed in HepG2- and SMMC-7721-xenografted nude mice and BALB/c mice models. WNQP inhibited tumor growth, but failed to affect bodyweight and organ structures (liver and spleen), confirming that it was safe to use in mice. In BALB/c mice, WNQP regulated immune function, inferred from the modulation of immune-related cytokines such as interleukins, interferon, tumor necrosis factors, and chemokines. Further results confirmed that this regulation occurred via the regulatory effects of WNQP on Nrf2 signaling. WNQP can inhibit the growth of HepG2- and SMMC-7721-xenografted tumors in nude mice and BALB/c mice. This effect manifests at least partially through immunomodulation mediated apoptosis.
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Introduction

Liver cancer is the sixth most common type of malignant tumor in the world and the second most common cause of tumor-related deaths (1). Epidemiological data from the United States in 2018 shows that between 2011 and 2015, the mortality of patients suffering from liver cancer increased by 2.7% per year among women and 1.6% per year among men (2). In China, the situation is even worse. Although treatment strategies have improved significantly, they mainly involve surgery, chemotherapy, radiotherapy, and immunotherapy (3). Unfortunately, most patients are not eligible for these curative treatments when they are at the advanced stages of the disease. To facilitate a breakthrough in the safety and efficacy of liver cancer treatment, there is an urgent need to develop new treatments to help increase patient life expectancy and the clinical benefits.

Oxidative stress is defined as the excessive production of reactive oxygen species (ROS) (4) and perturbation of the cell’s redox balance (5) in a manner that cannot be counteracted by antioxidants. Oxidative stress factors can damage DNA and DNA repair enzymes, activate proto-oncogenes, disrupt cell signaling molecules, and ultimately lead to cancer. Nuclear factor-erythroid 2-related factor 2 (Nrf2) is a basic leucine zipper (bZIP) protein that regulates the expression of antioxidant proteins that protect against environmental oxidative stress (6, 7). In the nucleus, Nrf2 binds to the antioxidant response element (ARE), resulting in the transcription of antioxidant genes such as heme oxygenase-1 (HO-1) and superoxide dismutase (SOD) (8). The improvement of antioxidant capacity is contributed to improve the immune response of the host (9).

In China, traditional Chinese medicine has been used in clinics for a long time because of its wide efficacy and low side effects. The Wan-Nian-Qing-Prescription (WNQP) is a kind of compound traditional Chinese medicine commonly used in the treatment of malignant tumor, mainly composed of Ornithogalum caudatum Jacq (OC) (30%), Scutellaria barbata D.Don (SB) (15%), Reynoutria japonica Houtt (RJ) (6.70%), Curcuma aromatica Salisb (CAS) (7.50%), Hedyotis diffusa Willd (HD) (15%), Panax ginseng C.A.Mey (PG) (7.50%), Salvia miltiorrhiza Bunge (SMB) (7.50%), Astragalus propinquus Schischkin (APS) (15%), Buthus martensii Karsch (BMK) (3%), and Scolopendra subspinipes (SS) (3%) (Table 1). WNQP has been used in the combination of chemotherapy for liver cancer, lung cancer and gastric cancer for several years (10). In the theory of traditional Chinese medicine, OC and RJ both have the functions of dieresis and removing moisture of the body; SB has the function of clearing away heat; HD has the functions of detoxification and anti-cancer; CAS can enhance the function of the stomach; PG, SMB and APS can enhance human immunity; while BMK and SS have the function of killing cancer cells. Moreover, in the research results of modern pharmacy, OC is mainly composed of saponins, polysaccharides, terpenes and flavonoids and has a variety of pharmacological activities, such as anti-tumor, anti-inflammatory, and immunity-enhancing effects, as have been previously reported (11, 12). The total saponins present in the OC can inhibit the growth of HepG-2 cells by regulating mitochondrial function (13). HD can inhibit tumor growth in vivo and in vitro (14). APS combined with cisplatin can inhibit the growth of Lewis lung cancer cells and reduce the expression levels of CD44, CD62P and OPN protein in tumor tissue (15). WNQP has been shown to reduce the adverse reactions caused by mFOLFOX6 chemotherapy in patients with late-stage gall bladder cancer by improving their immune function (16, 17). However, the effects of WNQP against liver cancer and the mechanisms underlying the same have not been systematically reported, especially in animal models.


Table 1 | The English name, full botanical plant name and the ratio of the ingredients of Compound WNQP Capsule.



In this study, we systematically investigated the effects of WNQP against liver cancer on HepG2- and SMMC-7721-xenografted mouse models. We assessed the roles of WNQP in regulating the immune response via modulation of the oxidative stress response. We specifically focused on the regulation of Nrf2 signaling as a possible mechanism underlying the effects of WNQP against liver cancer. Based on our experiments, we provide novel evidence in support of the therapeutic formula WNQP in treating liver cancer patients.



Materials and Methods


WNQP Information

The compound WNQP capsule, with national medicine approval number B20020717 and implemented in accordance with the China National Food and Drug Administration National Drug Standard (WS-5696 (B-0696)-2014Z), is a preparation comprising Chinese traditional medicines. We obtained the compound WNQP capsule with drug batch number 160301 from the Jilin Tianlitai Pharmaceutical Co., Ltd. For the in vitro experiment, WNQP was extracted with double distilled (DD) water at the ratio of 1:10 at 60°C for 4 h and stored at 4°C.



Cell Culture

The liver cancer cells, HepG2 (American Type Culture Collection, USA) and SMMC-7721 (China Center for Type Culture Collection, China), were cultured in Dulbecco’s Modified Eagle Media (DMEM; Gibco, Grand Island, NY) containing 10% fetal bovine serum (FBS; Zhejiang Tian hang bio Polytron Technologies Inc.), and 1% penicillin and streptomycin at 37°C under 95%/5% air/CO2 conditions.



Animal Models

The mice used for experiments were housed in barrier facilities (temperature: 23 ± 1 °C and humidity: 50 ± 10%) under a 12 h/12 h light/dark cycle. They had free access to food and water. The animal experiments were carried out under the supervision of the Institutional Animal Care and Use Committee of Jilin University (NO. 2017SY0601).


HepG2- and SMMC-7721-Xenografted Tumor Models in BALB/c Nude Mice

Five-week-old male BALB/c nude mice (SCXK(JI)-2016-0003; purchased from Wei-tongli-hua Laboratory Animal Technology Company, Beijing, China) were injected subcutaneously with 3–4 × 106 cells of either the HepG2 or SMMC-7721 lineage. When the tumor volume reached 100 mm3, the tumor-bearing mice were divided into three groups (n = 6/group) for both the HepG2- and SMMC-7721-xenografted tumor models; the first group was given physiological saline (n = 6), the second group was given 0.3 g/kg of WNQP (n = 6), and the third group was given 0.6 g/kg of WNQP (n = 6). All doses of saline/WNQP were administered orally, every day for 2 weeks. The bodyweight of each mouse was monitored every day, and the tumor size was measured using vernier calipers before each round of saline/WNQP administration. The tumor volume was calculated using the following formula:

	

After the final dose, the mice were sacrificed. The tumors were then removed, lysed, and subjected to proteome profiling and western blotting. The liver, spleen, and kidney were collected and fixed in 4% paraformaldehyde (PFA) for histopathological examination.



HepG2- and SMMC-7721-Xenografted Tumor Models in BALB/c Mice

Male BALB/c mice (18–22 g, specific pathogen-free [SPF] grade) were purchased from the Yis Laboratory Animal Technology Co., Ltd., Changchun, China (SCXK(JING)2016-0011). After adaptive feeding, they were injected intraperitoneally with cyclophosphamide (CTX; 50 mg/kg) for three consecutive days. Fresh tumor samples obtained from the HepG2 and SMMC-7721 heterotopic tumor models in nude mice were cleaned and sliced with a scalpel to obtain 2 mm × 2 mm × 2 mm sections. The tumor masses were implanted in the right dorsum (near the hind leg) of the BALB/c mice, and tumor growth was monitored daily. When the tumors attained a certain volume, the mice were randomly divided into three groups (n = 6/group); the first group was given physiological saline (n = 6), the second group was given 0.3 g/kg of WNQP (n = 6), and the third group was given 0.6 g/kg of WNQP (n = 6). All doses of saline/WNQP were administered orally, every day for 4 weeks. To avoid the restoration of immune function in mice, CTX (50 mg/kg) was injected once a week. The day after the last administration, blood was collected from the hearts of the mice, after which the mice were anesthetized using sodium pentobarbital and photographed. After euthanasia of mice, the tumors were removed, lysed, and subjected to proteome profiling and western blotting. The liver, spleen, and kidney were collected and fixed in 4% PFA for histopathological examination.




Nrf2-siRNA Transfection of Spleen Cells

The primary culture of spleen cells was seeded onto 6-well plates, in accordance with previously described protocol (18). The cells were transfected with 20 nM Nrf2-siRNA (5′-GGATGAAGAGACCGGAGAA-3′; R100438, RiboBio, China) for 30 min using the riboFECT™CP Reagent (RiboBio), in accordance with the manufacturer’s protocol. Following transfection, the cells were treated with 0.5 mg/mL of WNQP for 4 h and then harvested. The expression of Nrf2, HO-1, HO-2, SOD-1, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was analyzed using western blots.



Histopathological Examination

Liver, spleen, and kidney tissues were washed with water and dehydrated using different concentrations of alcohol. We used xylene to clear the tissues and then embedded the samples in paraffin wax. After the paraffin solidified, sections were cut using a microtome (Leica, Wetzlar, Germany) and were stained with hematoxylin and eosin (H&E) (19). Images were captured using an Eclipse TE 2000-S fluorescence microscope (Nikon Corp., Tokyo, Japan).



Antibody Chip Analysis

The apoptotic factors expressed by the tumors were collected from BALB/c nude mice and detected using cytokine chip analysis. Briefly, total protein was extracted from tumor tissue and its amount was determined using a BCA Protein Assay Kit (Merck Millipore, Billerica, MA, USA). An Apoptosis Array Kit (ARY009, R&D Systems, Millipore, USA) was used to assess the presence of 35 factors in the total protein, following protocols outlined by the manufacturer.

The tumors obtained from the BALB/c mice were used to detect 308 mouse proteins. Total protein was extracted from tumor tissue using ice-cold tissue protein extraction reagent containing 0.5% protease inhibitor cocktail, phenylmethylsulfonyl fluoride, and phosphatase inhibitor cocktail. The total protein amount was determined using a BCA Protein Assay Kit. A RayBio® L-Series Mouse Antibody Array 308 Glass Slide Kit (RayBiotech, AAM-BLG-1, USA) was used to assess the presence of 308 factors in the total protein, in accordance with the manufacturer’s protocols.



Immune Cytokine Detection

Blood from BALB/c mice was collected from the caudal vein before performing euthanasia. The serum levels of interleukin (IL)-2 (42903), IL-10 (CK-E20005), IL-31 (44865), interferon-γ (IFN-γ) (42918), tumor necrosis factor (TNF)-α (CK-E20220), TNF-β (42867), and chemokine (C-C motif) ligand 28 (CCL28) (44866) were detected using specific enzyme-linked immunosorbent assay (ELISA) kits, in accordance with the manufacture’s protocol (The Source Leaf Biological Technology Co. Ltd., Shanghai, China).



Western Blot Analysis

The tumors from BALB/c nude mice and spleens from BALB/c mice were homogenized along with a tissue protein extraction reagent. The total protein content was determined using a BCA Protein Assay Kit (Merck Millipore, Billerica, MA, USA). We loaded 40 μg of protein per sample and separated them using sodium dodecyl sulfate-polyacrylamide gel electrophoresis. The separated proteins were then transferred onto polyvinylidene fluoride membranes (0.45 μm, Merck Millipore, Billerica, MA, USA). Subsequently, the membranes were blocked and incubated with the appropriate primary antibodies: bcl2-associated X (Bax) (21 kDa) (ab32503), B-cell lymphoma-extra-large (Bcl-xL) (26 kDa) (ab32370; Abcam, Cambridge, MA, USA), Nrf2 (97 kDa) (12721S; Cell Signaling Technologies, Danvers, MA, USA), heat shock protein 27 (HSP27) (27 kDa) (bs-0730R), heat shock protein 60 (HSP60) (58 kDa) (bs-0191R), heat shock protein 70 (HSP70) (70 kDa) (bs-0126R), HO-1 (32 kDa) (bs-2075R), HO-2 (36 kDa) (bs-1238R), SOD-1 (17 kDa) (bs-10216R), GAPDH (37 kDa) (bs-0755R; Bioss Antibodies, China), overnight at 4°C. The membranes were then incubated with the appropriate secondary antibody, either a horseradish peroxidase (HRP)-conjugated goat anti-rabbit immunoglobulin G antibody (SH-0032; Beijing Dingguo Changsheng Biotechnology Co., Ltd., Beijing, China) or an HRP-conjugated goat anti-mouse immunoglobulin G antibody (sc-2005; Santa Cruz Biotechnology, Inc., Texas, USA), for 4 h at a dilution of 1:2,000. Finally, the blots were visualized using electrochemiluminescence detection kits (Merck Millipore, Billerica, MA, USA) and quantified using ImageJ software (NIH, Bethesda, MD, USA).



Statistical Analysis

All data are presented as the mean ± standard deviation (SD). One-way analysis of variance and post-hoc multiple comparisons (Dunn’s test) were performed where applicable using the Statistical Package for Social Sciences (SPSS) v16.0 software (IBM Corporation, Armonk, NY). The statistical significance threshold was set at P < 0.05.




Results


WNQP Inhibits HepG2- and SMMC-7721-Xenografted Tumor Growth in Nude Mice

The nude mice with tumor xenografts were used to investigate the anti-tumor activity of WNQP. A 14-day treatment regimen of WNQP administered at either 0.3 or 0.6 g/kg significantly inhibited the growth of tumors, but more so for the latter dose (HepG2-xeongrafted tumors: P <0.001, 136.5 mm3 vs. 357.0 mm3, Figures 1A, C, E; SMMC-7721-xenografted tumors: P <0.001, 148.2 mm3 vs. 323.3 mm3, Figures 1B, D, F). WNQP showed no significant effects on the bodyweights (Figures 1G, H) and organ structures of the liver, spleen, and kidney (Figures 1I, J) in either HepG2- or SMMC-7721-xenografted nude mice.




Figure 1 | WNQP inhibited HepG2- and SMMC-7721-xenograft tumor growth in BALB/c nude mice. BALB/c athymic nude mice inoculated with HepG2 and SMMC-7721 cells were treated with WNQP (0.3 and 0.6 g/kg dissolved in 0.9% saline solution) or vehicle solvent (0.9% saline solution) for 14 days. (A, B) Tumor-bearing nude mice and (C, D) tumor tissues collected from control (CTRL) and WNQP-treated groups (n = 3). (E, F) Tumor volumes were measured every day. Tumor sizes are expressed as the mean ± SD (n = 6). *P < 0.05, **P < 0.01 and ***P < 0.001 versus the control group. (G, H) Mean ( ± SD) bodyweights of mice in the WNQP-treated and CTRL groups (n = 6). (I, J) H&E staining of liver, spleen, and kidney tissues from nude mice (n = 3) (20× magnification, scale bar: 50 μm).



To systematically investigate the possible mechanisms underlying the inhibitory effects of WNQP on HepG2- and SMMC-7721-xenografted tumor growth in nude mice, cell cytokines related to apoptosis and oxidation were detected using a Proteome Profiler Apoptosis Array Kit. When HepG2- and SMMC-7721-xenografted tumors from nude mice were assessed, WNQP at 0.6 g/kg was found to strongly regulate the levels of cytokines related to apoptosis and oxidation, including Bax, Bcl-2, Bcl-xL, cleaved caspase-3, cellular inhibitors of apoptosis (cIAP), clusterin, TNF-related apoptosis-inducing ligand (TRAIL) R2/death receptor (DR) 5, Fas-associated protein with death domain (FADD), Fas, hypoxia-inducible factor (HIF)-1α, HO-1, HSP60, high temperature requirement protein 2 (HtrA 2), livin, supramolecular activation complex (SMAC), survivn, and X-chromosome-linked inhibitor of apoptosis (XIAP) (Figures 2A–D and Table S1).




Figure 2 | The effects of WNQP on 35 types of cytokines in nude mice tumors, detected using an Apoptosis Array Kit (n = 3). The arrows indicate factors marked for further detection: 1. Bax, 2. Bcl-2, 3. Bcl-xL, 4. cleaved caspase-3, 5. cIAP, 6. clusterin, 7. TRAIL R2/DR5, 8. FADD, 9. Fas, 10. HIF-1α, 11. HO-1, 12. HSP 60, 13. HtrA2, 14. livin, 15. SMAC, 16. survivn, 17. XIAP. (A, B) Scatter diagram of 35 cytokines. The relative density is the ratio of the absolute value and reference spot value. The red dots indicate factors with a change of >20% relative to control mice. (C, D) WNQP strongly enhanced the expression levels of Bax and suppressed the expression levels of Bcl-xL, HSP27, HSP60, and HSP70 in tumor tissues. Quantitative protein expression data were normalized to the corresponding GAPDH levels, and the average fold changes in band intensity are marked (E, F) (n = 3).



Western blot analysis revealed that WNQP increased the expression levels of Bax, and reduced the expression levels of Bcl-xL, HSP27, HSP60, and HSP70 in HepG2- (Figure 2E) and SMMC-7721-xenografted tumors in nude mice (Figure 2F).



WNQP Inhibits HepG-2 and SMMC-7721-Xenografted Tumor Growth in BALB/c Mice via Regulation of Immune Function

The BALB/c mice bearing tumor xenografts were used to investigate whether the effects of WNQP against liver cancer occur via the modulation of immune functions. A 28-day treatment regimen of WNQP administered at either 0.3 or 0.6 g/kg strongly inhibited the growth of HepG2-xenografted (Figures 3A, C) and SMMC-7721-xenografted tumors (Figures 3B, D), without any effects on bodyweights (Figures 3E, F) and organ structures of the liver, spleen, and kidney (Figure 3G).




Figure 3 | WNQP inhibited HepG2- and SMMC-7721-xenograft tumor growth in BALB/c mice. After three consecutive CTX injections, BALB/c mice inoculated with HepG2 and SMMC-7721 cells were treated with WNQP (0.3 and 0.6 g/kg dissolved in 0.9% saline solution) or vehicle solvent (0.9% saline solution) for 28 days. (A, B) Tumor-bearing mice and (C, D) tumor tissues from control (CTRL) and WNQP-treated groups (n = 3). (E, F) Mean (± SD) bodyweights of mice in the WNQP-treated and CTRL groups (n = 6). (G) H&E staining of liver, spleen, and kidney tissues from BALB/c mice (n = 3) (20× magnification, scale bar: 50 μm).



A RayBio L-Series Mouse Antibody Array 308 Glass Slide Kit was used to detect 308 proteins in the tumor tissues. As compared to control mice, WNQP administered at 0.6 g/kg markedly affected the levels of 66 types of cytokines in the HepG2-xenografted tumors (Figures 4A, C and Table S2), and 57 types of cytokines in the SMMC-7721-xenografted tumors (Figures 4B, D and Table S3). Most of the cytokines were associated with immune functions.




Figure 4 | (A, B) The effects of WNQP on 308 types of cytokines in mice tumors, detected using the L-Series Mouse Antibody Array 308 Glass Slide Kit (n = 3). (C, D) Proteomic profiling of HepG2- and SMMC-7721-xenografted tumors. When compared with CTRL mice, WNQP-treated mice showed regulated levels of 66 types of cytokines in HepG2-xenografted tumors and of 57 types of cytokines in SMMC-7721-xenografted tumors.



Based on these results, seven types of immunological correlation factors were analyzed from the serum of BALB/c mice using ELISA. In BALB/c mice bearing HepG2- and SMMC-7721-xenografted tumors, WNQP enhanced the serum levels of TNF-α (P <0.05), TNF-β (P <0.05), IFN-γ (P <0.05), IL-2 (P <0.05), IL-10 (P <0.05), and CCL-28 (P <0.05), and reduced the serum levels of IL-31 (P <0.05) (Table 2).


Table 2 | The effects of WNQP on the immune factors of serum in tumor-xenografted BALB/c mice.





Nrf2 Signaling Is Involved in WNQP-Mediated Inhibition of Tumor Growth

We used western blotting to analyze the changes in the expression of Nrf2 and its downstream factors in the spleen tissue of BALB/c mice. A 28-day treatment regimen of WNQP administration strongly enhanced the expression levels of Nrf2, HO-1, HO-2, and SOD-1 in the spleens of BALB/c mice carrying xenografts of both HepG2- (P <0.05) (Figures 5A, B) and SMMC-7721 tumors (P <0.05) (Figures 5C, D).




Figure 5 | Nrf2 signaling is involved in the improvement of immune function during WNQP-mediated inhibition of tumor growth. WNQP strongly enhanced the expression levels of Nrf2, HO-1, HO-2 and SOD-1 in the spleen tissues of BALB/c mice bearing (A, B) HepG2- and (C, D) SMMC-7721-xenograft tumors. (E, F) In Nrf2-siRNA-transfected primary cultured spleen cells, WNQP-induced increase in the levels of Nrf2, HO-1, HO-2 and SOD-1 were abolished. Quantitative protein expression data were normalized to the corresponding GAPDH levels, and the average fold changes in band intensity are marked. Data are expressed as the mean ± SD (n = 3). *P < 0.05, **P < 0.01 and ***P < 0.001 versus the control group.



In primary cultured spleen cells transfected with Nrf2-siRNA, the WNQP failed to increase in the expression levels of Nrf2, HO-1, HO-2, and SOD-1 (Figures 5E, F) This suggested an important role of Nrf2 in the improvement of immune function during WNQP-mediated inhibition on tumor growth.




Discussion

In this study, we first systematically confirmed the inhibitory effects of the Traditional Chinese Medicine formula, WNQP, on the growth of HepG2- and SMMC-7721-xenografted tumors in nude mice and BALB/c mice models. WNQP effectively inhibited tumor growth, but had no effects on the bodyweights and organ structures, confirming that it was safe to use in mice. Traditional Chinese Medicine plays an important role in the treatment of tumors. When combined with chemotherapy, radiation therapy, or post-operative treatment, Traditional Chinese Medicine can help to reduce toxic side effects (20).

Cancers are usually associated with uncontrolled cell proliferation and oxidative stress (21). As a physiological and/or pathological process, apoptosis has been recognized as a therapeutic target for various types of cancers; these therapeutic strategies commonly require the regulation of cytokines (22). As members of the Bcl-2 family, Bcl-2 and Bax are usually present as heterodimers and regulate the initiation of apoptosis by modulating mitochondrial activity that in turn regulates the release of cytochrome C and the caspase cascade (21). HSPs are a large family of molecular chaperones, which participate in the folding and maturation of a variety of client proteins and protect them from degradation, oxidative stress, hypoxia and heat stress (23). Abnormally high levels of HSP have been noted in tumor tissues. They participate in the caspase-mediated apoptotic pathway to protect mitochondrial integrity. High levels of HSP also enhance the resilience of tumors, allowing them to evade immune-mediated apoptosis (24). We observed that the levels of HSP27 and HSP60 were strongly suppressed after WNQP administration in nude mice. HSP27 can inhibit p53-mediated induction of p21, resulting in unlimited proliferation of tumor cells and eventually leading to tumorigenesis (25). HSP60, an immunodominant antigen associated with cellular immunity and immune responses to certain infectious diseases, prevents cellular apoptosis by inhibiting the activation of pro-apoptotic factors (26). HSP60 binds to Bax and Bcl-2, preventing Bax activation and maintaining normal folding of Bcl-2 to prevent apoptosis (27). HSP70 can enhance the immunosuppressant function of T regulatory cells (Tregs) and downregulate the secretion of cytokines IFN-γ and TNF-α (28, 29) Data obtained from nude mice bearing HepG2- and SMMC-7721-xenografted tumors confirmed that WNQP showed pro-apoptotic effects on liver cancers while inhibiting tumor growth. The apoptosis of tumor cells induced by WNQP has also been associated with immune regulation.

Carcinogenesis involves several important processes, including, but not limited to, migration, invasion, metastasis, and angiogenesis; all of these are dependent on the extracellular environment (30). The antibody chip array screen in immunosuppression BALB/c mice bearing a hepatoma showed that WNQP regulated the serum levels of interleukins and chemokines that can in turn regulate tumor progression. IL-10 has been shown to have anti-tumor effects, which are enhanced when combined with IL-2; these effects can potentially be harnessed for immunotherapy (31). IL-2 stimulates the growth of thymocytes and, as a result, induces T-cell differentiation and prompts the immune system to attack tumor cells (32). IL-2 can activate nature killer (NK) cells to secrete CCL28, thus enhancing the targeted killing of tumor cells. TNF can regulate immunity and enhance the anti-tumor cytolytic activity of NK cells and production of cytotoxicity-related proteins such as IFN-γ (33, 34). However, some cytokines can also promote tumor development (35). It has been reported that IL-31 can improve angiogenesis and promote tumor progression (36, 37). WNQP regulates these cytokines to form an immune regulatory network that inhibits the growth of tumor cells.

The activation of Nrf2 has been considered beneficial for the prevention of cancer, as Nrf2 is the main cellular defense mechanism against carcinogens, ROS, and other DNA-damaging factors (38). Activated Nrf2 can modulate cellular antioxidant regulators; it can upregulate the expression of HO-1, SOD-1, and other downstream genes in normal cells to maintain the intracellular redox balance and reduce tumorigenesis (39). Activated Nrf2 is involved in the regulation of immune factors (40, 41), which it achieves by inducing T lymphocytes to produce ILs, interferons, and TNF (42). In our previous experiments, we showed that Antrodia cinnamomea polysaccharides (APCS) enhance immune functions in mice by upregulating the expression of Nrf2 (43). Cumulatively, these results indicate that WNQP inhibits oxidative stress by regulating Nrf2 and its downstream proteins to counteract ROS generation and accumulation, increases SOD activity, regulates the levels of inflammatory factors and thus, further suppresses the growth of tumors in mice.

Some studies have reported that Nrf2 is frequently mutated in human cancer cells, leading to an increase in the expression of the corresponding protective genes and thereby giving these cells a growth advantage and anti-apoptotic ability (44). However, the activation of Nrf2 is a double-edged sword in the context of cancer (45). The expression of Nrf2 in cancer cells can promote tumor growth, while in the host cells it can limit tumor growth by maintaining a functional immune system (46, 47). Both Nrf2 inducers and inhibitors have been predicted to function as anti-cancer drugs, although their targets are different (48–51). Nrf2 inducers can protect normal cells from anticancer drugs during chemotherapy, implying that Nrf2 inducers in combination with anti-cancer drugs may help to overcome the limitations of traditional chemotherapy (44). This is consistent with our data showing that WNQP can be used for liver cancer treatment in combination with chemotherapeutics.



Conclusion

WNQP inhibited the tumor growth of HepG2- and SMMC-7721-xenografted tumor models in nude mice and BALB/c mice. This effect is at least partially due to the regulation of oxidative stress-mediated immunomodulation. However, the study has some limitations. We failed to identify the key ingredient in WNQP that mediated the inhibition of liver cancer growth. This aspect needs further investigation.
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Full botanical plant name

Omnithogalum caudatum Aiton
Scutellaria barbata D.Don
Reynoutria japonica Houtt.
Curcuma aromatica Salisb.
Hedyotis diffusa Willd.

Panax ginseng C.A.Mey.

Salvia miltiorrhiza Bunge
Astragalus propinquus Schischkin
Buthus martensii Karsch*
Scolopendra subspinipes*

*Not plants.

English name

Ornithogalum caudatum
Half Lotus/Barbate Skullcap
Polygonum cuspidatum
Radix curcumae
Oldenlandia

Ginseng

Salvia mill

Astragalus membranaceus
Scorpion

Centipede

Ratio

33.40%
15%
6.70%
7.50%
15%
7.50%
7.50%
15%
3%
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miRNA Target Effect on PCa References

miR-486-5p SMAD2 Upregulate  (Yang et al., 2017)
miR-505-3p SMAD2 and SMAD3 Upregulate  (Tang et al,, 2019)
miR-19a-3p SMAD2 and SMAD4 Downregulate ~ (Wa et ., 2018)
miR-373-3p TR4 and SMAD3 Downregulate  (Qiu et al., 2015)
miR-15a/16 PSMAD3 Upregulate ~ (Jin et al., 2018)
miR122/132 SOX Downregulate ~ (Fu et al., 2016)
miR-34 SMAD3 Downregulate ~ (Fang et al,, 2017)
miR1260b SMAD4 Upregulate  (Hirata et al,, 2014b)
miR301a SMAD4 Upreguate  (Li et al., 2018¢)
miR-205 SMAD4 Upregulate  (Zeng et al., 2016)
miR-03 TGFpR2 Upreguiate  (Xu et al, 2018)
miR-1330 TGFRR1 and TGFR2 Upregulate  (Huang et al,, 2018)
miR-21 TGFpR2 Upregulate (Mishra et al., 2014)
miR-2909 TGFBR2 and SMADS Upreguiate  (Ayub et al., 2017)
miR-539 SMAD4 and DLX1 Downreguiate ~ (Sun et al., 2019)
miR-582-3p and MiR-582-6p SMAD2, SMAD4, TGFBR1, and TGFRR2 Downreguiate  (Huang et al,, 2019)
miR-181a TGFpR2 Upregulate  (Zhiping et al, 2017)
miR-221-5p EMT (E-Cadherin, N-Cadherin, vimentin, Zinc finger homeobox 2 (ZEB2), SNAIL1/2, and TWIST Downregulate  (Kiener et al., 2019)
miR-96 TGFpR2 Upregulate  (Siu et al., 2015)
miR-1 and miR-200 EMT (SLUG) Downreguliate ~ (Liu et al, 2013)
miR-183 SMAD4 and Dkk-3 Upregulate  (Ueno et al., 2013)
miR-485 Smurf-2 and TGFR1 Downreguiate  (Wang et al., 2018a)

miR-155 SMAD2 Downreguiate ~ (Ji et al., 2014)
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Natural compound

Nobiletin
Curcumin
Resveratrol
Daucosterol
Silibinin
Plectranthoic acid
Osthole

Genistein
Oxymatrine
Tannic acid
Paconifiorin

Source

Citrus peels
Curcumin longa
Grapes and berries
Crateva adansonii DC
Silybum marianum
Ficus microcarpa
Cnidium monnieri
Soyabeans

Sophora japonica
Oak tree

Paeonia lactifiora

Pathway

TLR4 pathway
NF-Kb pathway and AR pathway

NF-Kb pathway

PIBK/AKt pathway

PIBK/Akt pathway, ERK pathway, and JAK/STAT pathway

TGF-p signaiing and RAC1 signaling pathway

TGF-§ signaling and PI3k/AKT/mTOR pathway

TGF-p signaling, Smad4, and p38 MAPK

TGF-§ signaling and Smad signaling

TGF-B signaling, Smad signaling, SNAIL, and vimentin

TGF-p signaiing, Smad2/3 signaiing inhibition, SNAIL, e-cadherin, and MMP-9 expression

References

(Deveci Ozkan et al., 2020)
(Lajis et al., 2020)
(Knusbu et al., 2020)
(Zingue et al., 2020)
(Sherman et al., 2020)
(Akhtar et al, 2018)
(Wen et al., 2015)
(Chen et al., 2018)

(Liu et al., 2016)
(Pattarayan et al., 2018)
(Wang et al., 2018b)
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GAPDH-F
GAPDH-R
LINCO1002- F-1
LINCO1002- R-1
LINCO1667- F-1
LINCO1667- R-1
LINCO1671- F-2
LINCO1671- R-2
LINCO1001- F-1
LINCO1001- R-1
LINC00958- F-1
LINC00958- R-1
LINCO1278- F-1
LINCO1278- R-1
LINC00969- F-1
LINC00969- R-1
LINCO1089- F-1
LINCO1089- R-1
CyclinE1-F-1
CycinE1-R-1
Ue-F

U6-R
hsa-microRNA-138-5p
MicroRNA unified reverse primer

5' AACGGATTTGGTCGTATTGGG3"
5' CCTGGAAGATGGTGATGGGAT3'
5'TCCTAGCCTCCAGTTTTACCCT3'
5/'CTAATAACCATCAACGTCTTCTGTGS!
5' GATGACAGCAGTCGCAAAGG3'
5' ATGACAGTGACCCAACCAACA3'
5'GTATCAGACGTGGGAAAGCAAT3'
5'CAGGAGCACATCAACAGGGA3'
5'CCCACTGATTCTACATTATGCTCCS'
5'TGCCGTGACGTAGGGTATGG3'
5'AAATTAGCCGGGCGTTGT3'
5'TGGAGTTTCGCTCTTGTTGC3'
5'GTGAGAACCTGGGGACGCTA3'
5'CGCCACGGTCTGAACTCTT3!
5'AAAGCAGATCCGTGGTTCCC3'
5'TCCGTCCCAAGACAGCAAAZ'
5'CCAAGCCCAAGGACTCACA3'
5'CACGTTCTGCTCCTTCCACTT3"
5'GTCCAAGTGGCCTACGTCAA3'
5'AAGCAGCGAGGACACCATAAZ'
5'CTCGCTTCGGCAGCACA3'
5'AACGCTTCACGAATTTGGGT3'
5'AGCTGGTGTTGTGAATCAGGCCG3"
5'TGGTGTCGTGGAGTCG3"
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