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Editorial on the Research Topic 


lncRNAs in Cancer Metastasis and Therapy Resistance


Long noncoding RNA transcripts (lncRNAs) are being revealed by complementary DNA cloning and genome tiling array studies in animals. Differently from structured RNAs (RNAs, snoRNAs, etc), lncRNAs have been named regulatory RNAs (1, 2). With the finding that microRNAs can be sponged by lncRNAs, named competitive endogenous RNAs (ceRNAs), an alternative function of these RNA molecules is in the assembling of protein complexes, thanks to a tridimensional RNA structure able to interact with proteins involved in transcription, mRNA splicing, epigenetic regulation, chromatin opening or compaction (3). It was shown in bacteria that any species of RNA with a sequence complementary to an mRNA may regulate its stability (avoiding access to ribonucleases) or may block translation by masking the Shine-Dalgarno region or giving access to an alternative internal transcription start site.

LncRNAs are relatively long RNA sequences (more than 200 nucleotides) long that impact the cellular gene expressions and functions in ways that are just beginning to be explored. The metastasis of human cancers as well as acquired resistance against the administered therapeutics are two major factors responsible for the cancer-associated mortality. In a small number of cases lncRNAs are translated into short peptides, and in this case both RNAs and peptides may have a functional role. The big question is whether these transcripts are relevant. To this aim, there are today technologies available such as transient RNA silencing, gene overexpression, and high-throughput CRISPR/Cas genome editing methods that in principle could generate cell lines with all the possible combinations of silenced genes.

In search of novel biomarkers as well as potential therapeutic targets of cancer metastasis and cancer drug resistance, the focus in recent years has turned to lncRNAs. What started with studies on relative expression of lncRNAs with the aim to define their utility as diagnostic biomarkers, has evolved into explorations of the possible functional role that these ncRNAs possibly play. One of the relatively more explored functions of lncRNAs is their ability to sponge and regulate the expression of microRNAs (miRNAs), the other ncRNAs that are much shorter in length. This indirectly opens the flood gates to endless possibilities of regulation of gene expression, as miRNAs represent a much better explored subtype of ncRNA. However, regulation through miRNAs is perhaps not the only mode of lncRNAs functionality, as being revealed through continued interest and evaluations.

The list of lncRNAs known to cancer researchers is ever expanding, as is the evidence linking their possible role as diagnostic as well as prognostic markers. Concerning lncRNAs, there are published reports on lncRNAs in almost all cancers that affect humans. There is evidence supporting the role of specific lncRNAs in metastasis in general as well as organ-specific metastasis of different cases. Also, lncRNAs seem to be involved in acquired resistance against a majority of chemical therapeutics as well as radiotherapy. This Research Topic collection includes research and review articles focusing on lncRNAs in cancer types, in metastasis and therapy resistance models. The 38 papers in this Research Topic describe lncRNAs deepening on mechanistic insights using in vitro or in vivo models and RNA silencing techniques.

We thank the editorial team at Frontiers for their support in the process of reviewing and publishing this Research Topic, “lncRNAs in Cancer Metastasis and Therapy Resistance”, and wish that new research work will get insight from this collection to continue to produce data and information on the large set of human lncRNAs in cell physiology and in the pathology of cancers.
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Background

Tamoxifen and fulvestrant, both approved for endocrine therapy, have remarkably increased the prognosis of hormone receptor-positive breast cancer patients. However, acquired resistance to endocrine therapy greatly reduces its clinical efficacy. Accumulating evidence suggests a pivotal role of non-coding RNAs (ncRNAs) in breast cancer endocrine resistance, but the specific functions of ncRNAs in tamoxifen and fulvestrant resistance remain largely unknown.



Methods

Microarray analysis was performed for endocrine therapy sensitive (MCF-7), tamoxifen-resistant (LCC2), and dual tamoxifen and fulvestrant-resistant (LCC9) breast cancer cells. Gene ontology and pathway analysis were conducted for functional prediction of the unannotated differentially expressed ncRNAs. Competing endogenous RNA regulatory networks were constructed.



Results

We discovered a total of 3,129 long non-coding RNAs (lncRNAs), 13,556 circular RNAs (circRNAs), 132 microRNAs, and 3358 mRNAs that were significantly differentially expressed. We constructed co-expression networks for lncRNA-mRNA, circRNA-mRNA, and microRNA-mRNA. In addition, we established lncRNA-microRNA-mRNA and circRNA-microRNA-mRNA regulatory networks to depict ncRNA crosstalk and transcriptomic regulation of endocrine resistance.



Conclusions

Our study delineates a comprehensive profiling of ncRNAs in tamoxifen and fulvestrant resistant breast cancer cells, which enriches our understanding of endocrine resistance and sheds new light on identifying novel endocrine resistance biomarkers and potential therapeutic targets to overcome endocrine resistance.





Keywords: transcriptome profile, endocrine resistance, breast cancer, non-coding RNA, tamoxifen, fulvestrant



Introduction

Breast cancer remains one of the leading causes for cancer-related mortality in women, with an incidence rate of 124.7 per 100,000 population and a mortality rate of 20.6 per 100,000 population (1). Around 70% of breast cancers are estrogen receptor (ER) positive, and therefore can be treated with endocrine therapy (2), which exerts anti-tumor activity by depriving cancer cells of growth stimulating hormones. The selective ER modulator tamoxifen and the selective ER degrader fulvestrant are two major treatment options of endocrine therapy. Despite their prominent clinical benefit, the development of drug resistance, in almost all patients with metastases, increases cancer relapse rate and adversely affects the prognosis (2). The mechanisms underlying acquired resistance to tamoxifen and fulvestrant remain poorly understood.

Non-coding RNAs (ncRNAs) are a class of RNAs without protein encoding function but exert essential biological effects at both transcriptional and post-transcriptional levels. The diverse range of ncRNA members includes long ncRNAs (lncRNAs), microRNAs, and circular RNAs (circRNAs). The ncRNAs are extensively transcribed in the human genome, and they exert essential biological functions, though not fully understood (3). To date, accumulating evidence indicates that ncRNAs participate in the regulation of various physiological processes and different pathological conditions, such as inflammation and cancer (4, 5). Moreover, different RNA species, such as lncRNA, circRNA, and mRNA can compete in binding microRNA, thus constituting a competing endogenous RNA (ceRNA) network, in which gene expression is coordinately regulated by different ncRNAs (6).

In recent years, the role of ncRNAs in breast cancer drug resistance has been increasingly illuminated. Both microRNA and lncRNA have been reported to participate in tamoxifen and fulvestrant resistance in breast cancer (7). For example, miR-214 could increase both tamoxifen and fulvestrant sensitivity by targeting UCP2 and inhibiting autophagy in breast cancer cells (8). By contrast, the over-expression of lncRNA H19 augmented autophagy by reducing Beclin1 gene promoter region methylation, which caused tamoxifen resistance in ER-positive breast cancer cells (9). In addition, H19 could prevent ER degradation mediated by fulvestrant, which was related to Notch and c-MET receptor signaling pathway activation (10). Furthermore, the role of circRNA in drug resistance of breast cancer gains increasing attention (11). For example, circ_0025202 has been reported to function as a microRNA sponge for miR-182-5p to regulate FOXO3a activity, thus inhibiting tumor growth and enhancing tamoxifen sensitivity (12). However, evidence of circRNA participation in fulvestrant resistance is still lacking, the long-term use of which is hindered by acquired resistance. Admittedly, previous studies focusing on single ncRNA species sequencing in combination with bioinformatic analysis, or ncRNA interactions such as lncRNA-mRNA and microRNA-mRNA networks, provide information about roles of ncRNAs in endocrine resistance, but these studies are still limiting considering the wide-ranging regulatory crosstalks between different RNA species. Therefore, we aimed to perform a comprehensive transcriptomic analysis of tamoxifen and fulvestrant resistant breast cancer cells, which covers lncRNA, circRNA, microRNA, and mRNA, to help elucidate ncRNA-mediated regulation of endocrine resistance, identify breast cancer endocrine resistance biomarkers, and provide potential targets to overcome drug resistance.

In this study, we examined differentially expressed (DE) ncRNAs in breast cancer cells with acquired resistance to tamoxifen and fulvestrant using microarray analysis. Gene ontology (GO) analysis revealed biological processes, cellular components, and molecular functions that were involved in endocrine resistance. Pathway analysis showed enriched pathways associated with tamoxifen and fulvestrant resistance. According to the ceRNA hypothesis, we established lncRNA-microRNA-mRNA and circRNA-microRNA-mRNA regulatory networks to help elucidate the transcriptomic regulation of endocrine resistance. This is the first study to analyze breast cancer endocrine resistance using comprehensive transcriptomic profiling involving lncRNA, circRNA, microRNA, and mRNA. This study deepens our understanding of tamoxifen and fulvestrant resistance, provides potential drug resistance biomarkers and uncovers possible therapeutic targets for combating endocrine resistance.



Materials and Methods


Cell Lines and Reagents

MCF-7 is a human breast cancer cell line. LCC2 and LCC9 are two derivatives of MCF-7 cell line, which are tamoxifen resistant and dual tamoxifen and fulvestrant resistant, respectively. MCF-7, LCC2, and LCC9 were kindly provided by Robert Clarke (Georgetown University Medical Center, Washington, DC, USA). MEM, phenol red free IMEM and FBS were purchased from Gibco. Charcoal-stripped FBS was purchased from Biological Industries. 4-Hydroxytamoxifen and fulvestrant were purchased from Sigma-Aldrich. Methylthiazolyldiphenyl-tetrazolium bromide (MTT) was purchased from Beyotime. PCR primers were synthesized by Sangon Biotech.



MTT Assay

MCF-7, LCC2, and LCC9 cells were maintained in MEM supplemented with 5% FBS and 1% penicillin/streptomycin in a cell culture incubator at 37°C and 5% CO2. Prior to treatment, maintaining medium was changed to phenol red free IMEM supplemented with 5% charcoal-stripped FBS and 1% penicillin/streptomycin (stripped medium). Two days later, cells were digested and resuspended in stripped medium. Then, cells were seeded into 96-well plate at a concentration of 2,500 cells per well (100 µl). One day after seeding, tamoxifen and fulvestrant were diluted with phenol red free IMEM and added to corresponding sample wells. The final concentration gradient for tamoxifen was as the following: 10, 8, 7, 6, 5, 4, 3, 2, 1, and 0 µM. The final concentration gradient for fulvestrant was as the following: 10,000, 1,000, 100, 10, 1, 0.1, 0.01, 0.001, 0.0001, and 0 nM. On day 4, culture medium was aspirated and cells were supplemented with the same fresh medium containing tamoxifen or fulvestrant. After 7 days, cell viability was measured using MTT assay. Briefly, 0.5% MTT solution diluted with fresh culture media was added to each well and cells were incubated at 37°C for another 4 h. Then, supernatant was aspirated and 150 µl DMSO was added. After a 10-min incubation at room temperature with gentle shaking, optical absorbance was read at 490 nm.



Microarray: Agilent Human lncRNA + mRNA Array V4.0 + CapitalBiotech Human circRNA Array V2.0

The Agilent human lncRNA + mRNA Array V4.0 was used for the profiling of lncRNA and mRNA in MCF-7, LCC2, and LCC9 cell lines. Each array contains probes that could interrogate around 41,000 lncRNAs and 34,000 mRNAs in human genome. The target sequences for these lncRNA and mRNA were derived from a wide range of databases: 23,898 from GENCODE/ENSEMBL, 21,488 from LNCipedia, 14,353 from Human LincRNA Catalog (13), 13,701 from NRED (ncRNA Expression Database), 7,760 from RefSeq, 5,627 from USCS, 3,019 from LncRNAs-a (Enhancer-like), 1,053 from Antisense ncRNA pipeline, 1,038 from H-InvDB, 962 UCRs, 848 from Chen Ruisheng lab (Institute of Biophysics, Chinese Academy of Science), and 407 Hox ncRNAs.

The CapitalBiotech human circRNA Array V2.0 was used for the profiling of circRNA in MCF-7, LCC2, and LCC9 cell lines. Each array contains probes capable of interrogating approximately 170,340 human circRNAs, the target sequences of which are from Circbase, Deepbase and publication of Rybak-Wolf (14). Each circRNA was simultaneously detected by a long probe and a short probe.



Cell Culture and RNA Extraction

MCF-7, LCC2, and LCC9 cells that were maintained in MEM supplemented with 5% FBS and 1% penicillin/streptomycin were digested, resuspended in stripped medium and seeded in T75 flasks (0.8 million cells/T75 flask). Two days after seeding, the culture medium was aspirated and cells were supplemented with fresh stripped medium. At day 4, culture medium was aspirated and cells were washed with normal saline twice. Then, cells were harvested by incubating with 2 ml Trizol (Invitrogen) for 5 min, with pipetting for cell detachment. Three biological replicates for each cell line were used for the following microarray profiling. Total RNA was extracted from MCF-7, LCC2, and LCC9 breast cancer cells using Trizol (Invitrogen). Extracted RNA was then purified using mirVana microRNA Isolation Kit (Ambion). RNA purity and concentration were determined using spectrophotometer (OD260/280) (NanoDrop ND-1000). RNA integrity was determined using Agilent RNA 6000 Nano kit on 2100 Bioanalyzer instrument (Agilent Technologies). Only RNA with RNA integrity number higher than 6 was used for analysis.



RNA Amplification, Labeling, and Hybridization

cDNA labeled with fluorescent dye (Cy5 and Cy3-dCTP) was produced using CapitalBio cRNA Amplification and Labeling Kit (CapitalBio). Extracted total RNA was used to generate double-stranded (ds) cDNA using the CbcScript reverse transcriptase with cDNA synthesis system (Capitalbio). dsDNA synthesis was completed with DNA polymerase and RNase H, and then derived dsDNA was purified using NucleoSpin Extract II Kit (Macherey-Nagel) and used as templates for in vitro transcription reactions at 37°C for 14 h using T7 Enzyme Mix. The derived RNA was purified using the RNA Clean-up Kit (Macherey-Nagel).

The RNA was then labelled using Klenow enzyme labeling strategy. In brief, amplified RNA (2 μg) was mixed with random nanomer (4 μg), followed by denaturation at 65°C for 5min, and cooling on ice. Afterward, CbcScript II reverse transcriptase (1.5 μl), 4×first-strand buffer (5 μl) and 0.1M DTT (2 μl) were added. The mixture was incubated for 10 min at 25°C, followed by 90 min at 37°C. The cDNA was purified using NucleoSpin Extract II Kit (Macherey-Nagel). The vacuum evaporated cDNA (14 μl) was mixed with random nanomer (4 μg) and heated for 3 min at 95°C, followed by snap cooling on ice for 5 min. Afterward, 5 μl Klenow buffer, Cy5-dCTP or Cy3-dCTP (GE Healthcare, final concentration: 40 μM), and dNTPs (final concentrations: 240 μM dATP, 240 μM dGTP, 240 μM dTTP, 120 μM dCTP) were added. After adding 1.2 μl Klenow enzyme (Takara), the reaction was started and continued for 90 min at 37°C. Labeled cDNA products were purified using PCR NucleoSpin Extract II Kit (Macherey-Nagel). Labeled controls and test samples were dissolved in hybridization solution (80 μl) containing 25% formamide, 0.2% SDS, 5×Denhardt’s solution and 3×SSC. After denaturation at 95°C for 3 min, cDNA was loaded onto a microarray for overnight hybridization in an Agilent Hybridization Oven at 20 rpm and 42°C. The products were washed with two consecutive solutions (0.2% SDS, 2× SSC for 5 min at 42°C, and 0.2× SSC for 5 min at room temperature).



Microarray Imaging and Data Analysis

The summarization, normalization, and quality control of the microarray data were performed using GeneSpring software V13.0 (Agilent). The threshold for differential expression was a fold change ≥ 2 or ≤−2, in combination with a Benjamini-Hochberg corrected p value of 0.05 for lncRNA and mRNA, or a t-test p value of 0.05 for circRNA. Due to the smaller number of DE microRNAs, a fold change ≥1.5 or ≤−1.5 was used as the threshold (q < 0.05). The data was log2 transformed and then median centered by genes with the help of the Adjust Data function in CLUSTER 3.0. After that, the data was analyzed for hierarchical clustering with average linkage (15). Tree visualization was completed using Java Treeview (Stanford University School of Medicine, Stanford, CA, USA).



Construction of Coding-Noncoding Gene Co-Expression Network and ceRNA Regulatory Network

The coding-noncoding gene co-expression network was established according to the correlation analysis of DE lncRNAs/circRNAs/microRNAs and mRNAs based on their expression levels. The Pearson correlation was calculated for each gene pair. Only pairs with Pearson correlation coefficient ≥ 0.99 and p value < 0.05 were selected to construct the network using Cytoscape. The degree of one gene means the number of links that one gene has to other genes, which reflects gene centrality and relative importance (16).

By using miRanda software to find shared microRNAs between lncRNAs and mRNAs, we established the lncRNA-microRNA-mRNA network on the basis of lncRNA-mRNA correlation network (17). For the circRNA-microRNA-mRNA network, we combined circRNA-mRNA and circRNA-microRNA networks. The circRNAs and mRNAs were positively correlated while both of them were negatively correlated with shared microRNAs.



Cis- and Trans-Acting lncRNA Prediction

The cis-acting lncRNAs were searched within 10 kb of a protein-coding gene. For target gene prediction by correlation, the cis-acting lncRNA prediction was based on lncRNA correlation to co-expressed protein-coding genes [Pearson’s correlation coefficient ≥ 0.99, adjusted p value < 0.5 (Holm method)]. The trans-acting lncRNA prediction was conducted using BLAT tools (Standalone BLAT) by comparing the lncRNA full sequence with the 3’ UTR of its co-expressed mRNAs. For target gene prediction by correlation, only lncRNA-mRNA pairs with Pearson’s correlation coefficient ≥ 0.99 and adjusted p value < 0.5 (Holm method) were included. The transcription factor prediction was carried out using the sequence spanning from 2000 bp upstream to 500 bp downstream of the transcription start site of lncRNA.



Gene Ontology Annotations and Pathway Analysis

GO analysis revealed potential functions of DE ncRNAs in three hierarchical aspects: biological processes (BP), cellular components (CC), and molecular function (MF) (18–20). Pathway analysis showed enriched pathways of the DE genes using a combination of databases including KEGG (21–23), PID (24), BioCarta (25), Reactome (26), BioCyc (27, 28), and PANTHER (29, 30).



Statistical Analysis

Analysis of MTT assay results was performed using Graphpad Prism 8.0. Survival analysis was performed using the TANRIC (The Atlas of non-coding RNA in Cancer) tool (31), and a p value less than 0.05 was regarded as statistically significant.




Results


Characterization of Breast Cancer Cell Lines With Acquired Endocrine Resistance

MCF-7 is a human breast cancer cell line that is sensitive to tamoxifen and fulvestrant. LCC2 is a tamoxifen resistant derivative of MCF-7, whereas another derivative, LCC9, is resistant to both tamoxifen and fulvestrant. The three cell lines (MCF-7, LCC2, and LCC9) were treated with serial concentrations of tamoxifen and fulvestrant for 1 week. Then, cell viability was determined using MTT assay (Figure 1A). We validated that MCF-7 was sensitive to both tamoxifen and fulvestrant; LCC2 was only sensitive to fulvestrant; LCC9 was resistant to both drugs.




Figure 1 | Identification of differentially expressed (DE) ncRNAs in endocrine sensitive and resistant breast cancer cells. (A) The sensitivity of MCF-7, LCC2, and LCC9 cells to tamoxifen and fulvestrant. For tamoxifen sensitivity, cells were treated with tamoxifen at the following concentrations: 10, 8, 7, 6, 5, 4, 3, 2, 1, and 0 µM. For fulvestrant sensitivity, cells were treated with fulvestrant at the following concentrations: 10,000, 1,000, 100, 10, 1, 0.1, 0.01, 0.001, 0.0001, and 0 nM. Clustered heatmaps show the profiling for DE lncRNAs (B), circRNAs (C), microRNAs (D), and mRNAs (E) (n = 3). Principal component analysis using DE lncRNAs (B), circRNAs (C), microRNAs (D), and mRNAs (E) shows optimal separation of the three cell lines. Red, MCF-7; Green, LCC2; Blue, LCC9.





Identification of Differentially Expressed lncRNAs, circRNAs, microRNAs, and mRNAs

Total RNA was extracted from MCF-7, LCC2, and LCC9 cells for transcriptome analysis (three biological replicates per cell line). Analysis of microarray data revealed numerous DE lncRNAs, circRNAs and mRNAs (fold change ≥2 or ≤−2, q < 0.05). Due to the smaller number of DE microRNAs, a fold change ≥1.5 or ≤−1.5 was used as the threshold (q < 0.05). The profiling for DE lncRNAs, circRNAs, microRNAs and mRNAs were illustrated using clustered heatmaps in Figures 1B–E. Principal component analysis plots were placed next to heatmaps, which showed optimal separation of the three cell lines used in the experiment (Figures 1B–E).

To explore the role of ncRNAs in endocrine resistance, we set three comparison groups: LCC2vsMCF-7 (tamoxifen resistance), LCC9vsMCF-7 (tamoxifen and fulvestrant resistance), and LCC2mergeLCC9 (merged ncRNAs between LCC2vsMCF-7 and LCC9vsMCF-7). The merged ncRNAs are more likely to contribute to tamoxifen resistance, whereas the remaining unmerged ncRNAs in the LCC9vsMCF-7 group may be involved in acquired fulvestrant resistance. Volcano plots showed the pattern of up-regulated and down-regulated lncRNAs, circRNAs, microRNAs and mRNAs (Supplementary Figure 1).

When comparing LCC2 to MCF-7 cells, there were 921 DE lncRNAs (459 up-regulated and 462 down-regulated), 6,860 DE circRNAs (2,222 up-regulated and 4,638 down-regulated), 25 DE microRNAs (19 up-regulated and 6 down-regulated), and 1,213 DE mRNAs (530 up-regulated and 683 down-regulated). When comparing LCC9 to MCF-7 cells, there were 2,498 DE lncRNAs (1,895 up-regulated and 603 down-regulated), 8,279 DE circRNAs (5,431 up-regulated and 2,848 down-regulated), 119 DE microRNAs (99 up-regulated and 20 down-regulated), and 2,603 DE mRNAs (1,181 up-regulated and 1,422 down-regulated). When DE ncRNAs were merged between LCC2vsMCF-7 and LCC9vsMCF-7, we obtained a group of DE ncRNAs that were more likely to confer tamoxifen resistance (LCC2mergeLCC9). In this group, there were 290 DE lncRNAs (156 up-regulated and 134 down-regulated), 1,583 DE circRNAs (740 up-regulated and 843 down-regulated), 12 DE microRNAs (9 up-regulated and 3 down-regulated), and 458 DE mRNAs (185 up-regulated and 273 down-regulated). The top 10 up-regulated and 10 down-regulated lncRNAs, circRNAs, microRNAs and mRNAs for the three comparison groups were listed in Supplementary Table 1. To validate our microarray results, we performed quantitative real-time PCR to analyze the expression levels of selected ncRNAs. The quantitative real-time PCR results were consistent with our microarray findings (data not shown).

Chromosomal distribution of DE LncRNAs was shown in Figures 2A–B. Subgroup analysis (Supplementary Figure 2) indicated that the percentage for intergenic, antisense, divergent, intronic and sense DE lncRNAs in group LCC2vsMCF-7 were 49.2%, 27.3%, 5.1%, 3.5%, and 2.1%, respectively. The percentage for intergenic, antisense, intronic, divergent and sense DE lncRNAs in group LCC9vsMCF-7 were 47%, 27.6%, 5.9%, 3.5%, and 2.7%, respectively. The percentage for intergenic, antisense, intronic, divergent and sense DE lncRNAs in group LCC2mergeLCC9 were 53.1%, 26.9%, 1%, 3.8%, and 1.7%, respectively. Chromosomal distribution of DE circRNAs, microRNAs, and mRNAs were shown in circos plots (Figures 2A–B).




Figure 2 | Chromosomal distribution of differentially expressed ncRNAs in LCC2vsMCF-7 (A) and LCC9vsMCF-7 (B). The outer circle represents differentially colored chromosomes. The up-regulated and down-regulated ncRNAs are shown in red and green in middle and inner circles, respectively. Each line represents one RNA and the height indicates its degree of differential expression.





lncRNA-mRNA Co-Expression Network and Functional Prediction

Correlation analysis was performed between lncRNAs and mRNAs. The chromosomal distribution of up-regulated and down-regulated lncRNAs and mRNAs was shown in circos plots (Figures 3A, D, G). The lncRNAs with highest degree in the co-expression network were mostly unannotated, such as ENST00000513165.1 and NR_109925.1 in the LCC2vsMCF-7 group, uc.226-, TCONS_00003759, and uc021pna.1 in the LCC9vsMCF-7 group, as well as uc004fgb.3 and ENST00000555023.1 in the LCC2mergeLCC9 group. GO and pathway analysis was performed for genes encoding DE mRNAs in the lncRNA-mRNA network to help reveal lncRNA functions. In GO analysis, genes were classified according to GO terms: BP, MF and CC (Figures 3B, E, H). We found some enriched and meaningful GO terms that are worth further study. For example, lipid metabolism, one of the most enriched BP terms in LCC2mergeLCC9, is indicated to be related to endocrine resistance by earlier studies (32). Another example would be the protein serine/threonine kinase inhibitor activity, which is one of the most enriched MF terms in the LCC9vsMCF-7 group. Given the established role of serine/threonine kinases in endocrine resistance (33), it is worthwhile to investigate the altered kinase inhibitor activity in endocrine resistant cells. The top 30 most enriched GO terms were shown in Supplementary Figure 3. Pathway analysis was performed using a combination of data sources from KEGG pathway, PID, BioCarta, Reactome, BioCyc, and PANTHER. The top 30 enriched pathways were shown in Figures 3C, F, I. The representative enriched pathways for LCC2vsMCF-7 included PI3K/AKT signaling network, cadherin signaling pathway and pathways in cancer. For LCC9vsMCF-7, the significantly enriched pathways of interest included cell cycle, p53 signaling pathway and stem cell pluripotency regulation pathways. Some of these pathways are already known to participate in endocrine resistance. For example, p53 protein accumulation was found to be related to endocrine resistance in breast cancer patients, and it reduced post-relapse survival (34). In LCC2mergeLCC9, the most enriched pathways were histidine metabolism, G alpha (s) signaling events and drug metabolism-cytochrome P450. Of note, cytochrome P450 (CYP) 2D6 could affect tamoxifen metabolism, revealed by genetic polymorphism analysis of 730 breast cancer patients in the PHACS study (35). Therefore, the drug metabolism-cytochrome P450 pathway is of clinical importance and further study may discover ncRNAs associated with tamoxifen metabolism and resistance. Supplementary Figure 4 displayed the number of genes enriched in second-class KEGG pathways.




Figure 3 | The lncRNA-mRNA co-expression network and functional prediction. Chromosomal distribution of up-regulated (red) and down-regulated (green) lncRNAs (inner circles) and mRNAs (middle circles) for LCC2vsMCF-7 (A), LCC9vsMCF-7 (D), and LCC2mergeLCC9 (G) are shown in circos plots. (B, E, H) Gene Ontology (GO) analysis of genes encoding differentially expressed (DE) mRNAs in the lncRNA-mRNA co-expression network. Blue, biological processes (BP); green, cellular components (CC); red, molecular functions (MF). Bars with solid color and diagonal stripes indicate the number of genes annotated to different GO terms in the DE gene set and background gene set, respectively. (C, F, I) Pathway analysis of genes encoding DE mRNAs in the lncRNA-mRNA co-expression network. The size of the circle denotes the number of genes enriched in the pathway whereas different colors indicate their different q values.



Target prediction of lncRNAs by correlation and differential expression was also performed. lncRNAs can regulate neighboring and remote genes in cis- and trans-mechanisms. A cis-acting lncRNA is defined as a lncRNA regulating protein-coding genes within the proximity of its genomic locus (10 kb in our case). Cis-regulation can be categorized into sense, antisense, intergenic, intronic and bidirectional regulations. In contrast, trans-acting lncRNAs can regulate gene expression not in proximity to its site of synthesis. Trans-regulation is complicated and also not well understood, which includes chromatin state and gene expression regulation, nuclear structure and organization modification, as well as interaction with other proteins and RNAs (36). In our case, we performed trans-prediction by comparing the full sequence of the lncRNA with the 3’ UTR of its co-expressed mRNAs using the BLAT tool, which represents one mechanism of trans-regulation: microRNA sequestration. The networks of lncRNA and predicted target genes for three comparison groups were displayed in Supplementary Figure 5. GO and pathway analysis was performed for target genes which were predicted based on differential expression. The number of genes enriched in GO terms was shown in Supplementary Figure 6. Pathway analysis results were shown in Supplementary Figure 6. One of the most enriched GO terms was the positive regulation of toll-like receptor signaling pathway. Previous evidence indicates that Toll-like receptor 4 contributes to the development of paclitaxel resistance in advanced breast cancer cells by increasing the expression of pro-inflammatory cytokines such as IL-6 and IL-8, as well as the anti-apoptotic protein XIAP (37). Whether it also contributes to endocrine resistance is unclear and further study of the relevant terms revealed in our study may identify novel mechanisms.

Of note, lncRNAs could regulate target gene expression by interaction with transcription factors. The transcription factor prediction was carried out using the sequence from 2,000 bp upstream to 500 bp downstream of the transcription start site of lncRNA. We analyzed transcription factors that might be involved in lncRNA mediated regulation of gene expression (Figure 4). In the network of lncRNAs and transcription factors, the transcription factors with highest degree in group LCC2vsMCF-7 were Oct-1, Evi-1, Nkx2-5, and Pax-4, all of which were correlated to multiple lncRNAs. Interestingly, overexpression of Evi-1 was observed in basal subtype, ER negative breast cancers and related to poor prognosis (38). In addition, Evi-1 was involved in the proliferation, apoptosis and epithelial-mesenchymal transition (EMT) in breast cancer stem cells (39). Given the tumor promoting role of Evi-1 in the above studies, whether it participates in endocrine resistance is worth further research. For LCC9vsMCF-7, the transcription factors with highest degree were Oct-1, Pax-4, HNF-1, Nkx2-5, FOXD3, and Evi-1. In LCC2mergeLCC9 group, transcription factors with highest degree were Pax-4, Oct-1, COMP1, Nkx2-5, HNF-4, and FOXD3. Of note, FOXD3 has tumor suppressive role in breast cancer. Its down-regulation was associated with lymph node metastases in invasive ductal carcinomas (40) and EMT in breast cancer (41).




Figure 4 | Networks of lncRNAs (yellow) and predicted interacting transcription factors (purple) for LCC2vsMCF-7 (A), LCC9vsMCF-7 (B), and LCC2mergeLCC9 (C).





circRNA-mRNA Co-Expression Network and Functional Prediction

The chromosomal distribution of up-regulated and down-regulated circRNAs and mRNAs was shown in circos plots (Figures 5A, D, G). circRNA-mRNA correlation network for LCC2mergeLCC9 was shown in Supplementary Figure 7. The circRNAs with highest degree in the co-expression network were mostly unannotated, including hsa_circ_0105926, hsa_circ_0040835, and hsa_circ_0077827 in the LCC2vsMCF-7 group, hsa-circRNA2454-19 and hsa-circRNA10089-3 in the LCC9vsMCF-7 group, as well as hsa_circRNA7619-30 and hsa_circ_0114066 in the LCC2mergeLCC9 group. GO and pathway analysis was performed for genes encoding DE mRNAs in circRNA-mRNA networks to help reveal novel circRNA functions (Figures 5B, C, E, F, H, I). In the LCC2vsMCF-7 group, the most enriched BP terms were related to development and oxygen-containing compound response; the top 3 enriched MF terms were receptor binding, peptidase regulator activity and peptidase inhibitor activity. In LCC9vsMCF-7, the most enriched BP terms were associated with development, epithelial cell proliferation and cell adhesion, whereas the most enriched MF terms included protein kinase inhibitor activity. Of note, Notch signaling pathway was found to be a highly enriched BP term in LCC2mergeLCC9. In fact, the role of Notch signaling pathway in endocrine resistance has been established before. Tamoxifen or fulvestrant treatment could increase breast cancer stem cell activity via Notch signaling pathway, resulting in endocrine resistance. In addition, Notch inhibitors could overcome tamoxifen resistance in ER positive breast cancers (42). Top 30 enriched GO terms for the three comparison groups were listed in Supplementary Figure 8. The representative enriched pathways for LCC2vsMCF-7 include drug metabolism - cytochrome P450 and pathways in cancer. For LCC9vsMCF-7, the significantly enriched pathways include p53 signaling pathway, cell cycle, signaling pathways regulating pluripotency of stem cells, microRNAs in cancer and proteoglycans in cancer. Consistent with our data, the role of cancer stem cell in tamoxifen resistance has been reported previously. The expression level of the stem cell marker SOX2 was higher in tamoxifen resistant cell lines and patient tumors after endocrine therapy failure, and SOX2 silencing could restore tamoxifen sensitivity (43). The significantly enriched pathways for LCC2mergeLCC9 include drug metabolism-cytochrome P450, pathways in cancer, and cGMP-PKG signaling pathway. The number of genes enriched in second-class KEGG pathways was shown in Supplementary Figure 9.




Figure 5 | The circRNA-mRNA co-expression network and functional prediction. Chromosomal distribution of up-regulated (red) and down-regulated (green) circRNAs (inner circles) and mRNAs (middle circles) for LCC2vsMCF-7 (A), LCC9vsMCF-7 (D), and LCC2mergeLCC9 (G) are shown in circos plots. (B, E, H) Gene Ontology (GO) analysis of genes encoding differentially expressed (DE) mRNAs in the circRNA-mRNA co-expression network. Blue, biological processes (BP); green, cellular components (CC); red, molecular functions (MF). Bars with solid color and diagonal stripes indicate the number of genes annotated to different GO terms in the DE gene set and background gene set, respectively. (C, F, I) Pathway analysis of genes encoding DE mRNAs in the circRNA-mRNA co-expression network. The size of the circle denotes the number of genes enriched in the pathway whereas different colors indicate their different q values.





microRNA-mRNA Co-Expression Network and Functional Prediction

Correlation networks were also constructed to show the negative correlation between microRNAs and their target mRNAs (Supplementary Figure 10). Chromosomal distribution of up-regulated and down-regulated microRNAs and their target mRNAs was shown in Figures 6A, D, G. For LCC2vsMCF-7, the microRNAs with highest degree included the up-regulated hsa-miR-409-3p and hsa-miR-195−5p, as well as the down-regulated hsa-miR-1299 and hsa-miR-205-5p. For LCC9vsMCF-7, a number of microRNAs had a high degree including the up-regulated hsa-miR-485-5p, hsa-miR-495-3p, hsa-miR-370-3p, hsa-miR-125b-5p, hsa-miR-432-5p, hsa-miR-205-5p, and hsa-miR-10a-5p, as well as the down-regulated hsa-miR-27b-3p and hsa-miR-23b-3p. In the LCC2mergeLCC9 group, the microRNAs in the correlation network were all up-regulated, including hsa-miR-105-5p, hsa-miR-10a-5p, hsa-miR-767-5p, hsa-miR-409-3p, hsa-miR-489-3p, and hsa-miR-134-5p. Among these DE microRNAs, miR-134-5p, hsa-miR-125b-5p, and hsa-miR-10a-5p were significantly associated with short relapse-free time in hormone receptor positive breast cancer, which supports the role of these microRNAs in cancer recurrence and tamoxifen resistance (44).




Figure 6 | The microRNA-mRNA co-expression network and functional prediction. Chromosomal distribution of up-regulated (red) and down-regulated (green) microRNAs (inner circles) and mRNAs (middle circles) for LCC2vsMCF-7 (A), LCC9vsMCF-7 (D), and LCC2mergeLCC9 (G) are shown in circos plots. (B, E, H) Gene Ontology (GO) analysis of genes encoding differentially expressed (DE) mRNAs in the microRNA-mRNA co-expression network. Blue, biological processes (BP); green, cellular components (CC); red, molecular functions (MF). Bars with solid color and diagonal stripes indicate the number of genes annotated to different GO terms in the DE gene set and background gene set, respectively. (C, F, I) Pathway analysis of genes encoding DE mRNAs in the microRNA-mRNA co-expression network. The size of the circle denotes the number of genes enriched in the pathway whereas different colors indicate their different q values.



In order to determine functions of DE microRNAs, we carried out GO and KEGG pathway analysis of the genes targeted by DE microRNAs. Candidate genes were classified using the GO terms (Figures 6B, E, H), with top 30 enriched terms shown in Supplementary Figure 11, including cell communication regulation and signaling regulation. Figures 6C, F, I showed pathway analysis results of these DE genes. Among them, immune system, membrane trafficking and adherens junction were representative enriched pathways that may be involved in endocrine resistance. The number of genes enriched in second-class KEGG pathways was shown in Supplementary Figure 12.



Construction of Competing Endogenous RNA Regulatory Network

Competing endogenous RNAs (ceRNA) are a class of RNAs with microRNA recognition elements (MREs) that could compete for binding microRNAs (6). MREs function as a type of RNA language for different RNA species, such as mRNA, lncRNA and circRNA, to communicate with each other for the regulation of gene expression. Regulatory ceRNA network analysis was performed to assess the functions and underlying molecular mechanisms of ncRNAs in acquired resistance to tamoxifen and fulvestrant in breast cancer.


lncRNA-microRNA-mRNA Regulatory Network

The lncRNA-microRNA-mRNA network was constructed on the basis of lncRNA-mRNA correlation network by using miRanda software to find shared microRNAs between lncRNAs and mRNAs (17). The chromosomal distribution of up-regulated and down-regulated lncRNA, microRNA and mRNA was shown in the circos plots for all three comparison groups (Figures 7A, D, G). The lncRNA-microRNA-mRNA networks were shown in Figure 8. A microRNA could be shared by multiple lncRNAs and mRNAs. In the LCC2vsMCF-7 group, such microRNAs with high degree include the up-regulated hsa-let-7b-5p, hsa-miR-134-5p, hsa-miR-10a-5p, and hsa-miR-489-3p, as well as the down-regulated hsa-miR-1299, hsa-miR-205-5p, and hsa-miR-767-5p. In the LCC9vsMCF-7 group, shared microRNAs with high degree include the up-regulated hsa-miR-10a-5p, hsa-miR-125b-5p, hsa-miR-205-5p, and hsa-miR-433-3p, as well as the down-regulated hsa-miR-149-5p, hsa-miR-767-5p, hsa-miR-105-5p, and hsa-miR-200b-5p. In the merged group, such microRNAs include the up-regulated hsa-miR-105-5p, hsa-miR-767-5p, and hsa-miR-489-3p. Interestingly, some of these microRNAs overlapped with those found in the microRNA-mRNA correlation network, such as miR-134-5p, hsa-miR-125b-5p, and hsa-miR-10a-5p, which were related to relapse in tamoxifen-treated hormone receptor positive breast cancer (44).




Figure 7 | The lncRNA-microRNA-mRNA regulatory network. Chromosomal distribution of up-regulated (red) and down-regulated (green) mRNAs, lncRNAs and microRNAs (outer to inner) for LCC2vsMCF-7 (A), LCC9vsMCF-7 (D), and LCC2mergeLCC9 (G) are shown in circos plots. (B, E, H) Gene Ontology (GO) analysis of genes encoding differentially expressed (DE) mRNAs in the lncRNA-microRNA-mRNA network. Blue, biological processes (BP); green, cellular components (CC); red, molecular functions (MF). Bars with solid color and diagonal stripes indicate the number of genes annotated to different GO terms in the DE gene set and background gene set, respectively. (C, F, I) Pathway analysis of genes encoding DE mRNAs in the lncRNA-microRNA-mRNA network. The size of the circle denotes the number of genes enriched in the pathway whereas different colors indicate their different q values.






Figure 8 | The lncRNA-microRNA-mRNA networks for the three comparison groups. Circles, triangles and squares represent mRNAs, lncRNAs and microRNAs, respectively. The node size indicates node degree whereas node color denotes the degree of differential expression.



To help elucidate the biological role of ncRNA interactions within the ceRNA network, the genes encoding DE mRNAs in the lncRNA-microRNA-mRNA network were subjected to GO and pathway analysis (Figures 7B, C, E, F, H, I). Interestingly, development and morphogenesis were highly enriched BP terms in both LCC2vsMCF-7 and LCC9vsMCF-7. Some other GO terms also attracted our attention, such as hippo signaling regulation, which is one of the most enriched BP terms in LCC2mergeLCC9. Earlier study indicates that the hippo signaling pathway could modulate ERα activity (45), and further investigations are needed to fully understand the role of hippo signaling pathway in endocrine resistance. Top 30 enriched GO terms for the three comparison groups were listed in Supplementary Figure 13. The representative significantly enriched pathways for LCC2vsMCF-7 were related to focal adhesion, ECM-receptor interaction and transcriptional mis-regulation in cancer. The significantly enriched pathways for LCC9vsMCF-7 included cell junction organization, proteoglycans in cancer, and signaling pathways regulating pluripotency of stem cells. The noteworthy enriched pathways for LCC2mergeLCC9 were about biosynthesis of glycoaminoglycan-protein linkage region and glycosaminoglycan. The role of glycosaminoglycan in breast cancer is noteworthy, which has started to attract oncologists’ attention. For example, heparan sulfate is one type of glycosaminoglycan. Heparan sulfate degradation was increased in the presence of overexpressed heparanase induced by tamoxifen treatment in ER positive breast cancer, which may be able to promote tumor invasion and therefore confer tamoxifen resistance (46). In addition, the expression of syndecan-1, which has heparan sulfate chains and is able to promote cancer invasiveness, could be induced by ER suppression using selective ER down-regulators in breast cancer cells (47). It is possible that syndcan-1, with its glycosaminoglycan chains, accounts for endocrine resistance in breast cancer. This demonstrates the value of further investigation into our transcriptomic profiling study. Figures 7C, F, I displayed pathway analysis of these DE genes. Enriched pathways included focal adhesion, cell junction organization, proteoglycans in cancer, and stem cell pluripotency regulation. The number of genes enriched in second-class KEGG pathways was shown in Supplementary Figure 14.



circRNA-microRNA-mRNA Regulatory Network

The circRNA-microRNA-mRNA network was constructed on the basis of circRNA-mRNA and circRNA-microRNA networks. The chromosomal distribution of up-regulated and down-regulated circRNA, microRNA and mRNA was shown in the circos plots (Figures 9A, D, G). The microRNAs shared by a number of circRNAs and mRNAs in LCC2vsMCF-7 group included the up-regulated hsa-miR-134-5p, hsa-let-7b-5p, hsa-miR-409-3p, and hsa-miR-10a-5p, as well as the down-regulated hsa-miR-1299, hsa-miR-205-5p, and hsa-miR-767-5p. Previously, it is found that miR-409-3p has tumor suppressive role by binding to 3’ UTR of Akt1 and mediating its down-regulation (48). Given the role of its target gene Akt1 in tamoxifen resistance (49) as well as our ceRNA network analysis results, it is highly possible that miR-409-3p participates in tamoxifen resistance. The shared microRNAs in the LCC9vsMCF-7 group included the up-regulated hsa-miR-370-3p, hsa-miR-432-5p, hsa-miR-485-5p, and hsa-miR-1301-3p, as well as the down-regulated hsa-miR-149-5p, hsa-miR-27b-3p, and hsa-miR-767-5p. Consistent with our results, hsa-miR-27b-3p was reduced in breast cancer tissues from tamoxifen resistant patients when compared with untreated patients, and increasing hsa-miR-27b-3p level could restore tamoxifen sensitivity both in vitro and in vivo (50). In LCC2mergeLCC9 group, such microRNAs included hsa-miR-767-5p, hsa-miR-489-3p and hsa-miR-10a-5p. Interestingly, hsa-miR-134-5p and hsa-miR-10a-5p were two microRNAs identified in both microRNA-mRNA correlation network and lncRNA-microRNA-mRNA network. In combination with previous study indicating their role in tamoxifen resistance of hormone receptor positive breast cancer (44), it is worthwhile to study the circRNAs associated with these two microRNAs that were identified in this ceRNA network.




Figure 9 | The circRNA-microRNA-mRNA regulatory network. Chromosomal distribution of up-regulated (red) and down-regulated (green) mRNAs, circRNAs and microRNAs (outer to inner) for LCC2vsMCF-7 (A), LCC9vsMCF-7 (D), and LCC2mergeLCC9 (G) are shown in circos plots. (B, E, H) Gene Ontology (GO) analysis of genes encoding differentially expressed (DE) mRNAs in the circRNA-microRNA-mRNA network. Blue, biological processes (BP); green, cellular components (CC); red, molecular functions (MF). Bars with solid color and diagonal stripes indicate the number of genes annotated to different GO terms in the DE gene set and background gene set, respectively. (C, F, I) Pathway analysis of genes encoding DE mRNAs in the circRNA-microRNA-mRNA network. The size of the circle denotes the number of genes enriched in the pathway whereas different colors indicate their different q values.



To help elucidate functions of unannotated circRNAs and associated RNA interactions in endocrine resistance, the genes encoding DE mRNAs in the circRNA-microRNA-mRNA network were subjected to GO and pathway analysis (Figures 9B, C, E, F, H, I). In LCC2vsMCF-7, the most enriched BP terms were related to development and response to oxygen-containing compound; the most enriched MF terms were about tensile strength, transcription factor activity and receptor binding. In LCC9vsMCF-7, the most enriched BP terms were related to development and cell proliferation; the most enriched MF terms were associated with enzyme binding, molecular function regulator and kinase binding; the most enriched CC term was cell junction. In LCC2mergeLCC9, the most enriched BP terms were related to mRNA and RNA destabilization and glycosaminoglycan biosynthesis; the most enriched MF terms were about ferric-chelate reductase activity and xylosyltransferase activity. Top 30 enriched GO terms for the three comparison groups were listed in Supplementary Figure 15. The noteworthy enriched pathways for LCC2vsMCF-7 included pathways in cancer, focal adhesion, ECM-receptor interaction and transcriptional mis-regulation in cancer. For LCC9vsMCF-7, the enriched pathways included microRNAs in cancer, p53 signaling pathway and proteoglycans in cancer. The significantly enriched pathways for LCC2mergeLCC9 were related to glycosaminoglycan biosynthesis and mineral absorption. The role of glycoproteins in endocrine resistance is being widely studied. For example, the transmembrane glycoprotein CD44 was up-regulated in tamoxifen-resistant breast cancer cells and enhanced their sensitivity to ErbB ligands and hyaluronan, thus promoting an adverse phenotype (51). The number of genes enriched in second-class KEGG pathways was shown in Supplementary Figure 16.

Using the genomic location information of circRNAs and mRNAs, we built a circRNA-mRNA cis regulation network (Figure 10). GO and KEGG analysis was also performed for genes encoding these cis-regulated mRNAs (Supplementary Figure 17). In the LCC2vsMCF-7 group, representative enriched GO terms included enzyme linked receptor protein signaling pathway, transmembrane receptor protein tyrosine kinase signaling pathway and positive regulation of phosphatidylinositol 3-kinase activity. Enriched pathways included central carbon metabolism and microRNAs in cancer. For the LCC9vsMCF-7 group, the most enriched GO terms were related to development and cell junction. Enriched pathways were about fatty acid biosynthesis and metabolism, microRNAs and central carbon metabolism in cancer. In the LCC2mergeLCC9 group, the most enriched GO terms were related to morphogenesis and development. The most noteworthy enriched pathways were related to glycosaminoglycan biosynthesis.




Figure 10 | The circRNA-mRNA cis regulation networks for the three comparison groups. Circles and stars represent mRNAs and circRNAs, respectively. The node size indicates node degree whereas node color denotes the degree of differential expression.







Discussion

Tamoxifen and fulvestrant are two clinically effective endocrine therapy agents in the treatment of hormone receptor positive breast cancer. However, their clinical benefits are greatly hindered by the development of endocrine resistance. The mechanisms of endocrine resistance are multifaceted and not well understood, among which the role of ncRNAs is gaining increasing attention. In this study, we provide comprehensive profiling of the transcriptome involving lncRNA, circRNA, microRNA, and mRNA in endocrine resistant breast cancer cells. Among our findings, some are consistent with previous discovered molecular targets or pathways in endocrine resistance, while a larger proportion of ncRNAs are unannotated and need further investigation. Our study sheds new light on the understanding of acquired resistance to tamoxifen and fulvestrant, and aids in identifying biomarkers for drug resistance, potential therapeutic targets and prognostic indicators of breast cancer.

Our results were consistent with previous datasets about transcriptomic analysis of endocrine-resistance breast cancers. For example, some pathways are found to be activated in LCC2 cells both by previous dataset (52) (data accessible at NCBI GEO database, accession GSE118774) and our microarray analysis, which include cell cycle, PI3K signaling, p53 signaling, and adherens junction. We also found increased expression of SOX2 in tamoxifen-resistant cells, and this is consistent with another dataset GSE55343, which is focused on mRNA and small RNA (data accessible at NCBI GEO database, accession GSE55343). The up-regulation of the transcription factor SOX2 was validated in tamoxifen resistant cell lines and endocrine therapy ineffective patient tumors (43). SOX2 silencing by siRNA, or SOX2 down-regulation by increasing its transcription repressor MSX2 using a neddylation inhibitor pevonedistat, could restore tamoxifen sensitivity (43, 53). In addition to the above tamoxifen-related studies, we also found molecular targets and pathways in fulvestrant resistance that were consistent with previous discoveries. Notch signaling pathway is one of the most enriched altered pathways we identified in our study. Previously, it’s reported that tumor-bearing mice treated with fulvestrant exhibited enriched self-renewing CD133hi cancer stem cells, in which Notch3 and mRNA transcripts of Notch signaling pathway were elevated. Notch3 reduction by stable short hairpin RNA restored their fulvestrant sensitivity (54). Furthermore, increase of Notch1 activity marker was associated with worse clinical outcome in tamoxifen treated breast cancer patients, according to a meta-analysis of 458 women patients (55). Therefore, further study of ncRNAs associated with the Notch pathway may enrich our understanding of endocrine resistance and identify novel molecular targets for Notch pathway inhibition and endocrine sensitivity enhancement. The consistency with the previous studies indicates the effectiveness of our study. However, the majority of ncRNAs identified are functionally unannotated, which are worth further research.

To help reveal functional roles of unannotated ncRNAs, we constructed dysregulated ceRNA networks in tamoxifen and fulvestrant resistant breast cancer cells. In a ceRNA network, one microRNA is shared by multiple lncRNAs, circRNAs, and mRNAs as MRE is present in different RNA species for them to crosstalk with each other. Some novel interactions were discovered in our networks. The tumor suppressor miR-205-5p, which was down-regulated in breast cancers, could inhibit breast cancer cell growth and invasion (56). miR-205-5p participated in cell proliferation and EMT by interaction with various targeted genes such as ErbB3, VEGF-A, and ZEB1 (56, 57). On the other hand, there are studies indicating that up-regulation of miR-205-5p in breast cancer cells suppressed the expression of ErbB2 and induced resistance to targeted therapy (58). Moreover, up-regulated miR-205-5p was found to be involved in EMT of breast cancer cells, and miR-205-5p silencing reduced tumor growth and metastasis in mice (59). Such kind of controversy was also seen in our study. We found that the expression of miR-205-5p was reduced when comparing tamoxifen resistant LCC2 cells to parental MCF-7 cells (Figure 11A), whereas the level of miR-205-5p increased in tamoxifen and fulvestrant cross-resistant LCC9 cells (Figure 11B). Such kind of pattern was also seen when establishing the ceRNA network (Figures 11C–F). We could find overlapping genes targeted by miR-205-5p in the microRNA-mRNA, lncRNA-microRNA-mRNA, and circRNA-microRNA-mRNA networks for LCC2vsMCF-7, such as VPS53, NKX3-1, and HLA-DQB1. This also happened in LCC9vsMCF-7, but there were rarely overlapping genes between the two comparison groups. The role of miR-205-5p in endocrine resistance remains elusive. Moreover, given its different expression pattern in tamoxifen and dual resistant cells, its role in tamoxifen and fulvestrant resistance may be different.




Figure 11 | Expression pattern of miR-205-5p and its role in competing endogenous RNA network. The subnetworks of the down-regulated miR-205-5p in LCC2vsMCF-7 include microRNA-mRNA (A), lncRNA-microRNA-mRNA (C), and circRNA-microRNA-mRNA (E) networks. The subnetworks of the up-regulated miR-205-5p in LCC9vsMCF-7 include microRNA-mRNA (B), lncRNA-microRNA-mRNA (D), and circRNA-microRNA-mRNA (F) networks. Circles, triangles, stars and squares represent mRNAs, lncRNAs, circRNAs, and microRNAs, respectively. The node size indicates node degree whereas node color denotes the degree of differential expression.



Our comprehensive transcriptomic profiling of tamoxifen and fulvestrant resistant breast cancer cells also revealed potential prognostic markers for ER positive breast cancer patients. We performed survival analysis using the TANRIC database (31). For example, LINC00221 was one of the most down-regulated lncRNAs in the LCC2vsMCF7 group (Supplementary Table 1). TANRIC analysis indicated that ER positive breast cancer patients with higher expression of LINC00221 have a higher survival probability (p = 0.03) (Figure 12). So far, there is no research about the role of LINC00221 in breast cancer. Therefore, further research is warranted to explore the function of LINC00221 and other ncRNAs revealed by our study that are associated with patient outcome.




Figure 12 | Role of LINC00221 in breast cancer patient survival. Survival analysis of estrogen receptor positive breast cancer patients with high and low LINC00221 expression was performed using TANRIC (The Atlas of non-coding RNA in Cancer, http://bioinformatics.mdanderson.org/main/TANRIC:Overview).





Conclusion

This is the first comprehensive analysis of ceRNA network comprising lncRNA, circRNA, microRNA, and mRNA in tamoxifen and fulvestrant resistant breast cancer cells. The ceRNA networks shed new light on identifying novel biomarkers of endocrine resistance and potential therapeutic targets for overcoming endocrine resistance in breast cancer.
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Oxaliplatin, fluorouracil plus leucovorin (FOLFOX) regimen is the first-line chemotherapy of patients with metastatic colorectal cancer (mCRC). However, studies are limited regarding long non-coding RNAs (lncRNAs) associated with FOLFOX chemotherapy response and prognosis. This study aimed to identify lncRNAs associated with FOLFOX chemotherapy response and prognosis in mCRC patients and to construct a predictive model. We analyzed lncRNA expression in 11 mCRC patients treated with FOLFOX chemotherapy before surgery (four sensitive, seven resistant) by Gene Array Chip. The top eight lncRNAs (AC007193.8, CTD-2008N3.1, FLJ36777, RP11-509J21.4, RP3-508I15.20, LOC100130950, RP5-1042K10.13, and LINC00476) for chemotherapy response were identified according to weighted correlation network analysis (WGCNA). A competitive endogenous RNA (ceRNA) network was then constructed. The crucial functions of the eight lncRNAs enriched in chemotherapy resistance were mitogen-activated protein kinase (MAPK) and proteoglycans signaling pathway. Receiver operating characteristic (ROC) analysis demonstrated that the eight lncRNAs were potent predictors for chemotherapy resistance of mCRC patients. To further identify a signature model lncRNA chemotherapy response and prognosis, the validation set consisted of 196 CRC patients from our center was used to validate lncRNAs expression and prognosis by quantitative PCR (qPCR). The expression of the eight lncRNAs expression between CRC cancerous and adjacent non-cancerous tissues was also verified in the validation data set to determine the prognostic value. A generalized linear model was established to predict the probability of chemotherapy resistance and survival. Our findings showed that the eight-lncRNA signature may be a novel biomarker for the prediction of FOLFOX chemotherapy response and prognosis of mCRC patients.

Keywords: colorectal cancer, FOLFOX, Gene Array Chip, WGCNA, lncRNA


INTRODUCTION

Colorectal cancer (CRC), common cancer, is the second leading cause of cancer-related death in the world (Edwards et al., 2014). Chemotherapy has been widely used in the treatment of mCRC patients. Oxaliplatin, fluorouracil plus leucovorin (FOLFOX) regimen is the first-line chemotherapy of mCRC patients (Benson et al., 2017). However, patients could develop drug resistance to FOLFOX chemotherapy and then be exposed to chemotherapy-associated toxicities without any benefit. Therefore, a better understanding of the mechanism underlying resistance to FOLFOX chemotherapy would be helpful for the prevention and treatment of mCRC patients. In the era of individualized treatment, identifying valid predictive biomarkers chemotherapy resistance in mCRC is imperative.

Long non-coding RNAs (lncRNAs) play crucial roles in biological processes by regulating transcriptional modulation, splicing regulation, and posttranscriptional process (Fatica and Bozzoni, 2014; Anderson et al., 2015; Nelson et al., 2016). Accumulating evidence has also revealed that lncRNAs are implicated in the process of proliferation, invasion, progression, and metastasis of various cancers, including CRC (Fernández-Barrena et al., 2017; Li et al., 2017a; Dai et al., 2018; Shi et al., 2019). Recently, the potential function of lncRNAs as diagnostic and prognostic biomarkers of cancers has attached more and more attention from investigators (Fu et al., 2006; Sánchez and Huarte, 2013; Casero et al., 2015; Kurian et al., 2015; Jiang et al., 2017; Ali et al., 2018). However, studies are limited regarding lncRNAs associated with resistance to FOLFOX chemotherapy. Only a few lncRNAs were identified as effective biomarkers to FOLFOX chemotherapy resistance in mCRC (Li et al., 2017b, 2019).

Herein, lncRNA expression profiling was performed in mCRC patients receiving FOLFOX chemotherapy. Weighted gene coexpression network analysis (WGCNA) was then used to screen relevant hub lncRNA genes associated with FOLFOX chemoresistance. Finally, verification of hub genes was performed in other testing data (patient tissue samples).



MATERIALS AND METHODS


Subjects

Between January 2017 and December 2017, 11 mCRC patients with synchronous liver metastases who received preoperative FOLFOX6 chemotherapy were enrolled in our study for lncRNA expression profiling (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE138912, GSE138912), and the samples were collected at diagnosis by colonoscopy. After completion of six cycles of chemotherapy, the response to FOLFOX6 chemotherapy was evaluated using the Response Evaluation Criteria in Solid Tumors (RECIST) (Des Guetz et al., 2009; Ren et al., 2009). Briefly, the patients underwent CT/MR before and after FOLFOX6 chemotherapy to evaluate the size of the metastatic lesion, and tumor response was evaluated according to the cumulative length diameter value. Complete response (CR) means that all the metastatic lesions disappeared; partial response (PR) means that there is cumulative diameter reduction of more than 30% relative to a baseline value; disease progression (PD) means that cumulative diameter increase is >20% relative to baseline value or new metastatic lesion was found; and stable disease (SD) means that the cumulative length diameter of the metastatic lesion varies between PD and CR. Among them, four patients were included in the chemotherapy-sensitive group (CR, n = 0; PR, n = 4), while seven patients were included in the chemotherapy-resistant group (SD, n = 4; PD, n = 3). Moreover, a total of 136 without metastatic CRC patients in 2017 were used for building the risk score model and validating the lncRNAs expression in cancerous and adjacent cancerous tissues, named as the risk score training dataset, and the samples were collected after surgery. A total of 73 mCRC patients who received preoperative FOLFOX6 chemotherapy from 2017 to 2018 were included for external validation of predictive efficiency, named as the external validation dataset, and the samples were collected at diagnosis by colonoscopy. All the above samples were stored in liquid nitrogen for the further experiment. The study workflow is shown in Figure 1. Patient follow-up lasted until death or the cut-off date of September 30, 2019.
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FIGURE 1. Workflow diagram in this study.




RNA Extraction, Quality Control, Labeling, Array Hybridization, and Data Analysis

Total RNA extraction, quality control, labeling, and array hybridization were carried out according to our previous study (Zhang et al., 2020). The microarray was analyzed by Aksomics Inc. (Shanghai, China). Briefly, Agilent Feature Extraction software (version 10.7.3.1) and GeneSpring GX v11.5.1 software package (Agilent Technologies) were used for quantile normalization and subsequent data processing. Agilent Gene Spring GX software (version 11.5.1) was used for hierarchical clustering. The standard enrichment computation method was used for the Gene Ontology (GO) functional analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis.



Co-expression Network Construction and Identification of Chemotherapy Sensitivity

The WGCNA algorithm was described in detail previously (Zhang and Horvath, 2005). Briefly, we first identified the qualification profiles for our data. We constructed the coexpression network by using the “WGCNA” package in R software (Horvath and Dong, 2008; Mason et al., 2009). Then, we established the correlation matrix and determined the soft threshold power by analyzing the network topology. Finally, the topological overlap matrix (TOM) was established (Yip and Horvath, 2007; Botía et al., 2017). Based on the phenotypic data of the groups, we calculated each module's p-value using a t-test gene significance.

To explore the relevant module, Pearson's correlation analysis was used to examine the association between module eigengenes (MEs) and chemotherapy resistance. To identify hub genes, we first chose the module with the highest correlation coefficient with the chemotherapy resistance (P < 0.05), and the genes that had the maximum absolute value of the Pearson's correlation in the module were defined as the hub genes.



Gene Set Enrichment Analysis and Real-Time Quantitative Polymerase Chain Reaction

To figure out the potential function of the eight lncRNAs in mCRC patients, gene set enrichment analysis (GSEA) was performed in patients from our datasets. P < 0.05 and |enrichment score (ES)| > 0.3 were set as the cutoff criteria.

Total RNA extraction from patient tissues was according to the manufacturer's instruction (Invitrogen). One microgram total RNA was used for reverse transcription reaction using M-MLV Reverse Transcriptase Product (Promega). Real-time quantitative polymerase chain reaction (RT-qPCR) was performed using an ABI 7500 real-time PCR system (Thermo Fisher Scientific), and ASHGV40002660, ASHGV40041402, ASHGV40037204, ASHGV40000862, ASHGV40033167, ASHGV40021176, ASHGV40033762, and ASHGV40052035, lncRNA levels were assessed by RT-qPCR with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) used as an internal control. PCR amplification was performed by denaturation at 94°C for 5 s, annealing, and extension at 62°C for 40 s for 40 cycles. The relative expression level of lncRNAs was calculated using the ΔCt method. In brief, the difference value between GAPDH Ct value and lncRNA Ct value was defined as the ΔCt value, and the high ΔCt value was recognized as the relatively low expression of the lncRNA in each sample. All PCR amplifications were performed in triplicate and repeated in three independent experiments. The RT-qPCR analysis was performed using primers in Supplementary Table 1.



Internal and External Validation for the Hub lncRNAs

We first verified the hub lncRNAs expression in the chemotherapy-resistant and chemotherapy-sensitive groups in our data. Then, we further evaluated the hub lncRNAs expression between CRC and normal tissues and chemotherapy-resistant and chemotherapy-sensitive groups by using the external validating data. The receiver operating characteristic (ROC) curve was plotted, and the area under the ROC curve (AUC) was calculated to evaluate the predictive ability of the hub genes.



Statistical Analyses

All statistical analyses were performed using SPSS software (version 23 SPSS Inc., Chicago, IL) and R software (version 3.4.1). The optimal cutoff values for lncRNAs expression were determined by using the X-tile program (Camp et al., 2004). Survival outcomes were assessed using the Kaplan–Meier method and the log-rank test. A Cox proportional hazards model was performed to identify risk factors for disease-free survival (DFS) (Friedman et al., 2010). Briefly, we calculated each sample risk score by using a risk score system. The patients were evenly divided into high- and low-risk groups based on the risk score. The performance of the model was evaluated by time-dependent ROC analysis, Kaplan–Meier curves, and Cox regression analysis. P < 0.05 was considered statistically significant.




RESULTS


Cluster Analysis

Gene expression profiling in primary tumor cells was performed using the Agilent lncRNA Gene Chip Array. A total of 45,580 lncRNAs were detected. Supervised hierarchical cluster analysis demonstrated a clustering trend between the two groups (Figures 2A,B). The sample for differentially expressed genes (DEGs) demonstrated that tumor cell biology significantly differed between the two groups, chemotherapy-resistant group vs. chemotherapy-sensitive group, including 24 upregulated and 89 downregulated genes [all false discovery rate (FDR) < 0.01].
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FIGURE 2. Long non-coding RNAs (lncRNAs) expression profile comparison between chemotherapy-resistant and chemotherapy-sensitive groups. Gene Ontology (GO) functional and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the differentially expressed genes. (A) The hierarchical clustering of all target values of lncRNA expression profiling among samples. (B) Between the chemotherapy-resistance and chemotherapy-sensitivity group. The purple dots indicated the upregulated genes of messenger RNAs (mRNAs), and the green dots indicated the downregulated genes of mRNAs. (C) GO functional analysis of the top 10 functional classifications of the upregulated genes. (D) GO functional analysis of the top 10 functional classifications of the downregulated genes. (E) KEGG pathway analysis of the top 10 significant pathways of upregulated genes. (F) KEGG pathway analysis of the top 10 pathways of downregulated genes.




GO Enrichment and KEGG Pathway Analysis

The molecular mechanism of differentially expressed lncRNAs (DElncRNAs) involved in FOLFOX chemoresistance for mCRC patients was studied by using GO enrichment analysis. We evaluated the top 10 significant GO terms enriched in DEGs in mCRC patients (Figures 2C,D). The top three significant GO terms in the upregulated genes were related to the system process, heart contraction, and regulation of blood circulation, whereas the top three significant GO terms in the downregulated genes were related to neutrophil-mediated immunity, neutrophil activation, and myeloid leukocyte mediated immunity.

As shown in Figures 2E,F, KEGG analysis demonstrated that the top three upregulated genes were associated with the vascular smooth muscle contraction, valine, leucine, and isoleucine degradation, and salivary secretion signaling pathway. The top three downregulated genes were related to the tumor necrosis factor (TNF) signaling pathway, Staphylococcus aureus infection, and rheumatoid arthritis signaling pathway.



WGCNA

A weighted coexpression network was built to further identify the hub genes (Figure 3A), and 56 modules were identified, as shown in Figure 3C. We also analyzed the relationship between chemoresistance and modules. Among these modules, the module eigengene (ME) of the black module had the highest positive correlation with chemoresistance (r = 0.80, P < 0.001), while the ME of the plum2 module had the highest negative correlation with chemoresistance (r = −0.86, P < 0.001). Through WGCNA, 582 genes in the black module were identified as genes with high module connectivity. Then, Pearson's test was used to further explore the association between each gene and chemoresistance (Figure 3D). The most eight relevant lncRNAs (ASHGV40002660, AC007193.8; ASHGV40041402, CTD-2008N3.1; ASHGV40037204, FLJ36777; ASHGV40000862, RP11-509J21.4; ASHGV40033167, RP3-508I15.20; ASHGV40021176, LOC100130950; ASHGV40033762, RP5-1042K10.13; and ASHGV40052035, LINC00476) were selected as the hub lncRNAs. To further evaluate the function of eight lncRNAs, we analyzed a previous dataset (GSE138912) and constructed a ceRNA network (Figure 3B). GO analysis was performed to evaluate the potential biological functions of the lncRNAs (Figure 3E). Additionally, we evaluated the most eight relevant lncRNAs by KEGG analysis. The pathways were related to the proteoglycans in cancer and the MAPK signaling pathway (Figure 3F). Moreover, GSEA was conducted to determine the potential mechanism for the eight lncRNAs involvement in chemotherapy resistance in CRC. Our data demonstrated that the enriched correlated KEGG pathways included the small cell lung cancer, calcium signal pathway, and propanoate metabolism, as shown in Supplementary Figure 2.
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FIGURE 3. Weighted correlation network analysis (WGCNA) and hub gene screened. (A) Dendrogram of all expressed genes in the top 25% of variance clustered based on a dissimilarity measure (1 – TOM). (B) The mechanism of the hub long non-coding RNAs (lncRNAs). (C) Heatmap of the correlation between module eigengenes and chemotherapy resistance. (D) Scatter plot of the correlation between the black module and chemotherapy resistance. (E) Gee Ontology (GO) functional analysis of the top 10 pathways of genes in the black modules. (F) Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of the top 10 pathways of genes in the black modules.




Hub LncRNAs Identification and Validation in the Internal Expression Profile

To further identify the hub genes, we analyzed the expression of hub genes between the two groups. The results in Figure 4A demonstrated that the expression of hub genes ASHGV40002660 and ASHGV40041402 was higher in the chemotherapy-resistant group (6.73 ± 0.42 vs. 4.86 ± 0.49, P < 0.001; 8.25 ± 0.29 vs. 7.09 ± 0.21, P < 0.001). The expression of ASHGV40037204, ASHGV40000862, ASHGV40033167, ASHGV40021176, ASHGV40033762, and ASHGV40052035 was lower in the chemotherapy-resistant group (2.69 ± 0.36 vs. 4.47 ± 0.05, P < 0.001; 2.86 ± 0.46 vs. 4.74 ± 0.09, P < 0.001; 7.79 ± 0.50 vs. 9.76 ± 0.24, P < 0.001; 5.03 ± 0.49 vs. 6.92 ± 0.24, P < 0.001; 2.66 ± 0.44 vs. 5.27 ± 0.86, P < 0.001; 7.82 ± 0.37 vs. 9.74 ± 0.23, P < 0.001). ROC analysis demonstrated that all hub genes had a predictive ability in predicting chemoresistance to FOLFOX chemotherapy for mCRC patients (all P < 0.001, AUC = 1, Figure 4B).
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FIGURE 4. Internal validation of hub lncRNAs. (A) In our data the hub long non-coding RNAs (lncRNAs) expression (all P < 0.01). (B) Receiver operating characteristic (ROC) analysis to evaluate the predictive efficiency of the hub lncRNAs using our data set.




Hub LncRNAs Validation in the Non-metastatic CRC Dataset and Dataset Cutoff Values for Hub lncRNAs

To independently validate the hub genes, we analyzed the expression level of the lncRNAs between the cancerous and adjacent non-cancerous tissues using qPCR (Figures 5A,B). A total of the 136 non-metastatic CRC patients were enrolled in the present study as the external validation dataset, named as the external dataset 1. The clinicopathological characteristics of patients are summarized in Supplementary Table 2. The results demonstrated that the expression of ASHGV40002660 and ASHGV40041402 were lower in the cancerous tissues (12.44 ± 2.37 vs. 13.55 ± 2.38, P < 0.001; 8.78 ± 1.02 vs. 12.46 ± 2.35, P < 0.001). The expression of ASHGV40037204, ASHGV40000862, ASHGV40033167, ASHGV40021176, ASHGV40033762, and ASHGV40052035 was higher in the cancerous tissues than in the adjacent non-cancerous tissues (10.58 ± 1.80 vs. 8.04 ± 2.28, P < 0.001; 11.04 ± 2.70 vs. 8.63 ± 2.30, P < 0.001; 10.64 ± 1.98 vs. 8.22 ± 2.10, P < 0.001; 11.41 ± 2.15 vs. 8.47 ± 2.09, P < 0.001; 10.55 ± 1.77 vs. 8.12 ± 1.68, P < 0.001; 10.36 ± 1.63 vs. 8.41 ± 1.79, P < 0.001).
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FIGURE 5. External validation of hub long non-coding RNAs (lncRNAs) in the non-metastatic colorectal cancer (CRC) patients. (A) The hub lncRNAs ΔCt value in the cancerous tissue and adjacent non-cancer tissue in external CRC patients by quantitative PCR (qPCR) (all P < 0.01). (B) The heatmap of the ΔCt value. (C) The Kaplan–Meier analysis for the overall survival of the hub lncRNAs in the non-metastatic CRC patients. (D) The Kaplan–Meier analysis for the disease-free survival of the hub lncRNAs in the non-metastatic CRC patients.


The X-tile analysis was used to determine the optimal cutoff values in terms of DFS. As seen in Figure 6A and Supplementary Figure 1, X-tile plots identified 11.0, 10.3, 12.7, 12.9, 12.0, 11.9, 9.4, and 12.0 as cutoff values for ASHGV40000862, ASHGV40002660, ASHGV40021176, ASHGV40033167, ASHGV40033762, ASHGV40037204, ASHGV40041402, and ASHGV40052035, respectively. Accordingly, the entire cohort was divided into low and high subgroups.
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FIGURE 6. External validation of hub long non-coding RNAs (lncRNAs) in metastatic colorectal cancer (mCRC) patients. (A) The hub lncRNAs ΔCt value in the chemotherapy-sensitive and chemotherapy-resistance tissue in external mCRC patients by quantitative PCR (qPCR) (all P < 0.01). (B) Correlation analysis between the hub lncRNAs expression and tumor response to FOLFOX chemotherapy. (C) The Kaplan–Meier analysis for the overall survival of the hub lncRNAs in mCRC patients. (D) Receiver operating characteristic (ROC) analysis to evaluate the predictive efficiency of the hub LncRNAs in mCRC patients for FOLFOX chemotherapy.


Lower expression of ASHGV40002660 and ASHGV40041402 correlated with a better prognosis in CRC patients (P < 0.01 and P = 0.03, Figure 5C). Noticeably, a higher expression of ASHGV40037204, ASHGV40033167, ASHGV40021176, and ASHGV40033762 was correlated with an improved OS (both P < 0.01), as shown in Figure 5C. The OS rates were similar in the high and low ASHGV40052035 and ASHGV40000862 expression groups (P = 0.14 and P = 0.12).

Lower expression of ASHGV40002660 and ASHGV40041402 correlated with a better prognosis in CRC patients (both P < 0.01, Figure 5D). Noticeably, a higher expression of ASHGV40037204, ASHGV40033167, ASHGV40021176, and ASHGV40033762 was correlated with an improved DFS (both P < 0.01), as depicted in Figure 5C. The OS rates were similar in the high and low ASHGV40052035 and ASHGV40000862 expression groups (P = 0.23 and P = 0.09). Moreover, multivariate Cox regression analysis was performed to explore the independent predictive factors of the eight lncRNAs. The results demonstrated that ASHGV40002660 [hazard ratio (HR) = 0.681, 95%CI 0.593–0.782, P < 0.001], ASHGV40041402 (HR = 0.655, 95%CI 0.451–0.949, P = 0.025), and ASHGV40033762 (HR = 1.241, 95%CI 1.009–1.525, P = 0.041) were independent predictors of CRC patients' DFS, as shown in Table 1. We found a similar results of the multivariate Cox regression analysis in OS. The results demonstrated that ASHGV40002660 (HR = 0.709, 95%CI 0.564–0.892, P = 0.003) and ASHGV40033762 (HR = 1.692, 95%CI 1.181–2.424, P = 0.004) were independent predictors of CRC patients' OS, as shown in Table 1.


Table 1. Cox regression analysis of eight long non-coding RNAs (lncRNAs) for disease-free survival and overall survival in colorectal cancer (CRC) patients (n = 136).
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Hub lncRNAs Validation in the mCRC External Dataset

To independently validate the predictive efficiency of the hub genes, we analyzed the lncRNAs expression levels in the cancerous tissues in mCRC patients treated with FOLFOX neo-chemotherapy using qPCR (Figure 6A). A total of the 73 mCRC patients (48 male and 25 female) were enrolled in the present study as the external validation dataset, named as the external dataset 2. The patients' clinical and pathological features are listed in Supplementary Table 2. Among them, 25 patients were included in the chemotherapy-sensitive group (CR, n = 0; PR, n = 25), while 48 patients were included in the chemotherapy-resistant group (SD, n = 20; PD, n = 28). Based on the RECIST criterion, we analyzed the relationship between hub lncRNA expression and the tumor response to chemotherapy (Figure 6B). The results demonstrated that the expression value of the ASHGV40002660, ASHGV40033167, ASHGV40033762, ASHGV40037204, ASHGV40041402, and ASHGV40052035 were associated with the tumor response (r = 0.37, P < 0.001; r = −0.186, P = 0.021; r = −0.257, P = 0.001; r = −0.239, P < 0.001; r = 0.285, P < 0.001; r = −0.208, P = 0.010). ASHGV40000862 and ASHGV40021176 had no significant association with tumor response (r = −0.155, P = 0.053; r = −0.157, P = 0.051). Additionally, we analyzed the hub lncRNAs expression in the chemotherapy-sensitive and chemotherapy-resistance groups (Figure 6A). The results demonstrated that the expression of ASHGV40002660 and ASHGV40041402 were higher in the chemotherapy-resistant tissues than in the chemotherapy-sensitive tissues (9.56 ± 2.38 vs. 11.65 ± 1.65, P < 0.001; 7.50 ± 1.18 vs. 8.31 ± 1.14, P = 0.005). The expression of ASHGV40037204, ASHGV40000862, ASHGV40033167, ASHGV40021176, ASHGV40033762, and ASHGV40052035 was lower in the chemotherapy-resistant tissues than in the chemotherapy-sensitive tissues (11.69 ± 2.17 vs. 9.77 ± 1.97, P < 0.001; 11.62 ± 2.25 vs. 10.57 ± 1.83, P = 0.040; 11.75 ± 3.11 vs. 9.61 ± 1.73, P = 0.001; 11.78 ± 2.36 vs. 10.17 ± 1.61, P = 0.002; 11.66 ± 2.06 vs. 9.22 ± 2.06, P = 0.001; 11.56 ± 2.43 vs. 9.47 ± 1.44, P < 0.001).

Based on the above-mentioned X-tile analysis results, we divided the lncRNAs into low- and high-expression groups, and Kaplan–Meier analysis was performed to analyze the prognosis of mCRC patients. The results revealed that the lower expression of ASHGV40002660 and ASHGV40041402 were associated with a better prognosis in mCRC patients (P < 0.01 and P = 0.03, Figure 6C). Noticeably, higher expression of ASHGV40037204, ASHGV40033167, and ASHGV40033762, was correlated with an improved OS (P = 0.02, P = 0.04, and P = 0.04), as shown in Figure 6C. The OS rates were similar in the high and low ASHGV40021176, ASHGV40052035, and ASHGV40000862 expression groups (P = 0.61, P = 0.52, and P = 0.85).

Moreover, the predictive ability of each hub lncRNA in patients receiving FOLFOX chemotherapy before surgery was further explored. The hub gene with the biggest predictive power was ASHGV40033762 (AUC = 0.81, P < 0.01, Figure 6D). The predictive ability of other lncRNAs, such as ASHGV40002660 (AUC = 0.76, P < 0.01), ASHGV40037204 (AUC = 0.76, P < 0.01), ASHGV40000862 (AUC = 0.65, P = 0.03), ASHGV40033167 (AUC = 0.65, P = 0.03), ASHGV40021176 (AUC = 0.70, P < 0.01), ASHGV40041402 (AUC = 0.76, P < 0.01), and ASHGV40052035 (AUC = 0.77, P < 0.01) were also described in Figure 6D.



Construction of a Risk Factor Model

To explore the prognostic impact of the hub lncRNAs on DFS in non-metastatic CRC patients, we performed Cox regression analysis and least absolute shrinkage and selection operator (LASSO) analysis to explore the significant risk factors for DFS. The results revealed that ASHGV40002660, ASHGV40033167, ASHGV40033762, ASHGV40037204, and ASHGV40041402 were significant factors (Figures 7A,B). Based on the significant predictors in the LASSO analysis, the risk score model for DFS in mCRC patients was developed, as demonstrated in Figures 7C–E. The hub lncRNAs risk score system was constructed using the formula as follows: risk score = (−0.40) × (ΔCt value of ASHGV40002660) + [−0.41 × (ΔCt value of ASHGV40041402) + 0.10 × (ΔCt value of ASHGV40037204) + 0.05 × (ΔCt value of ASHGV40033167) + 0.21 × (ΔCt value of ASHGV40033762)]. Accordingly, each patient had a risk score that was associated with an individual prognosis. The cutoff value was determined as 0.91 for risk scores by using ROC analysis; thus, the patients were separated into high- and low-risk groups (Figures 7B–D). Based on the risk group and patients' prognosis, we drew the survival plot (Figure 7D). Additionally, the lncRNAs expression data were displayed in the order of the risk score in Figure 7E.
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FIGURE 7. The least absolute shrinkage and selection operator (LASSO) analysis and risk score system were constructed. (A) The area under the ROC curve (AUC) was estimated with a cross-validation technique, and the largest lambda value was chosen when the cross-validation error was within one standard error of the minimum. (B) LASSO coefficient profiles of the eight factors. (C–E) The risk factor model of the hub lncRNAs in the non-metastatic CRC patients. (C) Long non-coding RNAs (lncRNAs) risk score distribution of 136 CRC patients. (D) Survival status in non-metastatic CRC patients (N = 136). (E) Heatmap of the hub lncRNAs expression. Red: high expression; blue: low expression.




Prognostic Value of the Risk Score and a Nomogram Model Was Constructed in the Non-metastatic CRC Patients and Validation of the Risk Score in the External Datasets

Cox regression analysis was performed to explore the prognostic impact of risk score on DFS in non-metastatic CRC patients. Univariate analysis showed that American Society of Anesthesiologists (ASA, P = 0.010), pathological T stage (P = 0.042), pathological N stage (P < 0.001), risk score (P < 0.001), perineural invasion (P = 0.042), and vascular invasion (P = 0.010) were independently associated with DFS in non-metastatic CRC (Table 2). COX analysis showed that pathological N stage (HR = 1.717, 95%CI 1.118–2.638, P = 0.013) and risk score (HR = 1.079, 95%CI 1.051–1.108, P < 0.001) were independent predictors of DFS following NCRT, as shown in Table 1. Then, a nomogram model was constructed to predict the prognosis of the non-metastatic CRC patients, as shown in Figure 8I.


Table 2. Cox regression analysis of predictive factors for disease-free survival in colorectal cancer (CRC) patients (n = 136).

[image: Table 2]


[image: Figure 8]
FIGURE 8. External validation of risk score in the non-metastatic colorectal cancer (CRC) and metastatic colorectal cancer (mCRC) patients. (A,B) The Kaplan–Meier analysis for the overall survival (A) and disease-free survival (B) of the risk score in the non-metastatic CRC patients. (C) The Kaplan–Meier analysis for the overall survival of the risk score in mCRC patients. (D) Receiver operating characteristic (ROC) curves and area under the ROC curve (AUC) analysis to evaluate the predictive efficiency of the risk score in mCRC patients for FOLFOX chemotherapy. (E) Time-dependent AUC curves of the hub lncRNAs and risk factor models for the prediction of disease-free survival (DFS) in the non-metastatic CRC patients. (F–H) The risk factor model of the hub lncRNAs in mCRC patients. (F) LncRNA risk score distribution of 73 mCRC patients. (G) Survival status in mCRC patients (N = 73). (H) Heatmap of the hub lncRNAs expression. Red: high expression; blue: low expression. (I) Nomogram developed for prediction of disease-free survival in the non-metastatic CRC patients.


Using the risk score formula, we calculated each mCRC patients' risk score, and the mCRC patients were divided into the low- and high-risk groups based on the cutoff value of 0.91 (Figures 8F–H). Moreover, Kaplan–Meier analysis was carried out to compare the prognosis of patients in the low- and high-risk groups in both non-metastatic CRC patients' dataset and mCRC patients' dataset. In the non-metastatic CRC patients' dataset, the 3-years OS and DFS rates were significantly higher in the low-risk score group than in the high-risk score group (100 vs. 75.25%, 89.59 vs.55.62%, respectively, both P < 0.01; Figures 8A,B). Notably, in the mCRC patients' dataset, the 3-years OS rates in the low-risk score group were 44.44%, significantly higher than 13.52% in the high-risk score group (P = 0.01), as shown in Figure 8C. The ROC curve revealed that the risk score system had powerful predictive ability in predicting the FOLFOX chemotherapy response in mCRC patients (AUC = 0.87, P < 0.01, Figure 8D).

Time-dependent AUC curves demonstrated that the AUCs of all the hub lncRNAs were relatively stable after surgery. As depicted in Figure 8E, ASHGV40002660 had the most powerful predictive ability among all the hub lncRNAs. Moreover, the risk score system showed a stronger predictive ability to predict OS for non-metastatic CRC patients than any single hub lncRNA.




DISCUSSION

FOLFOX chemoresistance is a tough problem in the treatment of CRC patients. Thus, identifying reliable diagnostic and prognostic biomarkers for FOLFOX chemoresistance becomes imperative. Through WGCNA, an advanced methodology of multigene analysis, the present study for the first time identified gene coexpression modules related to FOLFOX chemoresistance based on lncRNAs microarray. Eight hub lncRNAs were selected, including ASHGV40002660, ASHGV40041402, ASHGV40037204, ASHGV40000862, ASHGV40033167, ASHGV40021176, ASHGV40033762, and ASHGV40052035. The eight lncRNAs had a powerful ability to predict FOLFOX chemoresistance. Moreover, we employed 196 CRC patients' cancerous tissue and adjacent non-cancerous tissues as the external validation dataset. A lncRNA risk score model predicting FOLFOX chemoresistance and prognosis of CRC patients was constructed.

The role of lncRNA as potential powerful biomarker has been reported in several cancers, including CRC (Chi et al., 2019; Pichler et al., 2020; Rahmani et al., 2020; Wang et al., 2020; Wu et al., 2020). In previous studies, lncRNAs can act as the biomarker for diagnosis and prediction of the prognosis and progression in CRC patients (Alidoust et al., 2018; Wei et al., 2019; Pichler et al., 2020). However, the function and predictive effect of lncRNAs in FOLFOX chemotherapy resistance are still unclear. To explore the role of the lncRNAs in the mCRC patients receiving FOLFOX chemotherapy, we employed the lncRNAs microarray expression profiling, which detected over 45,000 reliable lncRNAs to detect the DElncRNAs in 11 mCRC patients. The results demonstrated that a total of the 113 DElncRNAs were identified between the FOLFOX regimen sensitive/resistant group (P < 0.05, fold change > 2). The function of the DElncRNAs was associated with the TNF signaling pathway and neutrophil-related immune regulation in GO and KEGG analyses.

Currently, WGCNA has emerged as an effective method to discover the relationship between networks/genes, phenotypes, and samples' biological information to avoid the defects of the traditional method (Gao et al., 2016; Bakhtiarizadeh et al., 2018; Magani et al., 2018). It can also be used to bridge gaps between individual genes and the occurrence and progression of diseases (Zhang and Horvath, 2005; Langfelder and Horvath, 2008; Tian et al., 2017). Additionally, WGCNA facilitates network-based gene screening methods, which can be used to identify and screen key biomarkers associated with clinical traits in various cancers (Citations). However, this efficient bioinformatics approach has not yet been adopted to identify network-centric lncRNA genes associated with FOLFOX chemotherapy-resistant mCRC. Thus, we performed WGCNA to identify the “real” hub gene. The results from the WGCNA revealed the eight most relevant lncRNAs and had a strong ability to predict the FOLFOX regimen sensitivity in the internal validation by ROC curve and expression value analysis. Moreover, to further explore the function of the eight hub lncRNAs, we combined them with our previous mRNA dataset (GSE138912), which originated from the same sample of patients, to analyze the underlying mechanism. Based on the mechanism of lncRNA–miRNA–mRNA/lncRNA–mRNA action (Kopp and Mendell, 2018; Krause, 2018), a total of 89 mRNAs were selected. Then, the hub lncRNAs function was evaluated by GO and KEGG analyses. The results demonstrated that the MAPK signaling pathway and protein biological regulation were the most relevant functional, which was consistent with previous studies (Belli et al., 2019; Schumacher et al., 2019; Vitiello et al., 2019).

To further verify the hub lncRNAs screened by the lncRNA microarray profiling and WGCNA, we examined the hub lncRNAs expression in the cancerous and adjacent non-cancerous tissues in the external 136 CRC patients. The results demonstrated a higher expression of ASHGV40002660 and ASHGV40041402 in the cancerous tissues. The expression of ASHGV40037204, ASHGV40000862, ASHGV40033167, ASHGV40021176, ASHGV40033762, and ASHGV40052035 were lower in the cancerous tissues. Moreover, high expression of ASHGV40002660 and ASHGV40041402 was associated with a shorter DFS. Contrarily, high expression of ASHGV40037204, ASHGV40021176, ASHGV40033762, and ASHGV40033167 indicated a longer DFS. Then, to improve the predictive ability of the hub lncRNAs in predicting CRC patients' prognosis, a risk factor model was constructed based on the proportion of each variable in the Cox regression model. With a risk score formula, patients were divided into high- and low-risk groups. The risk score predicting model has been proposed as a tool for prognosis prediction in several types of cancers, including colon cancers (Dai et al., 2018; Gu et al., 2018; Liao et al., 2018). However, no study has focused on the prognosis of non-metastatic and metastatic CRC patients. Herein, we built a risk score model based on a five-lncRNA signature that had a powerful ability in predicting the non-metastatic and metastatic CRC patient's survival. Moreover, the result was also verified in the time-dependent ROC analysis, indicating resistance to FOLFOX chemotherapy.

Additionally, to evaluate the association of the eight lncRNAs with FOLFOX chemotherapy in mCRC patients, we screened out 73 CRC patients who received the FOLFOX chemotherapy before surgery in an external data set. The results demonstrated that the ASHGV40002660 and ASHGV40041402 were higher in the FOLFOX chemotherapy-resistant cancerous tissues than in the sensitive cancerous tissues. The expression of ASHGV40037204, ASHGV40000862, ASHGV40033167, ASHGV40021176, ASHGV40033762, and ASHGV40052035 were lower in the FOLFOX chemotherapy-resistant cancerous tissues than in the sensitive cancerous tissues. Moreover, the results of ROC analysis revealed that the ASHGV40041402, ASHGV40002660, ASHGV40037204, ASHGV40000862, ASHGV40033167, ASHGV40021176, and ASHGV40033762 and the risk factor score had a powerful predictive ability. To sum up, the above lncRNAs had satisfactory prediction, and the risk factor score was also adapted to predict the FOLFOX chemotherapy response.

Several limitations need to be mentioned. First, the sample size was relatively small. We included mCRC patients who did not receive any treatment, which reduced the sample size. We intend to enlarge our sample size in the future. Second, the function and pathways of hub lncRNAs were conducted by lncRNAs microarray profiling and bioinformatics methods, and they should be further validated by experimental studies in the future.

In summary, the lncRNA expression of 11 mCRC patients receiving preoperative FOLFOX chemotherapy was analyzed by microarray analysis. The crucial functions enriched in chemotherapy-resistant modules were TNF signaling pathway and neutrophil-related immune regulation. Additionally, eight hub lncRNAs were identified and validated as new effective predictors for FOLFOX chemoresistance in mCRC patients and prognostic factors for non-metastatic CRC patients. Moreover, based on the hub lncRNAs, we constructed a risk factor model that had a strong power to predict FOLFOX chemoresistance and prognosis in CRC patients including non-metastatic and metastasis. These results may help to discriminate CRC patients who are candidates for FOLFOX chemotherapy. Nevertheless, more insightful molecular mechanisms are warranted in future studies.
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Previous studies have shown that both long intergenic non-coding RNA 00963 (Linc00963) and tripartite motif containing 24 (TRIM24) are activators of the PI3K/AKT pathway, and both are involved in the carcinogenesis and progression of prostate cancer. However, the regulatory mechanisms between Linc00963 and TRIM24 are still unclear. In this study, we aimed to elucidate the underlying relationship between Linc00963 and TRIM24 in castration-resistant prostate cancer (CRPC). We found that TRIM24, an established oncogene in CRPC, was positively correlated with Linc00963 in prostate cancer tissues. In addition, TRIM24 was positively regulated by Lin00963 in CRPC cells. Mechanistically, TRIM24 was the direct target of microRNA-655 (miR-655) in CRPC cells, and Linc00963 could competitively bind miR-655 and upregulate TRIM24 expression. Using gain- and loss-of- function assays and rescue assays, we identified that miR-655 inhibits TRIM24 expression and cell proliferation and colony forming ability in CRPC, and that Linc00963 promotes TRIM24 expression, cell proliferation, and colony forming ability of CRPC cells by directly suppressing miR-655 expression. We further identified that Linc00963 could promote tumor growth of CRPC cells by inhibiting miR-655 and upregulating TRIM24 axis in vivo. Taken together, our study reveals a new mechanism for the Linc00963/miR-655/TRIM24 competing endogenous RNA (ceRNA) network in accelerating cell proliferation in CRPC in vitro and in vivo, and suggests that Linc00963 could be considered a novel therapeutic target for CRPC.
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Introduction

A total of 191,930 estimated diagnosed prostate cancer cases and 33,330 estimated prostate cancer related deaths are expected in 2020 in the United States, accompanied by a drastically increased incidence and mortality in China in the last decade (1, 2). Despite continuous improvements in diagnosis and treatment, the currently recommended maintenance schedules from androgen deprivation therapy (ADT) to radical resection are only effective in patients with hormone-sensitive prostate cancer (HSPC). However, HSPC deteriorates to castration-resistant prostate cancer (CRPC), and the five years overall survival rate remains extremely disappointing (3). Previous studies have confirmed that the phosphatidylinositol 3-kinase/serine/threonine kinase (PI3K/AKT) signaling pathway has pivotal functions in the carcinogenesis and developmental process of prostate cancer (4), especially in the transition from HSPC to CRPC. PI3K/AKT inhibitors also showed excellent therapeutic effects in preclinical studies and phase I clinical trials of CRPC (5). Thus, it is important to elucidate the regulation mechanism of the PI3K/AKT pathway in CRPC progression.

Numerous evidences have confirmed that long non-coding RNAs (LncRNA) play a pivotal role in CRPC by functioning as oncogenes or tumor suppressors (6, 7). Previously, we generated differentially expressed lncRNA profiles of LNCaP and C4-2 cells and proved that long intergenic non-coding RNA 00963 (Linc00963) is abnormally upregulated in CRPC cells, and found that silencing Linc00963 expression in C4-2 cells attenuated cell proliferation, migration, and invasion ability in vitro, and inhibited epidermal growth factor receptor (EGFR) and phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha (PIK3CA) expression which have synergistic roles in PI3K/AKT pathway activation (8). Recently study found Linc00963 could function as a ceRNA to upregulate nucleolar protein homolog 2 (NOP2) expression and promote cancer metastasis by sponging microRNA (miR)-542-3p in prostate cancer (9). However, the underlying mechanism underlying Linc00963 mediated enhanced proliferation in CRPC was still not elucidated.

The expression levels of tripartite motif-containing protein 24 (TRIM24) were also elevated from HSPC to CRPC, and could enhance the abilities of cell proliferation and PIK3CA and EGFR expression in CRPC cells (10). Importantly, we found silencing the expression of TRIM24 could suppress cell proliferation abilities and invasion-metastasis cascade in CRPC in vitro and in vivo (11). Notably, TRIM24 was positively correlated with cancer development and chemo-resistance in prostate cancer and glioma by activating the PI3K/AKT pathway (10, 12). However, it is unclear whether there are regulatory mechanisms between Linc00963 and TRIM24, which are both PI3K/AKT pathway activators. Therefore, we examined the relationship between TRIM24 and Linc00963 to uncover the mechanisms underlying Linc00963-mediated enhanced proliferation in CRPC in vitro and in vivo in the current study.



Materials and Methods


Cell Culture

LNCaP, PC-3, and C4-2 human prostate cancer cell lines, and RWPE1, a human prostate epithelial cell line, were purchased from GeneChem (Shanghai, China). Keratinocyte serum free medium (K-SFM, Gibco, NY, USA) containing calf pituitary extract and EGF was used to culture RWPE1 cells, and Dulbecco’s modified eagle medium (DMEM, Gibco) containing 10% fetal bovine serum (FBS, Cellmax, Beijing, China) and 1% penicillin-streptomycin (Cellmax) was used to culture LNCaP, C4-2, and PC-3 cells. All cells were cultured at 37°C in a humidified atmosphere with 5% CO2.



Construction of Lentivirus Expression Vector

Lentiviral-Linc00963-wild type(Lv-Linc00963-WT or Linc00963)/mutant (Linc00963/MUT) and negative control lentivirus (Lv-control) were designed as described previously (13), and were obtained from Genechem (Shanghai, China). In brief, the full length human Linc00963 with WT or MUT miR-655 binding sites and negative control were cloned in to Age I and Bam I sites of the CV146 core vector. Then, Lipofectamine 2000 was used to transfect 20 μg CV146-Linc00963-WT/MUT/NC, 15 μg pHelper 1.0, and 10 μg pHelper 2.0 into HEK293T cells. The medium was changed to 10% DMEM after 8 h and the cell supernatant was collected after 72 h, followed by centrifugation at 4°C for the concentration and purification of Lv-Linc00963 and Lv-control.



Lentivirus Infection and siRNA/miRNA Transfection

Lentivirus infection and siRNA/miRNA transfection were performed as described previously (14, 15). Briefly, for lentivirus infection, HiTransG A (Genechem) was used to facilitate infection of Lv-Linc00963/NC into PC-3 or C4-2 cells. Then, medium containing puromycin (Concentration: 2 μg/L) was used to selected PC-3 and C4-2 cells for two weeks in order to obtain stable Linc00963-upregulated cells. The stable Linc00963-upregulated cells were then collected for WB, RT-QPCR, CCK-8, EdU assays, and colony forming assays. TRIM24 siRNA, scrambled NC siRNA, miR-655 mimics, miR-655 inhibitors, and miR-655 NC were synthesized and provided by Ribo Bio (Guangzhou, China). For siRNA/miRNA transfection, Lipofectamine 2000 (ThermoFisher, USA) was used to transfect the siRNA (100 nM)/miRNA (50 nM) into PC-3 and C4-2 cells. Transfected cells were then harvested for RT-QPCR, CCK-8, WB, EdU assays, and colony forming assays 48 h later. The lentiviral and siRNA sequences are shown in Table 1.


Table 1 | Sequence of lentivirus and siRNAs used in the experiments.





Cell Count Kit-8, Colony Forming Assays, and Western Blot

The proliferation of different transfected PC-3 and C4-2 cells was measured using CCK-8 assays. The colony forming ability of different transfected groups was measured by the plate colony forming assay. Protein levels of TRIM24 in different transfected PC-3 and C4-2 cells were measured by WB. All the detailed procedures for plate colony forming, CCK-8, and WB were conducted as described previously (14).



EdU Staining

Proliferation of different transfected PC-3 and C4-2 cells was further evaluated using the Cell-Light EdU Apollo567 in vitro Kit (Ribo Bio). Briefly, 105 cells seeded in 96-well plates, were stained with 100 μl 50μM EdU solution for 2 h in the dark at room temperature. Then, 4% paraformaldehyde was used to fix the cells for 30 min, and 0.5% Triton X-100 was used to permeabilize the cells for 15 min. Finally, the cells were stained with Apollo®567 and DAPI. Representative images were taken using the confocal microscope (Olympus, Japan) at ×200 magnification.



RNA Pull-Down Assay

RNA pull-down assays were conducted as described previously with a few modifications (13). Briefly, NP40 lysis buffer was used to lyse PC-3 cells, and 1 mg cell extracts were incubated with a biotin-labelled Linc00963-probe or Linc00963-MUT-probe at 4°C for 6 h. Subsequently, RNAs with biotin-labelled NC (Bio-NC-probe), Linc00963 (Bio-Linc00963-probe) or Linc00963-MUT (Bio-Linc00963-MUT-probe) were mixed with 40 μl streptavidin agarose beads and incubated overnight on a rotator. Finally, the expression of miR-655 in the retrieved RNA was identified using RT-QPCR as we described in Results 2.9.



Luciferase Assay

Luciferase assays were performed as described in our previous study, with a few modifications (16). pmirGLO-wild type (WT)-Linc00963/TRIM24 vector was constructed by cloning the 3′-untranslated region (UTR) of Linc00963 or TRIM24 containing miR-655-binding sites into pMirGLO dual-luciferase miRNA target expression vector (Promega Corporation, WI, USA). To construct the pmirGLO-mutant (MUT)-Linc00963/TRIM24, the QuikChange™ site-directed mutagenesis kit (Stratagene; now owned by Agilent Technologies, Inc., Santa Clara, CA, USA) was used to introduce mutations from U to C into the potential miR-655 binding sites of Linc00963. The dual-luciferase reporter assay system (Promega Corporation) was used to measure the relative firefly luciferase activities. Renilla luciferase activity served as an internal control.



Fluorescence In Situ Hybridization

Oligonucleotide probes for Linc00963 and U6 were purchased from Ribo Bio (Guangzhou China). PC-3 cells were seeded in 20-mm confocal dishes. After overnight incubation, cells were fixed with 4% paraformaldehyde for 20 min, and permeabilized with 0.3% Triton X-100 for 90 s. Then, hybridization buffer containing Linc00963 and the U6 FISH probe was incubated with the cells overnight at 37°C, in dark. Then, DAPI was used to stain the nucleus on the next day. A confocal microscope (Olympus) was used to acquire images at ×400 magnification.



Quantitative Real-Time Polymerase Chain Reaction

The protocols of RNA extraction and RT-QPCR were described in our previous study (17). The primers were obtained from Sangon Biotech (Shanghai, China) and their sequences are shown in Table 2.


Table 2 | Primers used in the experiments.





Animal Experiments

All animal experiment procedures followed the guidelines of the Guide for Animal Care and Use Committee of Xi’an Jiaotong University. Each group had five Balb/c athymic nude mice (nu/nu; weight: 16–18 g; age: 6 weeks). In total, 5 ×106 PC-3 cells with Linc00963 stable upregulation or control cells were subcutaneously injected into the left flank of each mouse. After the tumors were visible, tumor length and width were measured every 3 days for 2 weeks. Tumor volumes were calculated using the formula: 0.5 × length × width2. After two weeks, the mice were sacrificed and the tumors were collected and weighed. Tumor specimen sections were stained with Ki-67 antibody after deparaffinizing and rehydration.



Statistical Analysis

Statistical analysis was performed by using IBM SPSS statistical software (version 22.0). Student’s t-test was used for data analysis and P values were determined using 2-sided tests. Statistical significance was considered when P < 0.05.




Results


Linc00963 Is Positively Associated With TRIM24 in Tissues and Cells of Prostate Cancer

Correlation of Linc00963 and TRIM24 expression in the tissues of 492 prostate adenocarcinoma (PRAD) patients from The Cancer Genome Atlas (TCGA) database, which was analyzed by using the Gene Expression Profiling Interactive Analysis website (GEPIA, http://gepia.cancer-pku.cn/), we found the relative expression of Linc00963 was positively correlated with the relatively levels of TRIM24 mRNA (P<0.05, Figure 1A). Furthermore, both protein and mRNA levels of TRIM24 were upregulated in PC-3 and C4-2 cells transfected with Lv-Linc00963 compared to those in cells transfected with Lv-control (P < 0.05, the effects of upregulation of Linc00963 on TRIM24 protein levels are shown in Figure 1B, the effects of upregulation of Linc00963 on TRIM24 mRNA levels are shown in Figure 1C). These results indicate that Linc00963 positively correlated with TRIM24 expression in the tissues and cells of prostate cancer.




Figure 1 | TRIM24 is positive correlated with Linc00963 in castration-resistant prostate cancer (CRPC) tissues and cells. (A) Correlation of Linc00963 and TRIM24 expression in 492 prostate adenocarcinoma (PRAD) patients from The Cancer Genome Atlas (TCGA) database, which was analyzed by using the Gene Expression Profiling Interactive Analysis website (http://gepia.cancer-pku.cn/); (B) The effects of Linc00963 on TRIM24 protein levels in CRPC cells; (C) The effects of Linc00963 on TRIM24 mRNA levels in CRPC cells; Data are shown as the mean ± S.E. *P < 0.05. The representative results of 3 independent experiments are shown.





Linc00963 Directly Binds miR-655 in CRPC Cells

To further elucidate the underlying mechanism of Linc00963 and TRIM24 in CRPC, subcellular localization of Linc00963 was confirmed by FISH. As shown in Figure 2A, Linc00963 was localized in both the nuclei and cytoplasm (Figure 2A), suggesting that Linc00963 might either bind with RNA-binding proteins or function as a ceRNA in CRPC cells. A recently study identified Linc00963 could function as a ceRNA to upregulate NOP2 expression and promote cancer metastasis by sponging miR-542-3p in prostate cancer (9). Thus, we explored whether Linc00963 could also act as ceRNA to enhance TRIM24 expression and further promote cell proliferation in CRPC. TRIM24 has been identified as a direct target of miR-137, miR-374, miR-511, and miR-655 in prostate cancer (18) and gastric cancer (19). However, only miR-655 was found to be significantly downregulated following the enhancement of Linc00963 expression in PC-3 and C4-2 cells (P < 0.05, Figures 2B, C). The levels of miR-137, miR-374, and miR-511 were not changed following Linc00963 upregulation in CRPC cells (P > 0.05, Figures 2B, C). Thus, we selected miR-655 as the potential downstream target of Linc00963 in CRPC. In line with our hypothesis, we found that miR-655 did contain the putative binding sites for Linc00963 by searching online bioinformatics databases (miRDB: http://mirdb.org/). Then, Linc00963 WT and MUT vector were constructed to identify the relationship between Linc00963 and miR-655 in CRPC cells (Figure 2D). Co-transfecting Linc00963 WT vector and miR-655 mimics into PC-3 cells resulted in a significant decline in the relative luciferase activity (P < 0.05, Figure 2E). In contrast, the relative luciferase activities were not significantly changed in PC-3 cells co-transfected with Linc00963 MUT vector and miR-655 mimics (P > 0.05, Figure 2E). More importantly, RNA pull-down assays demonstrated that miR-655 could be pulled down by the Bio-Linc00963-probe (P < 0.01. Figures 2F, G), but not the Bio-Linc00963-MUT-probe in PC-3 cells (P > 0.05, Figure 2G). Thus, we concluded that Linc00963 could directly sponge miR-655 in CRPC cells.




Figure 2 | Linc00963 directly sponges miR-655 in castration-resistant prostate cancer (CRPC) cells. (A) Subcellular localization of Linc00963 in PC-3 cells, detected by FISH; Blue: DAPI, Green: Linc00963-probe; (B, C) Effects of Linc00963 on the expression of miRNAs with putative binding sites for TRIM24 in PC-3 (B) and C4-2 (C) cells; (D) wild type (WT) and mutant (MUT) targeting region of Linc00963 for miR-655; (E) Relative luciferase activity in PC-3 cells co-transfected with WT/MUT Linc00963 plasmid and miR-655 NC/mimics; (F) Enrichment of Linc00963 in the sample pulled down by the Bio-Linc00963-probe and Bio- NC-probe; (G) Enrichment of miR-655 in the sample pulled down by the Bio-Linc00963-probe, Bio-Linc00963-MUT-probe, and Bio- NC-probe; Data are shown as the mean ± S.E. *P < 0.05, **P < 0.01. The representative results of 3 independent experiments are shown.





miR-655 Inhibits Cell Proliferation and Colony Forming Ability in Castration-Resistant Prostate Cancer

Consistent with our previous study, Linc00963 expression was higher in prostate cancer cells (LNCaP, PC-3, C4-2) than that in RWPE-1 (P< 0.05, Figure 3A). Importantly, the expression of Linc00963 was further enhanced in CRPC cells (PC-3, C4-2) compared with that in primary prostate cancer cells (LNCaP) (P < 0.05, Figure 3A). In contrast, the levels of miR-655 were lower in prostate cancer cells (LNCaP, PC-3, C4-2) than those in RWPE-1 cells (P < 0.05, Figure 3B). More importantly, miR-655 expression was further decreased in PC-3 and C4-2 cells compared with that in LNCaP (P < 0.05, Figure 3B). The proliferation rates of PC-3 and C4-2 transfected with miR-655 mimics were inhibited compared to those in cells transfected with miR-655 NC (P < 0.05, Figures 3C–F, the effects on proliferation detected by CCK-8 are shown in Figures 3C, D, the effects on cell proliferation detected by Edu are shown in Figures 3E, F). Moreover, cell colony forming ability in PC-3 and C4-2 cells transfected with miR-655 mimics was decreased compared with that in cells transfected with miR-655 NC (P< 0.05, Figures 3G, H). Thus, we conclude that miR-655 inhibits cell proliferation and is a potential tumor suppressor in CRPC.




Figure 3 | miR-655 inhibits cell proliferation and colony formation of castration-resistant prostate cancer (CRPC) cells. (A) The expression of Linc00963 in RWPE-1 and prostate cell lines, detected by quantitative real-time polymerase chain reaction (RT-QPCR); (B) The expression of miR-655 in RWPE-1 and prostate cell lines, detected by RT-QPCR; (C, D). The effects of miR-655 on cell proliferation of PC-3 after transfection of 50 nM miR-655 mimics for 48 h (C) and C4-2 (D) cells, detected by CCK-8; (E) The effects of miR-655 on cell proliferation after transfection of 50 nM miR-655 mimics for 48 h, detected by EdU assay; (F) Statistical analysis of EdU positive cells in CRPC cells transfected with miR-655 NC or mimics; (G) The effects of miR-655 on colony formation of CRPC cells after transfection of 50 nM miR-655 mimics for 48 h; (H) Statistical analysis of colony forming ability in CRPC cells transfected with miR-655 NC or mimics; (I) TRIM24 expression in the normal epithelial cell line RWPE-1 and in prostate cell lines, detected by RT-QPCR; Data are shown as the mean ± S.E. *P < 0.05, **P < 0.01. Representative results of 3 independent experiments are shown.





TRIM24 Is the Downstream Target of miR-655 in Castration-Resistant Prostate Cancer

We further investigated whether there was a regulatory mechanism between miR-655 and TRIM24 in prostate cancer. TRIM24 mRNA levels were upregulated in prostate cancer cells (LNCaP, PC-3, C4-2) compared with those in RWPE-1 (P< 0.05, Figure 3I); these were inversely associated with miR-655 expression and positively associated with Linc00963 expression in prostate cancer. More importantly, co-transfecting TRIM24 3′-UTR WT vector and miR-655 mimics into PC-3 cells resulted in a significantly declined relative luciferase activity (P< 0.05, Figures 4A, B). Whereas, the relative luciferase activities in PC-3 cells co-transfected with TRIM24 3′-UTR MUT vector and miR-655 mimics were not significantly changed (P> 0.05, Figure 4A). Furthermore, decreased miR-655 levels induced enhanced expression of TRIM24 at protein (Figure 4C) and mRNA (Figure 4D) levels in PC-3 and C4-2 cells.




Figure 4 | TRIM24 is the direct target of miR-655 in castration-resistant prostate cancer (CRPC) cells. (A) Relative luciferase activity in PC-3 cells co-transfected with wild type (WT)/mutant (MUT) TRIM24 plasmid and miR-655 NC/mimics; (B) Putative binding sequence of miR-655 in the 3′-UTR of TRIM24; (C) Effects of miR-655 on TRIM24 protein levels in PC-3 and C4-2 cells after transfection of 50 nM miR-655 inhibitors for 48 h, detected by western blot (WB); (D) Effects of miR-655 on TRIM24 mRNA levels in PC-3 and C4-2 cells after transfection of 50 nM miR-655 mimics for 48 h, detected by RT-QPCR; Data are shown as the mean ± S.E. *P < 0.05.





miR-655 is One of the Functional Mediators of Linc00963 in Castration-Resistant Prostate Cancer

Then, we performed rescue experiments to further identify whether Linc00963 promoted proliferation in CRPC though sponging miR-655 expression. WB and RT-QPCR analysis demonstrated that both protein and mRNA levels of TRIM24 were upregulated in PC-3 and C4-2 cells transfected with Lv-Linc00963-WT+miR-655 mimics compared to those in cells transfected with Lv-control+miR-655 mimics, and the effects of Lv-Linc00963 on TRIM24 expression were attenuated in Lv-Linc00963-MUT+miR-655 mimics group (P< 0.05, the effects on TRIM24 protein levels are shown in Figures 5A, B, the effects on TRIM24 mRNA levels are shown in Figure 5C). CCK-8 (P< 0.05, Figure 5D), EdU (P< 0.05, Figures 5E, F), colony forming assays (P< 0.05, Figures 5G, H) demonstrated that enhanced cell proliferation and colony forming ability induced by Linc00963 upregulation in CRPC cells would be rescued when Linc00963 failed to bind with miR-655.




Figure 5 | miR-655 is one of the functional mediator of Linc00963 in castration-resistant prostate cancer (CRPC) cells. (A, B) The effects of Linc00963 with or without binding sites of miR-655 on TRIM24 protein levels in miR-655 mimics transfected CRPC cells; (C) The effects of Linc00963 with or without binding sites of miR-655 on TRIM24 mRNA levels in miR-655 mimics (concentration: 50 nM; time: 48 h) infected CRPC cells; (D) The effects of Linc00963 with or without binding sites of miR-655 on cell proliferation in miR-655 mimics transfected CRPC cells, detected by CCK-8 assay; (E) The effects of Linc00963 with or without binding sites of miR-655 on cell proliferation in miR-655 mimics (concentration: 50 nM; time: 48 h) transfected CRPC cells, detected by EdU assay; (F) Statistical analysis of EdU-positive cells transfected with Lv-control+ miR-655 mimics, Lv-Linc00963-WT+ miR-655 mimics, and Lv-Linc00963-MUT+miR-655 mimics; (G) The effects of Linc00963 with or without binding sites of miR-655 on colony formation in miR-655 mimics transfected CRPC cells; (H) Statistical analysis of colony forming numbers in cells transfected with Lv-control+ miR-655 mimics, Lv-Linc00963-WT+ miR-655 mimics, and Lv-Linc00963-MUT+miR-655 mimics; Data are shown as the mean ± S.E. *P < 0.05. Representative results of 3 independent experiments are shown.





Linc00963/miR-655 Axis Promote Cell Proliferation Through Enhancing TRIM24 Expression

We then investigated whether Linc0063/miR-655 axis promote cell proliferation in CRPC through enhancing TRIM24 expression. We found both protein and mRNA levels of TRIM24 were upregulated in PC-3 and C4-2 cells transfected with Lv-Linc00963-WT+TRIM24 inhibitors compared to those in cells transfected with Lv-control+TRIM24 inhibitors, and the effects of Linc00963 on TRIM24 expression were attenuated in Lv-Linc00963-MUT+TRIM24 inhibitors (P<0.05, the effects on TRIM24 protein levels are shown in Figures 6A, B, the effects on TRIM24 mRNA levels are shown in Figure 6C). In functional terms, CCK-8, EdU assay, and plate colony forming assays indicated that the cell proliferation and colony forming ability were enhanced after upregulation of Linc00963 in TRIM24 inhibitors transfected PC-3 and C4-2cells (P<0.05, the effects on proliferation detected by CCK-8 are shown in Figure 6D, the effects on cell proliferation detected by EdU are shown in Figures 6E, F, whereas those of colony forming ability are shown in Figures 6G, H). However, the cell proliferation and colony forming ability of PC-3 and C4-2 cells were partly decreased in Linc00963 MUT+TRIM24 inhibitors group (P<0.05, Figures 6D–H). These results indicate that Linc00963/miR-655 axis promotes cell proliferation, and colony forming ability by upregulating TRIM24 expression in CRPC.




Figure 6 | TRIM24 is involved in Linc00963/miR-655 axis-mediated castration-resistant prostate cancer (CRPC) cell proliferation. (A, B) The effects of Linc00963 with or without binding sites of miR-655 on TRIM24 protein levels in TRIM24 siRNA (concentration: 100 nM; time: 48 h) transfected CRPC cells; (C) The effects of Linc00963 with or without binding sites of miR-655 on TRIM24 mRNA levels in TRIM24 siRNA (concentration: 100 nM; time: 48 h) infected CRPC cells; (D) The effects of Linc00963 with or without binding sites of miR-655 on cell proliferation in TRIM24 siRNA (concentration: 100 nM; time: 48 h) transfected CRPC cells, detected by CCK-8 assay; (E) The effects of Linc00963 with or without binding sites of miR-655 on cell proliferation in TRIM24 siRNA (concentration: 100 nM; time: 48 h) transfected CRPC cells, detected by EdU assay; (F) Statistical analysis of EdU-positive CRPC cells transfected with Lv-control+TRIM24 siRNA, Lv-Linc00963-WT+TRIM24 siRNA, and Lv-Linc00963-MUT+TRIM24 siRNA; (G) The effects of Linc00963 with or without binding sites of miR-655 on colony formation in TRIM24 siRNA (concentration: 100 nM; time: 48 h) transfected CRPC cells; (H) Statistical analysis of colony forming numbers in CRPC cells transfected with Lv-control+TRIM24 siRNA, Lv-Linc00963-WT+TRIM24 siRNA, and Lv-Linc00963-MUT+TRIM24 siRNA; Data are shown as the mean ± S.E. *P < 0.05. The representative results of 3 independent experiments are shown.





Linc00963 Promotes Proliferation of CRPC Cells by Targeting miR-655/TRIM24 Axis In Vivo

After injecting PC-3 cells into mice, faster tumor growth and bigger tumor volume were observed in the Lv-Linc00963-WT group (P<0.05, Figure 7A). Consistently, the tumor weight of Lv-Linc00963-WT group was greater than that in the Lv-control, but the tumor weight of Lv-Linc00963-MUT group was similar as the Lv-control group (Lv-control vs Lv-Linc00963-WT, P<0.05; Lv-control vs Lv-Linc00963-MUT, P>0.05, Figure 7B). Furthermore, the relative expression of TRIM24 was higher and miR-655 was lower in the resected tumor tissues of Lv-Linc00963-WT group than Lv-control group (P<0.05, Figure 7C). Whereas, the relative expression of TRIM24 and miR-655 were not changed significantly in the resected tumor tissues of Lv-Linc00963-MUT group and Lv-control group (P>0.05, Figure 7C). More importantly, compared to the Lv-Linc00963-control group, Ki-67 staining also showed more positive cells in the Lv-Linc00963-WT group (P<0.05, Figures 7D, E). These results indicate Linc00963 functions as ceRNA to promote tumor growth of CRPC cells by targeting miR-655/TRIM24 axis in vivo.




Figure 7 | Linc00963 promotes tumor growth of castration-resistant prostate cancer (CRPC) cells. (A) Tumor growth curve of PC-3 cells infected with Lv-control, Lv-Linc00963-WT and Lv-Linc00963-MUT; (B) Tumor weight of PC-3 cells infected with Lv-control, Lv-Linc00963-WT and Lv-Linc00963-MUT; (C) Relative expression of miR-655 and TRIM24 in resected tumor tissues of Lv-control, Lv-Linc00963-WT and Lv-Linc00963-MUT group; (D) Ki-67-positive cells in nude mice bearing PC-3 cells infected with Lv-control, Lv-Linc00963-WT and Lv-Linc00963-MUT; (E) Statistical analysis of the percentage of Ki-67 positive cells in nude mice bearing PC-3 cells infected with Lv-control, Lv-Linc00963-WT and Lv-Linc00963-MUT; Data are shown as the mean ± S.E. *P < 0.05, ns, not significant. Representative results of 3 independent experiments are shown.






Discussion

LncRNAs have been identified as prognostic predictors and crucial regulators in multiple cancers, including prostate cancer. For example, LncRNA LBCS suppresses castration resistance and proliferation of prostate cancer by functioning as a scaffold for hnRNPK protein and AR mRNA to inhibit AR translation efficiency (20). LncRNA HOXD-AS1 promotes chemoresistance and cell proliferation of CRPC cells by binding WDR5 protein to mediate H3K4me3 modification in target genes (21). Previously, we found that Linc00963 was upregulated in C4-2 compared to LNCaP by generating comparative lncRNA profiles of the CRPC cell line C4-2 and HSPC cell line LNCaP, indicating that Linc00963 is involved in the transition from HSPC to CRPC (8). Furthermore, we found that silencing Linc00963 expression in C4-2 cells attenuated their proliferation, migration, and invasion ability, and inhibited EGFR and PIK3CA expression, and the phosphorylation levels of AKT, indicating that Linc00963 is a potential oncogenic LncRNA and PI3K/AKT pathway activator in CRPC cells (8). However, we failed to expound the mechanism of Linc00963 in the regulation of cell proliferation and activation of the PI3K/AKT pathway in our previous study (8). Interestingly, a newly published article also found Linc00963 was up-regulated in hepatocellular carcinoma and activated PI3K/AKT signaling pathway (22). In the following study, Linc00963 was proved to be a ceRNA in prostate cancer, which further identified the pivotal role of Linc00963 in the metastasis of prostate cancer (9). Here, we further confirmed that Linc00963 also functioned as a ceRNA to promote cell proliferation in CRPC by targeting the miR-655/TRIM24 axis (Figure 8). Both our previous study and the current study identified the oncogenic role of Linc00963 in CRPC.




Figure 8 | Linc00963 functions as competing endogenous RNA (ceRNA) to enhance TRIM24 expression and promote cell proliferation in castration-resistant prostate cancer by sponging miR-655.



Numerous evidences indicate that TRIM24 upregulation is significantly associated with cancer development and poor prognosis in multiple cancer types such as bladder cancer (23), gastric cancer (24), non-small cell lung cancer (25), and breast cancer (26). TRIM24 was also identified as an oncogene in advanced CRPC. Groner et al. found that TRIM24 expression was significantly higher in CRPC than primary prostate cancer, and that it was positively correlated with disease recurrence (10). Moreover, they showed that enhanced TRIM24 expression could promote proliferation of CRPC cells by activating AR and the PI3K/AKT pathway at extremely low androgen levels. In our previous study, we confirmed the oncogenic role of TRIM24 in CRPC. We found that targeted silencing of TRIM24 expression resulted in decreased proliferation and invasion in CRPC cells (11). Interestingly, TRIM24 could function as transcriptional regulator of both PIK3CA and EGFR genes in prostate cancer, and that PIK3CA and EGFR had synergetic roles in activation of the PI3K/AKT pathway in prostate cancer and other types of tumors (27, 28). Importantly, we previously proved that both EGFR and PIK3CA are downstream targets of Linc00963 in CRPC (8). Thus, there could be a potential regulation mechanism between Linc00963 and TRIM24. In the current study, we further found TRIM24 was positively correlated with Linc00963 in prostate cancer, and was upregulated by Linc00963 in CRPC. More importantly, we also identified TRIM24 was the downstream target and functional mediator of Linc00963 in CRPC cells.

miR-655 has been identified as tumor suppressive miRNA in ovarian cancer (29), retinoblastoma (30), hepatocellular carcinoma (31), and esophageal squamous cell carcinoma (ESCC) (32). Specifically, miR-655 was markedly decreased in ovarian cancer tissues, and enhancement of miR-655 levels could suppress cell proliferation and invasive ability of SKOV3 cells by directly targeting RAB1A (33). Furthermore, miR-655 expression was lower in NSCLC cell lines than in normal lung fibroblasts. Enhancement of miR-655 levels inhibited the migratory and invasive ability of NSCLC cells by directly suppressing PTTG1 expression (34). Some established oncogenes are also direct targets of miR-655 in other types of cancers, such as Prrx1 in breast cancer (35), ZEB1 and TGFBR2 in ESCC (36), ADAM10 in hepatocellular carcinoma (31), and PAX6 in retinoblastoma (30). However, the functions and targets of miR-655 in CRPC were not identified previously. Here, we provide evidence that miR-655 upregulation decreased the colony forming ability and proliferation of CRPC cells. Functionally, TRIM24 was identified as the direct target of miR-655 in CRPC cells. These results indicate that miR-655 inhibits CRPC proliferation by directly targeting TRIM24.

LncRNAs participate in transcriptional and post-transcriptional regulation, and are involved in the regulation of protein translation through interacting with RNA binding proteins or functioning as ceRNA (37–39). The biological functions of LncRNAs are determined by their subcellular location. If LncRNAs are located in the nucleus, they can activate downstream oncogenes or tumor suppressor genes by interacting with RNA binding protein (40, 41). However, if LncRNAs are located in the cytoplasm, they usually function as ceRNA to upregulate the miRNA target molecules (42, 43). Our study showed that Linc00963 was distributed both in the nucleus and cytoplasm of CRPC cells, indicating that Linc00963 could either interact with RNA binding proteins or function as ceRNA. We noticed that silencing the expression of miR-655 recapitulated effects similar to those observed following enhancement of Linc00963 expression with respect to colony formation and proliferation of CRPC cells. More importantly, TRIM24 was found to be the downstream target of both Linc00963 and miR-655, suggesting that Linc00963 may function as ceRNA to upregulate TRIM24 expression by sponging miR-655. As expected, both luciferase assays and RNA pull-down assays determined that Linc00963 could directly bind miR-655. Through rescue assays, we further confirmed that the Linc00963/miR-655/TRIM24 axis exerted its oncogenic role by promoting cell proliferation and colony formation. We also noticed miR-4731-5p, miR-511-3p, miR-542-3p, miR-1266-3p, miR-532-3p, and miR-10a-5p were identified as the binding miRNAs of Linc00963 in 293T cells by searching the online bioinformatics databases DIANA tools and Starbase (9). But, as we think there are hundreds candidate Linc00963 binding miRNAs, it is very hard to find the candidate miRNAs mediate the regulatory relationship between Linc00963 and target mRNA. Thus, we identified miR-655 as the binding miRNA of Linc00963 by using inverse thinking. We identified the miRNA which regulated the TRIM24 expression by searched for the literatures. Then, we investigated whether the expression of these candidate miRNAs which could inhibit TRIM24 expression directly were suppressed by Linc00963. The different methods should account for the discrepancy of binding miRNAs of Linc00963 in prostate cancer. However, we think these should be other binding miRNAs to link Linc00963 and other oncogenes in prostate cancer.

In conclusion, we revealed that TRIM24 is the downstream target of both Linc00963 and miR-655. Moreover, TRIM24 expression was upregulated by Linc00963 and downregulated by miR-655 in CRPC cells. Finally, we elucidated that Linc00963 promoted cell proliferation and tumor growth of CRPC cells in vitro and in vivo by sequestering miR-655 and then upregulating TRIM24 expression. Thus, our study contributes to reveal the regulatory mechanism of Linc00963 and TRIM24 in CRPC and may provide novel biomarkers for diagnosis and therapeutic targets for CRPC in future.
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Long non-coding RNAs (lncRNAs) are crucial in controlling important aspects of tumor immunity. However, whether the expression pattern of lncRNAs in stomach adenocarcinoma (STAD) reflects tumor immunity is not fully understood. We screened differentially expressed lncRNAs (DElncRNAs) between high and low tumor mutation burden (TMB) STAD samples. Using the least absolute shrinkage and selection operator method, 33 DElncRNAs were chosen to establish a lncRNA-based signature classifier for predicting TMB levels. The accuracy of the 33-lncRNA-based signature classifier was 0.970 in the training set and 0.950 in the test set, suggesting the expression patterns of the 33 lncRNAs may be an indicator of TMB in STAD. Survival analysis showed that a lower classifier index reflected better prognosis for STAD patients, and the index showed correlation with expression of immune checkpoint molecules (PD1, PDL1, and CTLA4), tumor-infiltrating lymphocytes, and microsatellite instability. In conclusion, STAD samples with different tumor mutation burdens have different lncRNA expression patterns. The 33-lncRNA-based signature classifier index may be an indicator of TMB and is associated expression of immune checkpoints, tumor-infiltrating lymphocytes, and microsatellite instability.
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INTRODUCTION

Stomach adenocarcinoma (STAD) accounts for 90% of gastric cancers (Hoffmann, 2015). Surgical treatment remains the optimal treatment for early-stage STAD, but most STAD patients are diagnosed in an advanced stage (Song et al., 2017). Development of targeted drugs has benefited many patients with specific genetic mutations (Shih et al., 2005; Sequist et al., 2007), but short-term drug resistance is still a limitation of this treatment (Nishio et al., 1999). Recently, immune checkpoint inhibitors (ICIs) showed promising effects against STAD (Atkins et al., 2017; Farina et al., 2017; Tosoni et al., 2017; Alsharedi and Katz, 2018; Killock, 2018; Li et al., 2018; Suresh et al., 2018; Togasaki et al., 2018; Arias Ron et al., 2019). However, ICIs are not effective for all STAD patients, so it would be helpful to identify indicators that can detect which patients are most likely to respond to ICIs.

Tumor immunogenicity, expression of immune checkpoint molecules and tumor-infiltrating lymphocytes are indicators of ICI treatment efficacy (Schreiber et al., 2011; Galon and Bruni, 2019). Tumor mutation burden (TMB), the number of somatic mutations in tumors as determined by whole-exon sequencing (Chalmers et al., 2017), is a widely used indicator of tumor immunogenicity and is also related to the therapeutic efficacy of ICIs (Alexandrov et al., 2013; Carbone et al., 2017; Hellmann et al., 2018). Efficacy of ICIs in STAD cancer patients is connected to high TMB levels (Kim et al., 2014; Goodman et al., 2019; Samstein et al., 2019; Wang et al., 2019). In patients with chemo-refractory advanced gastric cancer, overall survival rate was significantly higher in the high TMB group than in the low TMB group (Wang et al., 2019). However, the cost of determining TMB is high, and detection methods are not widely available in the clinic.

Long non-coding RNA (lncRNA) plays an important role in the development of various immune cells and the dynamic transcription process that controls markers that activate immune cells (Atianand et al., 2017). Under normal physiological conditions, expression of lncRNAs is tissue-specific and tightly regulated, whereas lncRNA expression in cancer is aberrant (Camacho et al., 2018). Therefore, we hypothesized that the expression pattern of lncRNA may be an indicator of TMB. We analyzed lncRNA expression patterns in low- and high-TMB STAD samples and defined a 33-lncRNA-based signature classifier that could accurately distinguish them. Our present may provide a cost-effective way to identify STAD patients more likely to respond to ICIs, thereby helping personalize treatment.



RESULTS


LncRNAs Differentially Expressed Between High- or Low-TMB STAD Samples

The workflow of the present study is shown in Figure 1. We analyzed the lncRNA expression profiles and mutation data of 348 STAD samples, comprising 64 with high TMB and 284 with low TMB. These samples were randomly assigned to the training set (261 samples) and the test set (87 samples). The training set contained 48 high- and 213 low-TMB samples. There were no significant differences in routine clinicopathological characteristics between the training and test sets (Table 1). A total of 309 lncRNAs were differentially expressed in the high-TMB sample compared to low-TMB samples (Figure 2A). Among these differentially expressed lncRNAs (DElncRNAs), 205 were up-regulated, and 104 were down-regulated. Hierarchical clustering showed that expression of DElncRNAs could distinguish STAD samples with different levels of TMB (Figure 2B).
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FIGURE 1. The workflow of this study. TMB, tumor mutational burden; TCGA, the cancer genome atlas; STAD, stomach adenocarcinoma; lncRNA, long non-coding RNA; LASSO, least absolute shrinkage and selection operator; ICI, immune checkpoint inhibitor; TILs, tumor-infiltrating lymphocytes.



TABLE 1. Summary of patient cohort information.
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FIGURE 2. Differentially expressed long non-coding RNAs (DElncRNAs) between stomach adenocarcinoma (STAD) samples with high and low tumor mutation burden (TMB). (A) Volcano plot showing DElncRNAs. Red points represent up-regulated; blue points represent down-regulated RNAs; and black points represent no significant difference. (B) The expression pattern of DElncRNAs can basically distinguish the level of TMB in STAD.




The 33-LncRNA-Based Classifier Index

The least absolute shrinkage and selection operator (LASSO) logistic regression method developed a lncRNA-based classifier using the expression profiles of the DElncRNAs in the training set. A total of 33 DElncRNAs were identified as optimal lncRNAs with non-zero regression coefficients (Figure 3A). Principal component analysis demonstrated that the expression patterns of the 33 DElncRNAs could distinguish samples with high or low TMB (Figure 3B). The accuracy of the 33-lncRNA-based classifier was 0.970 in the training set and 0.950 in the test set, and the sample recognition efficiency of the classifier was high (Table 2). Additionally, receiver operating characteristic (ROC) curve analysis confirmed that the 33-lncRNA-based classifier could predict TMB levels of STAD samples, with an area under the curve (AUC) of 0.999 (Figure 3C) in the training set and 0.974 (Figure 3D) in the test set. Moreover, the difference in AUCs between the training and test set was not significant (P = 0.190). Higher values of the classifier index were associated with lower TMB.
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FIGURE 3. Least absolute shrinkage and selection operator (LASSO) and receiver operating characteristic curve analysis. (A) 10-fold cross-validation for tuning parameter selection in the LASSO model. (B) Scatter plot of the first and second principal components. (C) Receiver operating characteristic curve analysis in the training set. (D) Receiver operating characteristic curve analysis in the test set. AUC, area under the curve.



TABLE 2. Performance of the 33-lncRNA-based classifier index in predicting tumor mutation burden (TMB) in stomach adenocarcinoma (STAD) samples.
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Biological Characteristics of STAD With High LncRNA-Based Classifier Index

Stomach adenocarcinoma (STAD) patients with a high lncRNA-based classifier index had worse overall survival (Figure 4A) and recurrence-free survival (Figure 4B). Biological processes (BPs) enriched in samples with a high lncRNA-based classifier index included branched chain amino acid catabolic process, positive regulation of protein export from nucleus, and signal transduction involved in cell cycle checkpoint (Figure 4C). Meanwhile, BPs enriched in samples with low values of the lncRNA-based classifier index were cardiac cell development, cardiac myofibril assembly, cardiocyte differentiation, and regulation of adherens junction organization (Figure 4D). KEGG pathways enriched in high-index groups included cytosolic DNA sensing pathway, p53 signaling pathway, and pyrimidine metabolism (Figure 4E), while those enriched in low-index groups were melanogenesis, neuroactive ligand receptor interaction, and vascular smooth muscle contraction (Figure 4F).


[image: image]

FIGURE 4. Kaplan–Meier curves and gene set enrichment analysis. (A) Kaplan–Meier curves of overall survival in the high- and low-index groups. (B) Kaplan–Meier curves of relapse-free survival in the high- and low-index groups. (C) Top 5 significant biological processes enriched in samples with a high value of the 33-lncRNAs-based classifier index. (D) Top 5 significant biological processes enriched in samples with a low value of the 33-lncRNAs-based classifier index. (E) Top 5 significant KEGG pathways enriched in samples with a high value of the 33-lncRNAs-based classifier index. (F) Top 5 significant KEGG pathways enriched in samples with a low value of the 33-lncRNAs-based classifier index.




The 33-LncRNA-Based Classifier Index Associate Expression of Immune Checkpoint

To explore the roles of the classifier index in STAD, we assessed correlations of the 33-lncRNA based classifier index with the expression of three immune checkpoint molecules (PDCD1 also known as PD1, CD274 also known as PDL1, and CTLA4). The 33-lncRNA based classifier index showed significant correlation with CD274 (Pearson R = -0.36, P = 2.4e-12), CTLA4 (Pearson R = -0.21, P = 6.7e-05) and PDCD1 (Pearson R = -0.22, P = 2.7e-05) (Figures 5A–C). Moreover, the 33-lncRNA based classifier index showed significant negative correlation with TMB (Figure 5D).
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FIGURE 5. Correlation of the 33-lncRNA-based signature index with expression of ICIs index (CD274, CTLA4 and PDCD1) and TMB. (A) Correlation of the 33-lncRNA-based signature index with expression of CD274. (B) Correlation of the 33-lncRNA-based signature index with expression of CTLA4. (C) Correlation of the 33-lncRNA-based signature index with expression of PDCD1. (D) Correlation of the 33-lncRNA-based signature index with expression of TMB.




The Correlation Between the 33-LncRNA-Based Classifier Index and Tumor Infiltrating Lymphocytes

We explored the correlation of the 33 lncRNAs and tumor-infiltrating lymphocytes (Figure 6A). The lncRNA LINC02345 was positively correlated with resting dendritic cells, M2 macrophages and activated memory CD4 T cells. Activated memory CD4 T cells were also positively correlated with lncRNAs DGCR11, DEPDC1-AS1, LINC00909, MIR210HG, DSG2-AS1, and RPARP-AS. These most of these 33 lncRNAs were negatively correlated with endothelial cells, fibroblasts and resting mast cells. The 33-lncRNA based classifier index was positively correlated with endothelial cells, fibroblasts and resting mast cells. It was negatively correlated with the following cells: Memory B cells, resting dendritic cells, M1 macrophages, activated mast cells, activated NK cells, activated memory CD4 T cells, CD8 T cells, and gamma delta T cells.
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FIGURE 6. The associations between the 33-lncRNA-based classifier index and tumor infiltrating lymphocytes, and microsatellite status. (A) The correlations between the 33-lncRNA-based classifier index and tumor-infiltrating lymphocytes. (B) The 33-lncRNA-based classifier index in patients with different microsatellite status.




The LncRNA-Based Index Associates With Microsatellite Instability

Microsatellite instability-high (MSI-H) is associated with response to treatment of ICIs in STAD (Fuchs et al., 2018). We found that STAD patients with MSI-H have a lower lncRNA base index (Figure 6B) than those with MSI-low or microsatellite stable (MSS).




DISCUSSION

Tumor mutation burden (TMB) is used in clinical practice for predicting ICI treatment efficacy, and high TMB is related to better prognosis in patients treated with immunotherapy (Rizvi, 2018; Samstein, 2019). However, TMB detection is too expensive to be widely used in clinic. In the present study, we screened the DElncRNAs between STAD samples with high or low TMB, and identified a 33-lncRNA-based signature classifier that can assess TMB in a cost-effective manner. The accuracy of the 33-lncRNA-based classifier was high and robust. Moreover, the classifier had a high specificity, positive predictive value and negative predictive value. The expression pattern of these 33 lncRNAs may be a novel indicator for predicting ICI treatment efficacy.

Tumor mutation burden (TMB) is a robust predictor of the efficacy of ICI treatment (Cao et al., 2019) and a potential prognostic biomarker (Romero, 2019). We found that a low value of our 33-lncRNA-based index was associated with better overall and recurrence-free survival in STAD patients. Interestingly, immune-related biological pathways and KEGG pathways were not enriched in STAD samples regardless of the value of the lncRNA-based index. This may be because the molecular function of most lncRNAs is still unknown. The biological mechanism underlying these 33 lncRNAs associated with TMB levels required further exploration.

Tumor mutation burden (TMB), expression of immune checkpoint molecules and tumor-infiltrating lymphocytes are associated with ICI efficacy. However, TMB may predict the efficacy of ICI independently of the expression level of immune checkpoint molecule CD274 (Carbone et al., 2017). Our 33-lncRNA-based signature classifier index showed significant low correlation with PDCD1, CD274, and CTLA4. This suggests that the signature classifier index cannot replace the measurement of immune checkpoint expression for predicting ICI efficacy. ICIs appear to be more effective against tumors when they have been infiltrated by lymphocytes (Maleki Vareki, 2018). Our 33 lncRNAs were associated with numbers of resting dendritic cells, M1 macrophages, resting mast cells, activated NK cells and activated memory CD4 T cells, while the 33-lncRNA-based classifier index was mainly associated with numbers of memory B cells, resting dendritic cells, endothelial cells, fibroblasts, M1 macrophages, activated NK cells and activated memory CD4 T cells. In gastric cancer, high levels of tumor-infiltrating lymphocytes are related to better prognosis (Morihiro et al., 2019; Zhang et al., 2019). Moreover, STAD patients with MSI-H score have a lower lncRNA-based index. Thus, the 33-lncRNA-based signature classifier index is associated with four factors that can predict ICI efficacy: TMB, expression of immune checkpoint molecules, tumor-infiltrating lymphocytes, and microsatellite instability. Future prospective studies should investigate whether the index can be used in the clinic to predict ICI efficacy.

Although this study may provide an exciting potential surrogate measure for TMB in STAD, there are limitations worth mentioning. Firstly, the classifier needs to be validated in a larger independent data set. Second, the molecular mechanism of these 33 lncRNAs in the immune response is not yet clear. Thirdly, the relationship between the lncRNA-based index and other molecular typing systems were not clear.

In conclusion, STAD samples with different TMB levels have different lncRNA expression patterns. The 33-lncRNA-based signature classifier index may be an indicator of TMB and is associated expression of immune checkpoints, tumor-infiltrating lymphocytes, and microsatellite instability.



EXPERIMENTAL PROCEDURES


Data Processing

The GDCquery_Maf function of the TCGAbiolinks package (Colaprico et al., 2016) was used to download STAD mutation annotation files from the Cancer Genome Atlas (TCGA) database1. The MuTect2 pipeline (Cibulskis et al., 2013) called somatic mutations. The read.maf function in the maftools package (Mayakonda et al., 2018) downloaded maf data, which included variation samples and the variation count of each sample. In our study, TMB was defined as the number of somatic cell variations per megabase (MB) in the genome (Hellmann et al., 2018). High TMB was defined as ≥10 mutations/MB, and low TMB as <10 mutations/MB (Hellmann et al., 2018; Lv et al., 2019). The estimated size of the exome was 38 MB (Chalmers et al., 2017). The lncRNA and mRNA were identified according to the comprehensive gene annotation (version 33) file downloaded from gencode2. STAD stomach samples, with both lncRNA expression profiles and mutations, were randomly assigned to the training set (75%) and the test set (25%).



Screening DElncRNAs in High-TMB Compared to Low-TMB STAD Samples

In the training set, the voom function (Law et al., 2014) was used to normalize the RNA sequence data of STAD. The limma package (Smyth, 2004; Law et al., 2014; Ritchie et al., 2015) was used to screen the DElncRNAs in high-TMB compared to low-TMB STAD samples. LncRNAs with a P (adjusted by the false discovery rate) < 0.01 (Lv et al., 2019) were considered significant. Based on Euclidean distance, we performed bidirectional hierarchical clustering (Szekely and Rizzo, 2005) using the expression profiles of DElncRNAs and displayed the results as a heat map using the pheatmap R package3.



Feature Selection and Principal Component Analysis

Using the glmnet package (Friedman et al., 2010), LASSO logistic regression identified optimal lncRNAs with non-zero coefficient from DElncRNAs, and these lncRNAs were used to create a LASSO signature classifier. The corresponding parameters are set to “nfolds = 10” representing 10-fold cross-validation, and “family = ‘binomial”’ representing two-class logistic regression analysis. In addition, the expression profiles of the optimal DElncRNAs were used to perform principal component analysis. The first and second component was applied to visualize the result displayed as a two-dimensional scatter plot using ggbiplot package4.



Construction of the LncRNA-Based Signature Classifier for Predicting TMB

Through LASSO logistic regression, we obtained the regression coefficient (Coef) of the lncRNA and calculated the classifier index for each STAD sample according to formula:

Index = ExprlncRNA1∗CoeflncRNA1 + ExprlncRNA2∗CoeflncRNA2 + ExprlncRNA3∗CoeflncRNA3 + ⋅⋅⋅ + ExprlncRNAn∗CoeflncRNAn

where “Expr” represents the expression value of the lncRNA. The classifier’s accuracy, positive predictive value, negative predictive value, sensitivity, specificity and area under the receiver operating characteristic curve (AUC) were determined. The receiver operating characteristic curves were generated using the pROC package (Robin et al., 2011) in R, and compared using the DeLong method (DeLong et al., 1988).



Survival Analysis and Gene Set Enrichment Analysis

To further explore prognostic value of the lncRNA-based signature classifier index in STAD, survival analysis was performed using survival and survminer package5. The surv_cutpoint function in the survminer package was used to determine the optimal cutoff to divide patients high or low-index groups. GSEA2-2.2.4 (Java) version (Mootha et al., 2003; Subramanian et al., 2005) was used to explored potential biological characteristics in the high- or low-index groups. According to default parameters, the c5.bp.v6.2.symbols.gmt and c2.cp.kegg.v6.2.symbols.gmt datasets in MsigDB V6.2 database (Liberzon et al., 2015) were used as reference gene sets. Nominal P < 0.05 was considered significant.



Correlation of the LncRNA-Based Signature Classifier Index With Expression of Immune Checkpoints

The expression of immune checkpoint molecules is another factor currently considered to affect ICI efficacy (Schreiber et al., 2011). Therefore, in our study, we investigated the correlation of the lncRNA-based signature classifier index with the expression of three immune checkpoints (PDCD1, CD274, and CTLA4). The correlation between the lncRNA-based signature classifier index and TMB was also explored.



Estimation of the Correlations of Tumor-Infiltrating Lymphocytes and the LncRNA-Based Signature Classifier Index

Firstly, we integrated two gene signatures, CIBERSORT (Newman et al., 2015) and MCP-Counter (Becht et al., 2016), to identify the mark gene set of the tumor-infiltrating lymphocytes and stromal cells according to a previous study (Xiao et al., 2019). Subsequently, we used single sample gene set enrichment analysis to calculate the abundance of each cell subset in each sample based on gene expression data. Then, the pearson correlation between the lncRNA-based signature classifier index and the cell abundances were calculated. P < 0.05 was considered significant.



Statistical Analysis

All the analyses were performed using R software6. The χ2-test was used for categorical data. An unpaired t-test was used to screen DElncRNAs. Kaplan–Meier survival curve analysis with log-rank method was used to compare survival between the two groups of patients. Kruskal-Wallis method was used compared the continuous variable between three groups. Unless otherwise stated, we considered P < 0.05 to be statistically significant.
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In this study, we identified eight survival-related metabolic genes in differentially expressed metabolic genes by univariate Cox regression analysis based on the therapeutically applicable research to generate effective treatments (n = 84) data set and genotype tissue expression data set (n = 396). We also constructed a six metabolic gene signature to predict the overall survival of osteosarcoma (OS) patients using least absolute shrinkage and selection operator (Lasso) Cox regression analysis. Our results show that the six metabolic gene signature showed good performance in predicting survival of OS patients and was also an independent prognostic factor. Stratified correlation analysis showed that the metabolic gene signature accurately predicted survival outcomes in high-risk and low-risk OS patients. The six metabolic gene signature was also verified to perform well in predicting survival of OS patients in an independent cohort (GSE21257). Then, using univariate Cox regression and Lasso Cox regression analyses, we identified an eight metabolism-related long noncoding RNA (lncRNA) signature that accurately predicts overall survival of OS patients. Gene set variation analysis showed that the apical surface and bile acid metabolism, epithelial mesenchymal transition, and P53 pathway were activated in the high-risk group based on the eight metabolism-related lncRNA signature. Furthermore, we constructed a competing endogenous RNA (ceRNA) network and conducted immunization score analysis based on the eight metabolism-related lncRNA signature. These results showed that the six metabolic gene signature and eight metabolism-related lncRNA signature have good performance in predicting the survival outcomes of OS patients.

Keywords: metabolism, lncRNAs, osteosarcoma, signatures, prognostic


INTRODUCTION

Osteosarcoma (OS) is a primary malignant bone cancer and commonly occurs in adolescents and children. The overall annual incidence of OS is 3.4 million worldwide (Mirabello et al., 2009; Pingping et al., 2019; Czarnecka et al., 2020; Mirabello et al., 2020). As a malignant tumor, OS typically occurs in the metaphysis of the long bones, such as the distal femur (43%), proximal tibia (23%), or humerus (10%) (Isakoff et al., 2015). Previous reports suggest that the 5-year survival rate of patients with nonmetastatic OS is 70–75%, but the long-term survival rate of metastatic OS patients is only 30% (Anwar et al., 2020). In addition, multidrug resistance is a major challenge in OS treatment (Strauss et al., 2010). Hence, there is an urgent need to identify novel targets and biomarkers for the diagnosis and prognosis of OS to improve the survival rate of OS patients.

Cancer metabolism is one of the oldest areas of research in cancer biology, and targeting metabolism has been an effective cancer treatment modality for decades (Cairns et al., 2011; Luengo et al., 2017). An increasing amount of evidence shows that changes in cell metabolism contribute to cancer development and progression (Vander Heiden and DeBerardinis, 2017; Kreuzaler et al., 2020). Additionally, several studies show that the tumor suppressor p53, MYC oncogene, pyruvate kinase isozymes M2 (PKM2), and hypoxia-inducible factor 1(HIF1) regulate cancer metabolism and are involved in the prognosis of cancers (Denko, 2008; Dayton et al., 2016; Gomes et al., 2018; Khan et al., 2020). Long noncoding RNAs (lncRNAs) are noncoding RNAs more than 200 nucleotides in length and play important roles in transcriptional regulation, epigenetic gene regulation, and disease (Mercer et al., 2009; Kumar and Goyal, 2017). The main difference between lncRNAs and mRNAs is that lncRNAs lack reading frames encoding proteins (Dinger et al., 2011). However, investigations using advanced molecular techniques suggest that some lncRNAs contain short open reading frames (sORFs) and can interact with ribosomes to encode proteins (Chen et al., 2020; Vergara et al., 2020). Recent studies show that lncRNAs play important roles in glucose, protein, lipid, and nucleic acid metabolism by directly or indirectly targeting enzymes and oncogenic signaling pathways (Fan et al., 2017; Zeng et al., 2018; Lu et al., 2019). Tang et al. (2019) found that lncRNA GLCC1 promotes carcinogenesis and glucose metabolism by stabilizing c-Myc, resulting in poor prognosis in colorectal cancer. Another study showed that lncRNA ANRIL is involved in regulating AML development by modulating the glucose metabolism pathway of AdipoR1/AMPK/SIRT1 (Sun et al., 2018). Although many metabolic biomarkers have been identified for the diagnosis and prognosis of human cancers, research on metabolic biomarkers for the prognosis of OS is limited. Therefore, in this study, we sought to identify novel metabolic signatures that are related to the diagnosis and prognosis of OS patients.

In this study, we identified a six metabolic gene signature using bioinformatics that shows good performance in predicting survival of OS patients. Stratified correlation analysis shows that the metabolic gene signature accurately predicted survival outcomes in both high- and low-risk OS patients. The six metabolic gene signature was also verified to perform well in predicting survival of OS patients in an independent data set (GSE21257). Furthermore, we also identified an eight metabolism-related lncRNA signature that is related to overall survival in OS and shows good performance in predicting overall survival of OS. Gene set variation analysis (GSVA) revealed that multiple metabolic processes and signaling pathways were significantly enriched in the high-risk groups. Finally, we constructed a competing endogenous RNA (ceRNA) network based on the eight metabolism-related lncRNA signature and analyzed the immunization scores in high- and low-risk OS patients. Our results suggest that the six metabolic gene signature and eight metabolism-related lncRNA signature identified show robust performance in predicting the survival outcomes of OS patients.



MATERIALS AND METHODS


Data Downloading and Processing

A total of 944 metabolic genes were extracted from metabolism-related Kyoto encyclopedia of genes and genomes (KEGG) pathways. RNA sequence data and clinical information on the OS patients were downloaded from the therapeutically applicable research to generate effective treatments (TARGET1). Transcriptome data of normal human tissues were downloaded from the genotype tissue expression (GTEx2) database. Expression profiling and clinical information on a test independent data set (GSE21257) was downloaded from the Gene Expression Omnibus (GEO3). The clinical characteristics of all OS patients in the two data sets are listed in Table 1. The R software4 sva (Li et al., 2018) package was used to merge the raw data of the two sets (TARGET OS n = 84 and GTEx OS n = 396) and eliminate batch-to-batch differences.


TABLE 1. Clinical data for all patients.
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Function Annotation

A total of 2,282 differentially expressed genes were selected based on a cutoff value of | log2FC | > 1 and a P value less than 0.05 in OS tissue and normal muscle tissue using the Limma (Ritchie et al., 2015) package, and 64 differentially expressed genes were screened from the 2,282 differentially expressed genes. Next, we conducted gene ontology (GO) and KEGG enrichment analysis of the 64 differentially expressed metabolic genes using the clusterProfiler (Kanehisa et al., 2017) package, established a protein–protein interaction (PPI) network, and identified 10 hub metabolic genes using the Search Tool for the Retrieval of Interacting Genes online tool (STRING5) and Cytoscape (Shannon et al., 2003).



Identification and Construction of Prognostic Signature

Univariate Cox regression analysis was used to identify differentially expressed metabolic genes whose expression levels were significantly associated (P < 0.05) with overall survival of OS patients in the training data set (TARGET OS). Next, we conducted least absolute shrinkage and selection operator (Lasso) Cox regression analysis to identify metabolic genes related to OS prognosis using the glmnet (Friedman et al., 2010) package, and the OS patients were divided into high- (n = 42) and low-risk (n = 42) groups based on the median risk score. Finally, we constructed a six metabolic gene signature. To identify the metabolism-related lncRNAs, we performed Pearson correlation analysis between the lncRNAs and metabolic genes related to OS prognosis using | R| ≥ 0.4 and P < 0.05 as the selection criteria. Thereafter, we used the same method to screen a metabolism-related lncRNA signature from 147 metabolism-related lncRNAs.



Evaluation and Verification of the Prognostic Signature

The OS patients were classified into high-risk and low-risk groups based on their prognostic risk score using the median risk score in the metabolic gene signature and metabolism-related lncRNA signature. First, we compared the overall survival of the high-risk and low-risk groups of patients in the two kinds of signatures using the Kaplan–Meier survival curve. According to receiver operating characteristic (ROC) curves, we evaluated the diagnostic efficacy of each clinicopathological characteristic and the prognostic signature for OS patients. Furthermore, univariate and multivariate Cox regression analyses were performed to evaluate whether the risk score was independent of other clinical variables, such as age, gender, and metastasis, in the prognostic signature. We constructed a nomogram by integrating the traditional clinical variables, such as age, gender, and metastasis as well as the risk score derived from the prognostic signature of metabolic genes to analyze the probable 1, 3, and 5-year overall survival of the OS patients. To test whether the prognostic signature of the metabolic genes has a robust ability to predict patient survival in an independent data set, we verified it with an independent data set (GSE21257).



Gene Set Enrichment Analysis (GSEA) and GSVA

To assess the important functional phenotypes between the high- and low-risk groups based on the eight metabolism-related lncRNA signature, we performed GSEA and GSVA. We used “c5.all.v7.0.symbols.gmt” as the reference gene sets and performed GSEA enrichment analysis using GSEA software (version: 4.0.3). We used “h.all.v7.0.symbols.gmt” as the reference gene set for the GSVA analysis, and the adjusted p-value <0.05 was considered statistically significant.



ceRNA Network and Immunization Scores Analysis

Using startbase databases, three of eight metabolism-related lncRNAs were extracted to construct the ceRNA network. We then used three databases (miRTarBase, miRDB, and TargetScan) to search target mRNAs based on the 39 miRNAs. Next, we extracted 88 target mRNAs from the differentially expressed genes. Then, we obtained the immunization scores of immune cells and immune-related functions in the high- and low-risk groups using ssGSEA based on the eight metabolism-related lncRNA signature.




RESULTS


Functional Annotation of Differentially Expressed Metabolic Genes

First, we used TARGET (n = 84) and GTEx (n = 396) data sets to compare OS and normal muscle tissues and identified 2,282 differentially expressed genes. We then identified 64 differentially expressed metabolic genes in the 2,282 differentially expressed genes, of which 12 metabolic genes were upregulated in normal tissues, and 52 metabolic genes were upregulated in OS tissues (Figures 1A,B). GO annotation showed that the 64 differentially expressed metabolic genes were involved in various biological functions, including the carboxylic acid biosynthetic process, organic acid biosynthetic process, DNA polymerase complex, ficolin-1-rich granule, coenzyme binding, and transferase activity. KEGG annotation revealed that the 64 differentially expressed metabolic genes were related to signaling pathways, including biosynthesis of amino acids, carbon metabolism, pentose phosphate pathway, and glycolysis/gluconeogenesis (Figure 1C). Last, we constructed a PPI network (Figure 1D) and obtained 10 differentially expressed metabolic genes using Cytoscape: PHGDH, GLUD2, PYGM, ALDOA, ALDOC, PFKM, FBP2, FBP1, GPD1, and GLUL (Figure 1E).
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FIGURE 1. Functional annotation of differentially expressed metabolic genes. (A) Heat map of 64 differentially expressed metabolic genes. (B) Volcano plot of 944 metabolic genes. (C) GO and KEGG analysis of 64 differentially expressed metabolic genes. (D) PPI of 64 differentially expressed metabolic genes. (E) Ten hub differentially expressed metabolic genes.




Identification of Prognostically Significant Metabolic Genes in OS Patients

First, based on the 64 differentially expressed metabolic genes that were screened, we obtained clinical information for the 84 OS samples from the TARGET data set. Then, using univariate Cox regression analysis, we found that eight of the 64 differentially expressed metabolic genes were significantly correlated with overall survival of OS patients (P < 0.05; Figure 2A). These genes are the following: PYGM, CKMT2, NAT1, AADAT, FADS2, GPX7, PHOSPHO1, and CHST13.
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FIGURE 2. Construction of metabolic gene signature. (A) Univariate Cox regression analysis showed that eight out of the 64 differentially expressed metabolic genes significantly correlated with the overall survival of OS patients (P < 0.05). (B,C) Lasso Cox regression analysis showing that six out of the eight metabolic genes were good candidates for constructing the prognostic signature. (D) Coefficients of six out of the eight metabolic genes. (E) Six metabolic genes signature constructed by iterative Lasso cox regression analysis. (F) ROC curve to evaluate 1, 3, and 5-year prediction efficiency of the six metabolic genes signature.




Construction and Evaluation of the Metabolic Genes Signature

To identify a metabolic gene signature for predicting overall survival of OS patients, we conducted Lasso Cox regression for the eight metabolic genes that correlated with the overall survival of OS patients. Lasso Cox regression analysis showed that six of the eight metabolic genes were good candidates for constructing a prognostic signature (Figures 2B–D). Next, we used iterative Lasso Cox regression analysis to construct an optimal prognostic signature of six metabolic genes composed of PYGM, CKMT2, NAT1, AADAT, GPX7, and CHST13 (Figure 2E). ROC analysis indicated that prediction efficiency of the 6 metabolic genes signature was pretty good (1-year AUC = 0.759, 3-year AUC = 0.775, and 5-year AUC = 0.755) and was robust in predicting OS prognosis (Figure 2F).

Based on the risk score of each OS patient in the TARGET data set, the patients were divided into high-risk (n = 42) and low-risk (n = 42) groups. Kaplan–Meier survival curve analysis showed that the overall survival of OS patients with high-risk scores was significantly shorter than those of patients with low-risk scores (Figure 3A). Then, based on the metabolic gene signature, we obtained the risk score distribution, survival status, and a heat map of the six metabolic genes (Figure 3B). Principal component analysis (PCA) based on the six metabolic genes showed two markedly different distribution patterns between high-risk and low-risk groups (Figure 3C). Next, using univariate Cox analyses, we found that the metastatic and metabolic gene prognostic risk scores were significantly associated with overall survival (P < 0.001, Figure 3D). Multivariate Cox analyses showed that the prognostic risk score for metabolic genes was significantly associated with overall survival (P < 0.001, Figure 3E). As shown in Figure 3F, the ROC curve analysis demonstrated that the AUC values of age, gender, and metastatis were less than the prognostic signature of the metabolic genes (AUC = 0.755). We further performed a stratification analysis to investigate the prognostic value of the metabolic genes (Figure 4A). Finally, we constructed a nomogram and calibration curve analysis to accurately estimate the 1, 3, and 5-year survival probabilities using the risk scores calculated from the metabolic gene prognostic signature and other clinicopathological factors, including age, gender, and metastatis (Figure 4B). These results suggest that the prognosis signature could accurately determine the prognosis of patients with OS.
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FIGURE 3. Evaluation of the metabolic gene signature. (A) Kaplan–Meier curves of patients in the low-risk and high-risk groups based on the six metabolic genes signature. (B) Risk score distribution and survival status of OS patients based on the six metabolic genes signature and heat map of the 6 metabolic genes signature expression pattern. (C) PCA based on the confirmed six metabolic genes signature. (D) Univariate Cox regression analysis showing that the metastatic and metabolic genes signature risk scores are significantly associated with overall survival. (E) Multivariate Cox regression analysis showing that the metabolic genes signature risk score is an independent prognostic indicator for overall survival of OS patients. (F) ROC curve analysis with the prognostic accuracy of age, gender, and metastatis.
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FIGURE 4. Analysis of prognosis signature with other clinical characteristics. (A) Stratification analysis to investigate the prognostic value of the six metabolic genes signature (age, metastatis, gender, histologic response). (B) Nomogram for predicting 1, 3, and 5-year survival rates of OS patients based on the six metabolic genes signature risk score and other clinical characteristics, such as age, gender, and metastatis. Calibration curve of the nomogram for 5-year survival rates.




Verification of Metabolic Genes Signature in an Independent Cohort

To further examine the prognostic value of the six metabolic genes, we verified the six metabolic genes signature in an independent cohort (GSE21257). First, based on the risk score for each OS patient in the GSE21257 data set, OS patients were divided into high-risk (n = 26) and low-risk (n = 27) groups. Kaplan–Meier survival curve analysis showed that the overall survival of OS patients with high-risk scores was significantly shorter than that of patients with low-risk scores (p = 1.469e-03, Figure 5A). Next, we obtained the risk score distribution, survival status, and a heat map of the six metabolic genes (Figure 5B) based on the metabolic gene prognosis signature. ROC revealed that the AUCs for 1-, 3-, and 5-year survival were 0.745, 0.781, and 0.819, respectively, in the independent cohort (GSE21257; Figure 5C). These results demonstrate that the six metabolic genes signature can also predict the survival of OS patients in other independent cohorts.
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FIGURE 5. Verification of metabolic gene signature in an independent cohort. (A) Risk score distribution and survival status of OS patients based on the six metabolic genes signature and a heat map of the six metabolic genes signature expression pattern in one independent cohort (GSE21257). (B) Kaplan–Meier curves of patients in the low- and high-risk groups based on the 6 metabolic genes signature in an independent cohort (GSE21257). (C) ROC curve to evaluate 1, 3, and 5-year prediction efficiency of the six metabolic genes signature in an independent cohort (GSE21257).




Identification of Metabolism-Related lncRNAs

To explore metabolism-related lncRNAs, we first identified 148 metabolism-related lncRNAs by performing Pearson correlation analysis between the lncRNAs and the metabolism-related genes using | R| ≥ 0.4 and P < 0.05 as the selection criteria. Univariate Cox regression analysis showed that expression of 17 metabolism-related lncRNAs were significantly correlated with the overall survival of OS patients (P < 0.05; Table 2).


TABLE 2. The 17 metabolism-related prognostic lncRNAs.
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Construction and Evaluation of the Metabolism-Related lncRNA Signature

First, we performed Lasso Cox regression analysis for 17 metabolism-related lncRNAs correlated with the overall survival of OS patients. The analysis showed that eight of the 17 metabolism-related lncRNAs were good candidates for constructing the prognostic signature, including JMJD1C-AS1, FLJ45513, FAM155A-IT1, LINC00837, MANCR, LINC00506, CACNA1C-AS1, and IL10RB-DT (Figures 6A–D). ROC analysis suggested that the metabolism-related lncRNA signature has good performance in predicting overall survival of OS patients, and the AUCs for 1, 3, and 5-year survival were 0.813, 0.814, and 0.802, respectively (Figure 6E).
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FIGURE 6. Construction of metabolism-related lncRNA signature. (A) Heat map of the correlations between metabolic genes and the 17 prognostic metabolism-related lncRNAs (**p < 0.01 and ***p < 0.001). (B,C) Lasso Cox regression analysis showed that eight of the 17 prognostic metabolism-related lncRNAs were good candidates for constructing the prognostic signature. (D) Coefficients of the eight metabolism-related lncRNA signature. (E) Eight metabolism-related lncRNA signature constructed using iterative Lasso Cox regression analysis. (F) ROC curve to evaluate 1, 3, and 5-year prediction efficiency of the eight metabolism-related lncRNA signature.


Based on the risk score of each OS patient in the TARGET data set, OS patients were divided into high-risk (n = 42) and low-risk (n = 42) groups. Kaplan–Meier survival curve analysis showed that overall survival of OS patients with high-risk scores was significantly shorter than those with low-risk scores (p = 1.113e-04, Figure 6F). Based on the eight metabolism-related lncRNAs prognosis signature, we obtained the risk score distribution, survival status, and a heat map of the eight metabolism-related lncRNAs (Figure 7A). Using univariate Cox analyses revealed that the metastatic and metabolism-related lncRNA prognostic risk scores was significantly associated with overall survival (P < 0.001; Figure 7B). Multivariate Cox analyses showed that the prognostic risk score of the metabolism-related lncRNAs was significantly associated with overall survival (P < 0.001; Figure 7C). Finally, Kaplan–Meier curves showed that patients with different expression levels of the eight metabolism-related lncRNAs had different overall survival (Figure 7D).
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FIGURE 7. Evaluation of metabolism-related lncRNA signature. (A) Risk score distribution and survival status of OS patients based on the eight metabolism-related lncRNAs and a heat map of the eight metabolism-related lncRNAs expression pattern. (B) Univariate Cox regression analysis showing the metastatic and the eight metabolism-related lncRNA signature risk score were significantly associated with overall survival. (C) Multivariate Cox regression analysis showing that the eight metabolism-related lncRNA signature risk score was an independent prognostic indicator for overall survival of OS patients. (D) Kaplan–Meier curves showing that the expression of the eight metabolism-related lncRNA had different overall survival for OS patients.




GSEA and GSVA

To examine the potential biological processes involved, we carried out GSEA based on the eight metabolism-related lncRNA signature. The top five biological processes in the high- and low-risk groups are shown in Figures 8A,B. GSVA results show that apical surface and bile acid metabolism, epithelial mesenchymal transition, and P53 pathway were activated in the high-risk OS patients (Figure 8C).
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FIGURE 8. Pathway enrichment, ceRNA network, and immunization scores based on metabolism-related lncRNA signature. (A,B) Top five biological processes in the high- and low-risk groups based on GSEA results. (C) GSVA results showing that apical surface and bile acid metabolism, epithelial mesenchymal transition, and P53 pathway were activated in high-risk OS patients. (D) ceRNA network. (E,F) Immunization scores of immune cells and immune-related functions based on the eight metabolism-related lncRNA signature. *p < 0.05, **p < 0.01, nsp > 0.05.




Construction of the ceRNA Network and Immunization Score Analysis

To explore the functions of the eight metabolism-related lncRNAs, we constructed a ceRNA network based on the eight metabolism-related lncRNAs (Figure 8D). First, one of the eight metabolism-related lncRNAs were extracted to construct the ceRNA network. We then used three databases (miRTarBase, miRDB, and TargetScan) to search for target mRNAs based on the 11 miRNAs and extracted 44 target mRNAs from differentially expressed genes. Next, we performed immunization scores of immune cells and immune-related functions in the high-risk and low-risk groups using ssGSEA. Results of immunization score analysis show that the immunization scores of B cells, CD8+ T cells, Mast cells, and Th1 cells were significant in the high-risk and low-risk groups (Figure 8E). Furthermore, results of immunization score analysis show that the immunization scores of type II IFN response were significant in the high-risk and low-risk groups (Figure 8F).




DISCUSSION

In this study, eight metabolic genes were found to be significantly correlated with OS based on univariate Cox regression analysis. Then, 6 metabolic genes (PYGM, CKMT2, NAT1, AADAT, GPX7, and CHST13) were selected to construct a prognostic signature based on their performance using the Lasso Cox regression analysis. OS patients with high-risk scores showed shorter survival times compared with those with low-risk scores based on the six metabolic genes signature. Univariate and multivariate Cox analyses suggest that the risk score based on the six metabolic gene prognostic signature was an independent prognostic factor. Stratified correlation analysis shows that the metabolic gene signature accurately predicted survival outcomes in high- and low-risk OS patients. In addition, we constructed a nomogram that was good at predicting the 1, 3, and 5-year survival probabilities using the risk score and other clinicopathological factors, including age, gender, and metastatis. Taken together, these results confirm that the six metabolic genes prognostic signature has good performance in predicting the survival outcomes of OS patients in our study.

In recent years, a mounting body of evidence suggests that reprogramming of metabolism in cancer cells has an important effect on cancer development and progression (Hanahan and Weinberg, 2011). Moreover, an increasing number of studies suggests that protein, lipid, and nucleic acid govern cell growth and are activated in cancer cells via tumorigenic mutations, resulting in cancer development and progression (DeBerardinis and Chandel, 2016; Merino Salvador et al., 2017). However, the association between metabolism and OS progression remains unclear. In our study, we identified the six metabolic genes (PYGM, CKMT2, NAT1, AADAT, GPX7, and CHST13) prognostic signature that showed good performance in predicting survival outcomes of OS patients. However, there are few reports on the role of these genes in OS. PYGM is significantly downregulated in head and neck squamous cell carcinoma (HNSCC) and correlates with worse prognosis of HNSCC (Jin and Yang, 2019). In hepatocellular carcinoma, downregulation of CHST13 regulates the metastasis and chemosensitivity of human hepatocellular carcinoma cells via the mitogen-activated protein kinase (MAPK) pathway (Zhou et al., 2016). Epigenetic inactivation of GPX7 may be an important mechanism of esophageal cancer (Peng et al., 2009; Peppelenbosch et al., 2014). In Barrett’s esophagus, GPX7 suppresses bile salt-induced expression of pro-inflammatory cytokines to inhibit Barrett’s carcinogenesis and is also related to gastroesophageal reflux disease–associated Barrett’s carcinogenesis (Peng et al., 2014a, b). From these data, we know that the six metabolic genes identified in our study play different roles in human cancers. However, research regarding the role of these genes is limited in OS. It is, therefore, worth exploring the functions of these six metabolic genes in OS.

Additionally, 17 metabolism-related lncRNAs were found to be significantly correlated with the overall survival of OS patients in this study. Lasso Cox regression analysis showed that eight metabolism-related lncRNAs (JMJD1C-AS1, FLJ45513, FAM155A-IT1, LINC00837, MANCR, LINC00506, CACNA1C-AS1, and IL10RB-DT) were found to be good candidates for the construction of a prognostic signature. Based on the eight metabolism-related lncRNA signature, the clinical outcome of OS patients with high-risk scores were significantly worse than that for patients with low-risk scores. Like the six metabolic genes signature, the eight metabolism-related lncRNAs signature was also independent of other clinical variables, such as age, gender and metastatis. GSVA results showed that bile acid metabolism, epithelial mesenchymal transition, and P53 pathway were activated in high-risk OS patients. Immunization scores analysis suggests that there was a lower score in the high-risk group than in the low-risk group, and high immunity correlated with good prognosis.

Dysregulation of lncRNAs is known to be involved in tumor growth, metabolism, and metastasis (Lin, 2020). Increasing numbers of studies show that dysregulated lncRNAs have an important effect on glucose, lipid, and cholesterol metabolism by regulating mitochondrial function and oxidative stress (van Solingen et al., 2018; Zeng et al., 2018; Lu et al., 2020). Research on the prognostic potential of metabolism-related lncRNAs is limited in OS. Our results suggest that the eight metabolism-related lncRNAs identified in this study can accurately predict overall survival of OS patients. In the eight metabolism-related lncRNAs, MANCR, LINC00837, LINC00506, and IL10RB-DT are relatively well characterized. Tahmouresi et al. (2020) suggests that MANCR is a potential diagnostic biomarker for breast carcinoma (BC) and is associated with aggressive clinical parameters of BC. The study also shows that MANCR was functionally associated with cell proliferation, viability, and genomic stability and represented a potential therapeutic target for BC (Tracy et al., 2018). It is well known that the P53 pathway is related to the metabolism of cancer cells in multiple cancers (Chen et al., 2017; Goyal et al., 2019), and GSVA results also suggest that the P53 pathway was activated in high-risk OS patients. Taken together, these results also suggest that the eight metabolism-related lncRNA signature has strong ability to predict the prognosis of OS patients.

Despite the identification of six metabolic gene and eight metabolism-related lncRNA prognostic signatures, few reports regarding these signatures have been reported in OS previously. In the future, it will be necessary to explore the molecular biological functions of the six metabolic genes and eight metabolism-related lncRNA signatures in OS tumorigenesis and progression, such as in cell proliferation, cell viability, cell metabolism, cell motility, tumor angiogenesis, and drug resistance. In addition, to further validate these metabolic genes and metabolism-related lncRNA signatures in accurate OS diagnosis and prognosis, more clinical evidence, including prospective large-scale cohorts related to these signatures, is crucial. Last, for the potential application of these signatures in the personalized treatment of OS, we believe that it is important to identify the best biomarker and target from these signatures to improve cellular metabolism and immunotherapy of OS. There are several limitations to our study. First, owing to the limited availability of OS sample size (n = 84) and clinical data, the subgroup analysis based on other clinical characteristics was limited. Second, the OS sample sizes and clinical data of the independent cohort are also hampered. Last, biological functions of the metabolic genes and metabolism-related lncRNAs need to be verified in the future.

In conclusion, we identify six metabolic gene and eight metabolism-related lncRNA prognostic signatures that show good performance in predicting the survival outcomes of OS patients and are independent of other clinical risk factors. Overall, our study suggests that the six metabolic genes and eight metabolism-related lncRNAs are promising prognostic and diagnostic biomarkers for OS therapy and diagnosis.
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Background: Lung adenocarcinoma (LUAD) originates mainly from the mucous epithelium and glandular epithelium of the bronchi. It is the most common pathologic subtype of non-small cell lung cancer (NSCLC). At present, there is still a lack of clear criteria to predict the efficacy of immunotherapy. The 5-year survival rate for LUAD patients remains low.

Methods: All data were downloaded from The Cancer Genome Atlas (TCGA) database. We used Gene Set Enrichment Analysis (GSEA) database to obtain immune-related mRNAs. Immune-related lncRNAs were acquired by using the correlation test of the immune-related genes with R version 3.6.3 (Pearson correlation coefficient cor = 0.5, P < 0.05). The TCGA-LUAD dataset was divided into the testing set and the training set randomly. Based on the training set to perform univariate and multivariate Cox regression analyses, we screened prognostic immune-related lncRNAs and given a risk score to each sample. Samples were divided into the high-risk group and the low-risk group according to the median risk score. By the combination of Kaplan–Meier (KM) survival curve, the receiver operating characteristic (ROC) (AUC) curve, the independent risk factor analysis, and the clinical data of the samples, we assessed the accuracy of the risk model. Gene Ontology (GO) enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis were performed on the differentially expressed mRNAs between the high-risk group and the low-risk group. The differentially expressed genes related to immune response between two risk groups were analyzed to evaluate the role of the model in predicting the efficacy and effects of immunotherapy. In order to explain the internal mechanism of the risk model in predicting the efficacy of immunotherapy, we analyzed the differentially expressed genes related to epithelial-mesenchymal transition (EMT) between two risk groups. We extracted RNA from normal bronchial epithelial cell and LUAD cells and verified the expression level of lncRNAs in the risk model by a quantitative real-time polymerase chain reaction (qRT-PCR) test. We compared our risk model with other published prognostic signatures with data from an independent cohort. We transfected LUAD cell with siRNA-LINC0253. Western blot analysis was performed to observed change of EMT-related marker in protein level.

Results: Through univariate Cox regression analysis, 24 immune-related lncRNAs were found to be strongly associated with the survival of the TCGA-LUAD dataset. Utilizing multivariate Cox regression analysis, 10 lncRNAs were selected to establish the risk model. The K-M survival curves and the ROC (AUC) curves proved that the risk model has a fine predictive effect. The GO enrichment analysis indicated that the effect of the differentially expressed genes between high-risk and low-risk groups is mainly involved in immune response and intercellular interaction. The KEGG enrichment analysis indicated that the differentially expressed genes between high-risk and low-risk groups are mainly involved in endocytosis and the MAPK signaling pathway. The expression of genes related to the efficacy of immunotherapy was significantly different between the two groups. A qRT-PCR test verified the expression level of lncRNAs in LUAD cells in the risk model. The AUC of ROC of 5 years in the independent validation dataset showed that this model had superior accuracy. Western blot analysis verified the change of EMT-related marker in protein level.

Conclusion: The immune lncRNA risk model established by us could better predict the prognosis of patients with LUAD.

Keywords: lung adenocarcinoma, long noncoding RNA, risk model, immune check point, biology message


INTRODUCTION

At present, the incidence of malignant tumors is rising gradually, posing a serious threat to human health. With the continuous development of medical molecular biology, tumor immunology, tumor genetics, and biological engineering, the mechanism of the occurrence and development of malignant tumors has been explored step by step. The related proteins and driver genes of malignant tumors have been gradually discovered, providing more and more targets for molecular targeted therapy and immunotherapy of tumors. Nowadays, molecular targeted therapy and immunotherapy have become new and important therapeutic methods after traditional surgery, radiotherapy, and chemotherapy (Herbst et al., 2018; Jemal et al., 2018). Lung cancer is one of the most common malignant tumors, more than 80% of are NSCLC. The incidence and mortality of lung cancer top the list of all kinds of malignancies. However, lung cancer is frequently diagnosed in advanced stage because of the lacking of early specific symptoms, posing a serious public health burden. Due to the low rate of early diagnosis, only about 20% of patients are surgically removed at an early stage. In addition, in which 5% have a distant recurrence after surgery. The 5-year survival rate for lung cancer is only about 10%. In recent years, molecular targeted therapy and immunotherapy have become the most popular and promising research in the fields of NSCLC. Nevertheless, such patients have to bear high costs in most cases, and most of them will develop drug resistance within one to 2 years. Therefore, it is important to actively explore the pathogenesis of NSCLC and seek new directions for diagnosis and treatment (Soria et al., 2018). LncRNA is a gene therapy target that is closely related to the occurrence and development of tumors. LncRNA is a kind of RNA whose length is larger than 200 bases and lacks the ability of protein-coding. A large number of studies have shown that many lncRNAs play a pivotal role in tumor cell activity. LncRNAs are involved in multi-gene regulatory networks and can be used as biomarkers for early tumor detection and prognosis (van Leeuwen and Mikkers, 2010). LncRNAs can be divided into two basic types according to their comparative characteristics with mRNA: intergenic and intronic. It can also be classified according to the direction of lncRNA and mRNA: bidirectional, sense, antisense. LncRNAs contain promoter-associated sequences, but no open reading frame (ORF). Their main function is to regulate the expression of target genes at many levels. LncRNAs can be complementary with parts of the mRNAs sequences to regulate protein expression and maintain the balance of functional proteins and signaling pathways in cells. With the discoveries of new lncRNAs and the clear studies of relevant mechanisms, lncRNAs are expected to bring new changes to the basic and clinical of NSCLC. The TCGA database includes gene expression, protein expression, DNA methylation, gene copy number, providing a platform for searching cancer-specific characteristics (Xu et al., 2015). Although the TCGA database could predict prognostic biomarkers of cancers, it is still a classic problem that whether molecular biomarkers could forecast the prognosis of patients with LUAD. In this study, information downloaded from the TCGA dataset was comprehensively analyzed. The prognostic value of key immune-related lncRNAs was evaluated in combination with the clinical characteristics of the patients.

In this study, we identified the expression of immune-related lncRNAs in patients with LUAD. Cox regression model was used to identify an immune-related lncRNAs signature that was used to construct prognostic model. We identified an immune-related 10-lncRNA signature associated with the prognosis of LUAD patients in the training set that performed well in the testing set and the TCGA dataset. Finally, we further verified that these 10 lncRNAs were significantly differentially expressed between the human normal bronchial epithelium cell line BEAS2B and lung adenocarcinoma (LUAD) cell lines (A549, H1299) by a qRT-PCR test. We transfected LUAD cell with siRNA-LINC0253. Western blot analysis was performed to observe the change of EMT-related marker in protein level. When knockdown LINC02535, we observed SNAIL, MMP2, and N-Cadherin (CDH2) decrease.

This immune-related 10-lncRNAs signature not only can improve the ability to predict prognosis in patients with LUAD but also can promote better clinical strategies and elucidate the underlying mechanisms.



MATERIALS AND METHODS


Acquisition of TCGA Data

All data of the LUAD patients were downloaded from the TCGA database1.



Acquisition of the Immune Genes

The list of immune genes was obtained through the GSEA database2.



Screening Immune-Related lncRNAs

We screened the differentially expressed lncRNAs (fold change = 1.0, P < 0.05). Immune-related lncRNAs were obtained by using the correlation test of the immune genes with R version 3.6.3 (Pearson correlation coefficient cor = 0.5, P < 0.05).



Construction of Immune-Related lncRNAs Risk Score Model

To get a prognostic model, We downloaded the survival time and survival status of the patients from the TCGA database (see text footnote 1). The TCGA-LUAD dataset was randomly divided into the testing set and the training set by R software. Based on the training set, univariate Cox regression analysis and multivariate regression Cox analysis were performed to construct immune-related lncRNAs risk score model by using the R package “glmnet.” The risk score for each patient was as follows:
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The βi represents the multivariate regression Cox analysis coefficient of each gene. The χi represents the expression of each lncRNA. The accuracy of the risk model was assessed by using the Kaplan–Meier (KM) curve and the ROC (AUC) curve.



Independent Prognostic Factor Analysis

The information about 309 patients with complete clinical data on TCGA-LUAD was combined with the risk score, and the independent prognostic factor was analyzed by using the “survival” package of R software.



GO Enrichment Analysis and KEGG Enrichment Analysis for the Differentially Expressed Genes Between the High-Risk Group and the Low-Risk Group

Using the “clusterProfiler” package of R software to conduct GO enrichment analysis and KEGG enrichment analysis.



Analyzing Differentially Expressed Genes Related to the Immune Response Between the High-Risk Group and the Low-Risk Group

Using the “limma” package and the “ggpubr” package of R software to analyze differentially expressed genes related to immune response between the high-risk group and the low-risk group.



Analyzing Differentially Expressed Genes Related to EMT Between the High-Risk Group and the Low-Risk Group

Using the “limma” package and the “ggpubr” package of R software to analyze differentially expressed genes related to EMT between the high-risk group and the low-risk group.



Cell Culture

The human normal bronchial epithelium cell line BEAS2B and LUAD cell lines A549, H1299 were purchased from the Cell Bank of the Chinese Academy of Sciences (Shanghai, China). All cell lines were cultured in RPMI-1640 medium (Gibco, China), respectively. All media were supplemented with 10% fetal bovine serum (Gibco, China). Cells were grown at 37°C in an atmosphere of 5% CO2 and were tested without mycoplasma.



RNA Extraction and Quantitative Real-Time PCR

Total RNA was extracted from cells with RNAiso Plus (Takala, Japan). Then, 1 μg of total RNA was reverse-transcribed with a NanoDrop2000 (Thermo Fisher Scientific, United States) in a 20-μL reaction according to the manufacturer instructions. Quantitative real-time PCR was performed with SYBR QPCR Mix (Takala, Japan) in a 20-μL reaction containing 1 μL of cDNA and was run on an ABI Step One Plus Real-Time PCR system (Applied Biosystems). The PCR primer sequences directly were synthesized (Sangon Biotech, China) (Table 1). After being briefly mixed, the reaction mixture was at 95°C for 10 min, followed by 40 cycles at 95°C for 15 s and 60°C for 1 min. β-Actin was used as an endogenous control to standardize the expression of each target gene, and the 2–ΔΔCT method was adopted to determine the relative target gene level. Statistical analyses were performed with GraphPad Prism.


TABLE 1. qRT-PCR primer sequences.
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RNA Interference

Two pre-designed small interfering RNA (siRNA) sequences targeting different regions of LINC02535 were directly synthesized (GenePharma). The target sequences of the siRNAs were as follows: siRNA-LINC02535–1: 5′-GCC GAT TGC TCA CAA AGA T-3′; siRNA-LINC02535–2: 5′-GCA TAC AAT GGG ACA GTT T-3′. Scrambled siRNA was used as a negative control. Cells were transiently transfected with 50 nM siRNA sequences using Lipofectamine 2000 (Invitrogen, United States). After 48–72 h of transfection, cells were harvested for further experiments.



Western Blotting Assay

Western blot analysis was performed as previously described by us (Zhu et al., 2017). The following antibodies were used in the analysis: anti-SNAIL (Cell Signaling Technology, United States, lot:3895S) (at a 1:1,000 dilution), anti-MMP2 (Cell Signaling Technology, United States, lot:40994) (at a 1:1,000 dilution) and anti-β-actin (Cell Signaling Technology, United States, lot:3700) (at a 1:1,000 dilution); anti-N-cadherin (BD Biosciences, United States, lot:610920) (at a 1:1,000 dilution); anti-mouse (Cell Signaling Technology, United States, lot:91186S) (at a 1:2,000 dilution) and anti-rabbit (Cell Signaling Technology, United States, lot:98164S) (at a 1:2,000 dilution) secondary antibodies.



RESULTS


Screening Differentially Expressed lncRNAs

We compared lncRNAs expression profiles of the 497 LUAD samples with those of 54 normal samples. Then, we screened out 3,012 up-regulated lncRNAs and 761 down-regulated lncRNAs with a |fold change| > 1 and adjust P < 0.05. The heatmap and the volcano plot of the differentially expressed lncRNAs were visualized with the “ggplot2” and “pheatmap” packages of R software, and were shown in Figures 1A,B and Supplementary Figure 1.
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FIGURE 1. Screening differentially expressed lncRNAs. (A) Heatmap of differentially expressed lncRNAs in lung cancer from TCGA-LUAD dataset. Red and green indicate up-regulated and down-regulated lncRNAs respectively. (B) Volcano plot of differentially expressed lncRNAs in lung cancer from TCGA-LUAD dataset. Red and green indicate up-regulated and down-regulated lncRNAs respectively.




Construction of the Prognostic Risk Score Model

The immune-related lncRNAs were obtained by using the correlation test of immune-related genes (Pearson correction coefficient > 0.5, P < 0.05). A total of 24 immune-related lncRNAs were significantly correlated with the survival for TCGA-LUAD through the univariate Cox regression analysis (P < 0.05) (Figure 2A). All samples from the TCGA-LUAD dataset were randomly separated into the training set and the testing set. Then, all these 24 identified prognostic immune-related lncRNAs were analyzed with the multivariate Cox regression analysis (P < 0.05) in the training set; 10-lncRNAs with non-zero coefficients (LINC02535, AL034397.3, AC007639.1, CHODL-AS1, AL078645.1, LINC01878, AL031600.2, AC090518.1, LINC02412, and AC018607.1) were determined. Ultimately, 10 immune-related lncRNAs risk model was established, and the risk score of each patient was calculated using the following formula as a measure of survival risk:
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FIGURE 2. Construction of the prognostic risk score model. (A) Forest plot of univariate Cox regression analysis results of Immune-related lncRNAs. Red and green indicate risk and protective factors, respectively. (B) K–M survival curve of the immune-related lncRNA signature in the TCGA dataset. (C) K–M survival curve of the immune-related lncRNA signature in the training set. (D) K–M survival curve of the immune-related lncRNA signature in the testing set.
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Based on the median risk score, samples were divided into the high-risk group and the low-risk group. In the training set, the KM survival curves showed that the model could distinguish the prognosis of patients well (Figure 2C). Similar results were also verified in the TCGA-LUAD dataset and the testing set (Figures 2B,D).



Time-ROC Curve Analysis of Risk Model

An area under the ROC (AUC) curve was used to evaluate accuracy in the TCGA dataset, testing set, and training set. The area under the ROC (AUC) curve was applied to evaluate the accuracy of the prediction of the risk score model in 1-, 3-, 5-, and 10-year. The value of AUC indicates the model to predict well in prognostic prediction (Figure 3).
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FIGURE 3. Time-ROC curve analysis of risk model. (A) Time-ROC curve analysis of the immune-related lncRNA signature in the TCGA dataset in 1, 3-year. (B) Time-ROC curve analysis of the immune-related lncRNA signature in the TCGA dataset in 5, 10-year. (C) Time-ROC curve analysis of the immune-related lncRNA signature in the testing set in 1, 3-year. (D) Time-ROC curve analysis of the immune-related lncRNA signature in the testing set in 5, 10-year. (E) Time-ROC curve analysis of the immune-related lncRNA signature in the training set in 1, 3-year. (F) Time-ROC curve analysis of the immune-related lncRNA signature in the training set in 5, 10-year.




Independent Prognostic Factor Analysis of the Risk Score Model With Clinical Risk Factors

We assessed the association between the risk score model and clinical risk factors such as the TNM stage, age, and gender by using univariate and multivariate Cox regression analyses. We found that the 10-lncRNAs signature was an independent predictor (Figure 4).
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FIGURE 4. Independent prognostic factor analysis of the risk score model with clinical risk factors. (A) Forest plot of univariate Cox regression analysis. (B) Forest plot of multivariate Cox regression analysis.




GO Enrichment Analysis and KEGG Enrichment Analysis for the Differentially Expressed Genes Between the High-Risk Group and the Low-Risk Group

To further explore the potential function of the prognostic model, differentially expressed mRNAs analysis was performed between the high-risk group and the low-risk group. The most significant GO terms for biological process (BP), cellular component (CC), and molecular function (MF), as well as KEGG pathways, were analyzed to reveal potential biological functions of the differentially expressed mRNAs. These GO terms were primarily enriched in neutrophil mediated immunity, cell-substrate junction and protein serine/threonine kinase activity (Figure 5A). The KEGG indicated that the immune-related lncRNA signature was mainly enriched in Endocytosis, MAPK signaling pathway, Salmonella infection and Focal adhesion (Figure 5B).
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FIGURE 5. GO enrichment analysis and KEGG enrichment analysis for the differentially expressed genes between the high-risk group and the low-risk group. (A) GO enrichment analysis for the differentially expressed genes between the high-risk group and the low-risk group. (B) KEGG enrichment analysis for the differentially expressed genes between the high-risk group and the low-risk groups.




Analyzing Differentially Expressed Genes Related to the Immune Response Between the High-Risk Group and the Low-Risk Group

To deeply research the potential biological mechanisms of the prognostic model and its efficacy in predicting the efficacy of immunotherapy, differentially expressed immune response-related genes were analyzed between the high-risk and the low-risk group (Figure 6). The differences in immune-reactivity related genes between high-risk and low-risk groups are significant. The results showed that immune-reactivity related genes were highly expressed in the low-risk group.
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FIGURE 6. Analyzing differentially expressed genes related to the immune response between the high-risk group and the low-risk group. (A–G) Differentially expressed genes related to the immune response between the high-risk group and the low-risk group. *P < 0.05, **P < 0.01, and ***P < 0.001.




Analyzing Differentially Expressed Genes Related to the EMT Between the High-Risk Group and the Low-Risk Group

Differentially expressed EMT related genes between the high-risk and the low-risk were analyzed for deep-going exploration of the potential biological mechanisms of the prognostic model and its efficacy in predicting the efficacy of immunotherapy (Figure 7). The differences in EMT-related genes between high-risk and low-risk groups are significant. The results showed that EMT-related genes were lowly expressed in the low-risk group.
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FIGURE 7. Analyzing differentially expressed genes related to EMT between the high-risk group and the low-risk groups. (A–G) Differentially expressed genes related to the immune response between the high-risk group and the low-risk group. *P < 0.05, **P < 0.01, and ***P < 0.001.




Expression Level of 10 lncRNAs in Cell Lines as Detected by a qRT-PCR Assay

Finally, we detected the expression levels of 10 lncRNAs in BEAS2B, A549, and H1299 cell lines by a qRT-PCR assay. The results showed that LINC02535, AC007639.1, CHODL-AS1, LINC01878, and LINC01412 were highly expressed in LUAD cell lines, AL078645.1, AL031600.2, and AC090518.1 were lowly expressed in LUAD cell lines (Figure 8).
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FIGURE 8. Expression of lncRNAs from the risk model in LUAD cell lines and bronchial epithelial cell. (A–J) Expression of 10 LncRNAs from the risk model in LUAD cancer cell lines and bronchial epithelial cell. *P < 0.05, **P < 0.01, and ***P < 0.001.




Time-ROC Curve Analysis of Risk Model in the Independent Validation Dataset

We compared our risk model with other published prognostic signatures with data from PMID32015526 (Chen et al., 2020). The AUC of ROC of 5 years about Immune-related lncRNA signature was 0.544 in the independent validation dataset (Figure 9A). The AUC of ROC of 5 years about Six-lncRNA signature (PMID 33324975) was 0.571 in the independent validation dataset (Figure 9B). The AUC of ROC of 5 years about seven-lncRNA signature (PMID 32596372) was 0.557 in the independent validation dataset (Figure 9C). The AUC of ROC of 5 years about seven-lncRNA signature (PMID 33163400) was 0.519 in the independent validation dataset (Figure 9D). We find that the accuracy of the immune-related lncRNA signature prediction is as good as that of these models.
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FIGURE 9. Time-ROC curve analysis of risk model in the independent validation dataset. (A) The AUC of ROC of 5 years about Immune-related lncRNA signature in the independent validation dataset. (B) The AUC of ROC of 5 years about Six-lncRNA signature (PMID 33324975) in the independent validation dataset. (C) The AUC of ROC of 5 years about seven-lncRNA signature (PMID 32596372) in the independent validation dataset. (D) The AUC of ROC of 5 years about seven-lncRNA signature (PMID 33163400) in the independent validation dataset.




RNA Interference and Western Blotting Assay

We next evaluated whether this risk model promoted the development of LUAD cells. After examining the fold-changes of the 10 immune-related lncRNAs, we selected LINC02535 for further functional assays. The EMT is a critical process during tumor invasion and metastasis. We measured the protein expression of EMT markers in siRNA-LINC02535-treated A549 cell. When cells were transfected with siRNA-LINC02535, the qRT-PCR analysis revealed that LINC02535 was significantly downregulated in the A549 cell after transfection (Figure 10C). The expression of SNAIL, MMP2, and N-Cadherin (CDH2) decreased in the A549 cell (Figure 10D). These results indicated that LINC02535 promoted the EMT and likely enhanced the migration and invasion of the A549 cell.
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FIGURE 10. LINC02535 enhances the invasion and migration of LUAD cell in vitro. (A) The expression of LINC02535 in samples. (B) The survival analysis of LINC02535. (C) Quantitative real-time PCR analysis of LINC02535 expression in LINC02535-silenced cell and scrambled-siRNA-treated cell. (D) The protein levels of N-cadherin (CDH2, MMP2, and SNAIL were detected by Western blotting in the LINC02535-knockdown group. ***P < 0.001.




DISCUSSION

Nowadays, prognostic predictions for lung cancer patients largely rely on the American Joint Committee on Cancer TNM staging system. However, the TNM system is constrained by the assumption that there is a blunt correlation between anatomical disease progression and stage progression. Forcing patients into the same stage can introduce heterogeneity into clinical decision-making. Therefore, a reliable prognostic model for LUAD is urgently needed in the era of precision medicine.

In the present study, based on public high-throughput lncRNA expression profiles and clinical data from TCGA-LUAD Project, we discovered a novel 10-lncRNA signature that could effectively identify high-risk LUAD patients. These exhibited significantly shorter survival than those in the low-risk group.

The expression profile of immune-related lncRNAs in LUAD was identified by a correlation analysis of lncRNAs and immune-related genes. Ten immune-related lncRNAs were associated with OS (Overall Survival) in the training set by univariate Cox regression and multivariate Cox regression analyses. The 10 immune-related lncRNAs were used to construct a signature for the prediction of OS in LUAD patients in the training set (Figure 2). The risk scores generated from the expression levels of these 10 immune-related lncRNAs could accurately predict the OS of the patients in the set at 1, 3, 5, and 10 years (Figure 3). We assessed the association between the risk score model and clinical risk factors such as the TNM stage, age, and gender by using univariate and multivariate Cox regression analyses. We found that the 10-lncRNAs signature was an independent predictor (Figure 4).

Lung adenocarcinoma is a multifactorial disease with high heterogeneity and mixed genetic factors. Patients suffered from this disease tend to be diagnosed at an advanced stage and miss out on the chances of surgery. Despite improvements in lung cancer diagnosis, surgical techniques, and new drugs, lung cancer survival rates remain at an extremely low level. As we move into a new era of personalized medicine, it is becoming increasingly clear that many complex diseases, especially tumors, can rarely be attributed to a single genomic mutation. Therefore, it is important for us to conduct the genetic test for LUAD and to predict patient survival based on individual characteristics. Many experiments show that lncRNAs play a critical role in the maintenance of many biological processes. They are involved in the occurrence and development of LUAD and may be potential diagnostic and prognostic markers (He et al., 2020). In this study, to explore the prognostic value of lncRNAs in LUAD, we used the TCGA dataset to construct and identify the prognostic model. Finally, a stable 10-lncRNAs risk prognosis model was constructed. In the risk model, LINC02535 has been shown that can enhance the stability of the downstream gene RRM1 by combining PCBP2 in cervical cancer. It inhibits the repair of DNA damage in cervical cancer cells and furthers the process of EMT. Ultimately, it promotes the occurrence and development of cervical cancer (Wen et al., 2020). AL034397.3 was found to be correlated with autophagy in LUAD. However, the specific function and mechanism have not been reported (Zhou et al., 2020). DENG et al. found that the expression of CHOD1-AS1, in low-grade gliomas, was at the lower level. It may be a diagnostic and therapeutic target for low-grade gliomas, but it hasn’t been tested yet (Jianzhi Deng et al., 2019). LINC01878 may play a vital role in thyroid cancer, which also had no experimental confirmation (Zhang et al., 2019). In this model, the other lncRNAs have not been reported in the literature. It suggests that we can make further exploration. In addition, we demonstrated that risk score can be an independent predictor of LUAD by evaluating the clinical data and the risk model. Functional enrichment analysis revealed that these lncRNAs play significant roles in the development and progression of LUAD. GO enrichment analysis indicated that multiple biological functional differences exist between high-risk and low-risk groups (Figure 5A). Immunotherapy has been recognized worldwide in the treatment of NSCLC, the response rate in patients with high expression of PD-L1 can even reach about 30% and the median survival time has been extended to about 20 months (Mazieres et al., 2021). However, with the further application of immunotherapy, the researchers gradually found that even people with high expression of PD-L1 could not be fully benefited. Researchers from France published a retrospective study on JAMA Oncology looking for new ways to predict the effectiveness of immunotherapy. The study got the conclusion that patients with dNLR [Neutrophil number/(White blood cell number – Neutrophil number)] < 3 and Lactate dehydrogenase in the normal range, their relapse-free survival (RFS), and total survival were significantly prolonged after receiving immunotherapy (Takada et al., 2019). The inflammatory response has been shown to be connected with immune resistance in tumor patients, it can promote tumor proliferation and metastasis and activate multiple tumor signaling pathways (Hanahan and Weinberg, 2011). It suggests that our risk model is likely to predict patient immunotherapy outcomes. KEGG enrichment analysis indicated that there are multiple different signaling pathways between high-risk and low-risk groups (Figure 5B). MAPK is a widespread serine and threonine protein kinase in cells. It plays a key role in various signal transduction processes between mammalian cells. MAPK is mainly stimulated and activated by mitogen, cytokines, and neurotransmitters. MAPK transforms extracellular signals into intracellular signals and exerts biological effects by regulating the expression and function of relevant genes and proteins (Wang et al., 2017). In recent years, many researchers suggest that the MAPK signaling pathway may be in relationship with the formation process of tumor drug resistance (Chang et al., 2017). RBM10 was found to inhibit the cell proliferation of LUAD by inhibiting the Rap1/AKT/CREB signaling pathway (Jin et al., 2019). The French scientists found that RAS mutation is involved in regulating the expression of PD-L1 and directly affecting the immune response. In tumor cells, tristetraprolin protein (TTP) is responsible for the degradation of PD-L1 mRNA, which controls the expression of PD-L1. On the contrary, in tumor cells with RAS mutation, the RAS signaling pathway inhibits TTP activity, resulting in the non-degradation of PD-L1 mRNA and the stability of PD-L1 mRNA is increased. RAS gene mutation is expected to be a new marker for the prediction of the therapeutic effect of PD-1/PD-L1 antibody drugs (Coelho et al., 2017). AMPK is an AMP-dependent protein kinase and a key molecule in the regulation of energy metabolism. Activation of AMPK shuts down the anabolic pathway that consumes ATP and activates the catabolic pathway that produces ATP. Reuben Shaw et al. have found that advanced cancer can trigger cell recycling signals of AMPK, engulf cell debris, and provide nutrients needed for tumor growth. Blocking AMPK can prevent the most common advanced lung cancer from growing (Eichner et al., 2019). Yamamoto et al. (2020) found that MHC-I reduces antigen presentation by binding to autophagy receptor NBR1 and being transported to the lysosome for degradation, leading to immune escape of pancreatic cancer (PDAC). When autophagy is inhibited in PDAC, MHC-I in PDAC cells can be restored; furthermore, antigen presentation and anti-tumor immunity of CD8 + T cells are improved (Yamamoto et al., 2020). TNF inhibitors combined with CTLA-4 and PD-1 immunotherapy can improve the course of colitis in mice and improve the anti-tumor effect (Perez-Ruiz et al., 2019). The hippo pathway is an evolutionarily conserved signaling pathway that regulates organ size development, regeneration, and cancer in multicellular organisms. The Hippo pathway also plays an important role in the body’s immune function (Zhang et al., 2018). To explore whether the prognostic model can predict the immunotherapy response, we compared the differences in immune-reactivity related genes between high-risk and low-risk groups. We found remarkable differences in CD3E, CD4, CD27, CD40LG, NCR3, TNFSF14, and VSIR (Figures 6A–G; Zhang et al., 2020). All of these genes are recognized as marker genes closely related to the efficacy of immunotherapy. CD3E is a type I membrane glycoprotein on the surface of T cells, which is closely related to the T cell antigen receptor (TCR) on the lymphocyte surface. CD3E is reported to be involved in signal transduction within T cells after antigen recognition (Wang et al., 2019). CD3E and CD274, CD3D, and CD3G are both T-cell receptor genes and may be associated with tumor epigenetics (Bacolod et al., 2019). CD4, CD3, and CD8 are both surface markers of T cells, which are concerned with immunotherapy in tumors (Noda et al., 2020). CD27 is a co-stimulating immune checkpoint receptor expressed in T cells, NK cells, and B cells (Burchill et al., 2015). It binds to its ligand CD70 to regulate signal transduction. CD27 can promote the activation, proliferation and survival of T cells by upregulating Bcl-2 family members. CD27 enhances the anti-tumor effect of T cells responding to tumor antigens. CD40LG is a CD40 ligand, which has been reported to be relevant to LUAD and may be a protective factor (Xu et al., 2018). NCR3 is a natural killer cell receptor. Low NCR3 expression is associated with poor OS and progression-free survival (PFS) (Fend et al., 2017). TNFSF14 is a co-stimulating molecule that can regulate T cell activation. If it is forced expression in tumor cells, it can promote lymphoid structure formation to guide T cell aggregation and activation, resulting in tumor regression (Tang et al., 2016). VSIR belongs to the immune checkpoint family, also known as B7-H5. VSIR is considered as an important immunomodulatory factor in NSCLC, and its expression level is closely related to PD-L1 (Villarroel-Espindola et al., 2018). Gene signatures of immune cells correlate highly with EMT marker expression in tumors. In the pan-cancer analysis, several EMT-related genes can be significantly associated with worse patient outcomes (Gibbons and Creighton, 2018). The epithelial related gene is DSP. The mesenchymal related genes are CDH2, FN1, MMP3, SNAI2, SOX10, and TWIST1. PD-L1 is regulated by signaling pathways, transcription factors and epigenetic factors, such as EMT (Tuo et al., 2019). EMT is a crucial step in lung cancer progression, involving several morphological and phenotypical changes. CDH2 (N-cadherin) enhances migration and invasiveness (Marchetti et al., 2021). Low expression of FN1 is associated with long survival time in diffuse, poorly differentiated, and lymph node-positive gastric cancer. FN1 expression is associated with OS in patients with gastric cancer. FN1 may serve as promising targets for gastric cancer treatment (Han et al., 2020). miR-515-3p directly regulates MMP3 expression by binding to the coding sequence. MMP3 promotes tumor metastasis and thus represents a promising prognostic biomarker and therapeutic strategy in esophageal squamous cell carcinoma (Hu et al., 2020). Rhabdomyosarcoma (RMS) is an aggressive pediatric malignancy of the muscle that includes fusion positive (FP)-RMS harboring PAX3/7-FOXO1 and fusion negative (FN)-RMS commonly with RAS pathway mutations. RMS express myogenic master transcription factors MYOD and MYOG yet are unable to terminally differentiate. SNAI2 is highly expressed in FN-RMS, is oncogenic, blocks myogenic differentiation, and promotes growth. MYOD activates SNAI2 transcription via super enhancers with striped 3D contact architecture (Pomella et al., 2021). In vitro functional studies demonstrate that the subtype switch caused by the loss of SOX10 is analogous to the proneural-mesenchymal transition observed in patients at the transcriptomics, epigenetic, and phenotypic levels. SOX10 repression in an in vivo syngeneic graft glioblastoma mouse model results in increased tumor invasion (Wu et al., 2020). TANAR could impede nonsense-mediated mRNA decay (NMD) of TWIST1 mRNA by direct interaction with TWIST1 5′UTR. A preclinical study using a in vivo mouse model with orthotopic xenografts of clear cell renal cell carcinoma cells further confirmed the in vitro data. These results illustrated that AR-mediated TANAR signals might play a crucial role in clear cell renal cell carcinoma VM formation and metastasis, and targeting this newly identified AR/TANAR/TWIST1 signaling may help in the development of a novel anti-angiogenesis therapy to better suppress the clear cell renal cell carcinoma progression (You et al., 2021). We analyzed differences in the expression of EMT-related genes between the two risk groups, and the results were consistent with expectations (Figure 7). We detected the expression levels of 10 lncRNAs in BEAS2B, A549, and H1299 cell lines by a qRT-PCR assay. The results showed that LINC02535, AC007639.1, CHODL-AS1, LINC01878, and LINC01412 were highly expressed in LUAD cell lines; AL078645.1, AL031600.2, and AC090518.1 were lowly expressed LUAD cell lines; and AL0343973 and AC018607.1 had no significant difference in cells, which was considered to be related to the lack of cell types (Figure 8). We compared our risk model with other published prognostic signatures with data from PMID32015526 (Chen et al., 2020). We find that the accuracy of the immune-related lncRNA signature prediction is as good as that of these models (Figure 9).

We chose LINC02535 for further functional assays. By the Kaplan–Meier-plotter database3. LINC02535 is highly expressed in LUAD tissues (Figure 10A) and closely related to the OS of LUAD (Figure 10B). Knocking down LINC02535 also significantly inhibited the EMT, a key contributor to tumor invasion and metastasis, by inducing the expression of SNAIL, MMP2, and CDH2 (N-cadherin) (Figure 10D). Therefore, silencing LINC02535 in the A549 cell may reduce tumor motility and invasiveness.

In this study, the immune-related lncRNAs prediction model was established by univariate and multivariate Cox regression analysis. In order to verify the efficiency of our model, we used a KM survival curve to illustrate the survival time of the two groups. Furthermore, we validated our prognostic signature in an independent cohort. The AUC of ROC of 5 years was 0.544 in the independent validation dataset, which showed that this model had superior accuracy. In our research, the prediction signature was not only connected with the immune response but also with the specific biological mechanisms. Our prognostic model was also more superior than the other prognostic signatures by comparison.

In summary, we identified and validated 10 LncRNAs associated with survival time in the LUAD cohort. This risk model has been further demonstrated to be an effective tool for risk stratification and individual prognosis assessment. It provides an important reference for individualized clinical treatment of LUAD patients.
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The long noncoding RNA (lncRNA) LINC00152, also known as CYTOR, displays aberrant expression in various cancers. However, its clinical value and functional mechanisms in breast cancer remain insufficiently understood. Our study found that LINC00152 is significantly upregulated in breast cancer, and that it acts as an indicator of poor survival prognosis. Further studies revealed that LINC00152 knockdown suppresses cell proliferation and tumorigenicity in vitro and in vivo. Mechanistic analyses demonstrated that LINC00152 directly binds to KLF5 protein and increases KLF5 stability. Moreover, LINC00152 is also a KLF5-responsive lncRNA, and KLF5 activates LINC00152 transcription by directly binding to its promoter. Our study suggests that LINC00152 promotes tumor progression by interacting with KLF5. LINC00152 may be a valuable prognostic predictor for breast cancer, and the positive feedback loop of LINC00152-KLF5 could be a therapeutic target in pharmacological strategies.
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Introduction

Breast cancer accounts for the most common type of malignant tumor in women (1, 2). Albeit the great advance in molecularly targeted approaches in breast cancer treatment, the desired improvement in the long-term survival was still unsatisfactory. Therefore, a potential biomarker needs to be urgently identified and its predictive molecular mechanisms in breast cancer understood. The Long noncoding RNAs (lncRNAs) was a RNA gene products which consist of 200 to 100,000 nucleotides. These transcripts have been recently identified to be largely functional but mechanistically unexplored, especially in human cancers (3). Recent evidence reveals that lncRNAs are involved in breast cancer tumorigenicity (4–6). Nevertheless, the precise mechanism by which lncRNAs regulate breast cancer tumorigenicity remains largely unknown.

The lncRNA LINC00152, also known as CYTOR, which is encoded on human chromosome locus 2p11.2, is upregulated in cancer cells and facilitate cell proliferation as well as epithelial-mesenchymal transition. It is also related to various cancers, including breast cancer (4), colorectal cancer (7), glioblastoma (8, 9), and hepatocellular carcinoma (10). It was first reported in a study of hepatocarcinogenesis (11), and its role as a crucial oncogene regulating gene expression has been observed in many types of cancers (12, 13). Recently, LINC00152 has been shown to promote cell progression through the miR-193a/b-3p/CCND1 axis in hepatocellular carcinoma (10). Other studies also indicated that LINC00152 regulates the degradation of PTEN protein via NEDD4-1-mediated ubiquitination and also functions as a direct target of YY1 in breast cancer (5). Interestingly, LINC00152 was reported to directly bind to Bcl-2 protein and thus activate cell cycle signaling in gastric cancer (14). Moreover, the overexpression of LINC00152 served as an independent risk factor for clinical outcome of human esophageal squamous cell carcinoma patients (15). Nevertheless, on account of the molecular and phenotypic heterogeneity, the precise biological behavior of LINC00152 in breast cancer need to be further determined.

Our study found that LINC00152 was significantly overexpressed in breast cancer and was associated with bad survival prognosis for breast cancer patients. Furthermore, LINC00152 induced breast cancer cell proliferation and tumorigenicity in vitro and in vivo. It could directly bind to KLF5 and enhances its stability. Furthermore, it was a KLF5-responsive lncRNA that serve its oncogenic function via KLF5-mediated manner. In conclusion, our findings indicate that LINC00152 exert as a promising prognostic predictor for breast cancer. The LINC00152-KLF5 feedback loop facilitates breast cancer progression and may serve as a potential therapeutic target in breast cancer.



Materials and Methods


Cell Lines

The normal breast epithelium cell line (MCF10A) and human breast cancer cell lines (BT549, MCF7, MDA-MB-468, and MDA-MB-231) were purchased from the Chinese Academy of Sciences Committee on Type Culture Collection Cell Bank (Shanghai, China). All cell lines were authenticated by Short Tandem Repeat DNA fingerprinting at Shanghai Biowing Applied Biotechnology Co., Ltd. (Shanghai, China).



Plasmids

KLF5 and LINC00152 cDNAs from normal breast tissues were amplified by PCR. After sequencing, these cDNAs were subcloned into pcDNA3.1 vector or lentivirus pLVX-Puro vector (Clontech). After that, the promoter of LINC00152 was subcloned into pGL3 vector (Promega). shRNAs were designed to target LINC00152 site 1 (shLINC00152-1 target sequence: 5′-GCCATCATGATGGTACTTTAA-3′), LINC00152 site 2 (shLINC00152-2 target sequence: 5′-GCCAGGACACTGAGATTTGGA-3′), and KLF5 (shKLF5 target sequence: 5’-GGTTACCTTACAGTATCAACA-3’). Based on the protocol provided by the manufacturer, a QuikChange Site-Directed Mutagenesis Kit (Stratagene) was used to construct the LINC00152 point mutations.



Tissue Samples and Clinical Data Collection

We obtained eight pairs of freshly frozen breast tumors and adjacent non-tumor specimens from Zhejiang Provincial People’s Hospital. We also collected an additional 70 pairs of formalin-fixed paraffin-embedded breast tumor and adjacent non-tumor specimens from Zhejiang Provincial People’s Hospital. None of the samples collected were from patients undergoing chemo or radiotherapy at the time of biopsy. We obtained written informed consent from the patients before commencing our analysis of the samples. The baseline information of the 70 breast cancer patients are listed in Supplementary Excel 1.



Cell Proliferation and Colony Formation

Cells were seeded into the 96-well plate and incubated at the right circumstances. The WST-1 Assay Kit (Roche) was utilized to test the cell proliferation. For the colony formation assay, cells were seeded into the 12-well plate with a 0.4% top agar layer and a 0.8% bottom agar layer in triplicate. After 2–3 weeks incubation, colonies were fixed and stained by using 1% crystal violet solution, and were enumerated subsequently for analysis.



RNA Preparation and Quantitative Real-Time PCR (qRT-PCR)

RNA preparation and qRT-PCR were performed as previously described in a study (16). In brief, TRIzol reagent (Invitrogen) was used to extract total RNA, and qRT-PCR were performed based on the manufacturer’s instructions (Thermo Fisher). The primers used in this study are shown in Supplementary Table 1.



shRNA Knockdown and Transfection

The assays of shRNA knockdown and transfection were conducted as previously described in a study (17). shRNA sequences against LINC00152 and KLF5 were obtained from GeneChem (Shanghai, China). Those sequences as well as packaging plasmids were transfected into HEK293 cells. After incubation for 48 to 72 h, the cell supernatant was collected and filtered through a 0.22 μm membrane (Millipore). Then, the lentiviruses expressing shRNAs or shGFP control (8 μg/ml polybrene) were used to infect breast cancer cells. The infected cells were selected through puromycin (5 μg/ml). Multiple monoclonal cultures were screened for shRNAs by means of RT-PCR and western blotting.



In Situ Hybridization

By using the RNAscope 2.5 HD Detection Reagent-BROWN kit (ACDBio), in situ analysis of LINC00152 interactions was conducted on paraffin-embedded sections according to the manufacturer’s instructions. Xylene and alcohol were used to dewaxing of the sample, and then deal with protease K. The sample was deal with denaturing solution in 78°C for 8 min and then alcohol was used for degeneration. The LINC00152 Probe was used to co-incubate with the sample in 37°C for 12–16 h. The optical microscope was used to observe the staining intensity and area.



RNA Immunoprecipitation (RIP) and RNA Pull-Down

The RIP assays and RNA pull-down assay were conducted as previously shown in a study (18). Based on the manufacturer’s protocol, the RIP analysis was conducted using an EZ-Magna RIP Kit (17-701, Millipore). The quantitative RT-PCR was used to detect the purified, immunoprecipitated RNA and input genomic RNA. Biotin-labeled RNA was transcribed using the T7 RNA polymerase (Roche 10881775001) and Biotin RNA Labeling Mix (Roche 11685597910), mixed with recombinant DNase I (Roche 04716728001) and purified using an RNeasy Mini Kit (74904; Qiagen, Hilden, Germany). The NE-PER® Nuclear and Cytoplasmic Extraction Reagents (78833; Pierce, Waltham, MA, USA) was used to extract the nuclear proteins were extracted from cells. The biotin-labeled were mixed with RNA cell nuclear extracts and washed streptavidin agarose beads (Sigma-Aldrich, St. Louis, MO, USA) and then added to each reaction. Five micrograms of anti-KLF5 antibody (ab237635, Abcam) were utilized to pull down RNA. The Flag-MS2bp-MS2bs system was used to perform the RNA pull-down assay. The bound proteins were analyzed by western blotting assay.



Chromatin Immunoprecipitation-qPCR Assay

Based on the manufacturer’s instructions, a chromatin immunoprecipitation (ChIP) Kit (Millipore-Upstate) was used to immunoprecipitate DNA. Determine the number of the strip wells required and put these strips in the plate frame. Wash strip wells once with 150 μl of CP1. Add 100 μl of CP2 to each well and then add the antibodies: 1 μl of normal mouse IgG as the negative control, 1 μl of anti RNA polymerase II as the positive control, and 24 μg of each antibody of interest. Cover the strip wells with parafilm M and incubate at room temperature for 60–90 min. Meanwhile, prepare the cell extracts with 9 ml fresh culture medium containing 1% formaldehyde, and then incubate at room temperature for 10 min on an orbital shaker. Cell Lysis were proceeded by using glycine solution, CP3A and CP3B containing protease inhibitor cocktail to re-suspend the nuclear pellet. Shear DNA by sonication. Protein/DNA immunoprecipitation were proceeded by using CP4. Transfer 100 μl of diluted supernatant to each strip well. Cover the strip wells with parafilm M and incubate at room temperature for 60–90 min on an orbital shaker. Add 1 μl of proteinase K to each 40 μl of CP5 and mix. Add 40 μl of CP6 to the samples, mix, and recover the wells with strip caps and incubate at 65°C in a water bath for 90 min collection tube. Add 150 μl of CP7 to the samples and transfer mixed solution to the column vial. Add 10–20 μl of CP8 directly to the filter in the column and centrifuge at 12,000 rpm for 20 s to elute purified DNA. The purified DNA was measured via qPCR method (19).



Luciferase Assay

Luciferase assay was performed as previously reported (19). By using the Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific), wild-type LINC00152 promoter or mutant KLF5 promoter was transfected into MDA-MB-231 cells. The pRL-TK Renilla plasmid (Promega) was utilized as control. Subsequently, The Luciferase and Renilla signals was measured using a Dual-Luciferase Reporter Assay Kit (Promega).



Western Blot Assay and Antibodies

The Western blot assay was performed as previously reported (20). The specific antibodies used were KLF5 (1:1,000, ab237635, Abcam), PTEN (1:1,000, ab76431, Abcam), β-catenin (1:1,000, ab237982, Abcam), BAP1 (ab199396, 1:500, Abcam), and GAPDH (1:1,000, ab245355, Abcam).



Xenografts

Female BALB/c nude mice weighing about 15–18 g (SLAC, Shanghai, China) were housed under pathogen-free conditions. After being washed twice with serum-free medium, MDA-MB-231/MDA-MB-468 cells were reconstituted in serum-free Dulbecco’s Modified Eagle’s Medium and mixed with Matrigel (Becton-Dickinson) in a 1:1 ratio. After that, those mixed cells (2 × 10 (5)) were subcutaneously implanted into the right flank of each nude mouse. Permission was obtained from the Guidance of Institutional Animal Care and Use Committee of the Zhejiang Provincial People’s Hospital. All experimental procedures were conducted in according to the institutional animal regulations. The anesthetic used was 5% chloral hydrate, and the dose used was according to the weight of the mice (0.5 ml/kg). The animals used in this study were euthanized by CO2 inhalation in separate euthanasia cases using CO2 gas cylinders.



Statistical Analysis

Statistical analyses were conducted using the GraphPad Prism software (GraphPad, version 5.0). The significance of data from patient’s specimen were determined by calculating Pearson’s correlation coefficient. The significance of the data between experimental groups in vitro and in vivo were tested using the Student’s test or Mann–Whitney U-test. P < 0.05 was considered statistically significant.




Results


LINC00152 Is Overexpressed in Breast Cancer and Related With Poor Prognosis

The REMBRANDT dataset (http://www.betastasis.com) was downloaded in order to examine the expression pattern of LINC00152 in breast cancer. We found that LINC00152 is dramatically upregulated in breast cancer tissues in comparison with adjacent normal tissues (Figure 1A). Additionally, LINC00152 was also upregulated in eight pairs of freshly frozen breast cancer tissues (Figure 1B). We used RNA in situ hybridization to detect LINC00152 expression in 70 pairs of paraffin-embedded breast cancer tissues and its adjacent normal tissues. We found that the expression of LINC00152 was significantly higher in tumor tissues than in adjacent normal tissues (Figures 1C, D), which echoed the REMBRANDT database result. We demonstrated that LINC00152 is abundant within both the nucleus and cytoplasm of breast cancer (Figure 1C). To evaluate the prognostic significance of LINC00152 expression in breast cancer, we used Kaplan–Meier analysis to evaluate the impact of LINC00152 expression on the survival rates of breast cancer patients. The data showed that the patients with relatively high LINC00152 expression (>median level) exhibited poorer prognosis than those with low LINC00152 expression (Figure 1E), suggesting that LINC00152 is overexpressed in breast cancer and is related with bad clinical outcome.




Figure 1 | LINC00152 is overexpressed in breast cancer and indicate poor prognosis. (A) LINC00152 is overexpressed in breast cancer cells in comparison with the adjacent normal tissues in the REMBRANDT database. (B) LINC00152 expression was detected by qRT-PCR in eight pairs of freshly frozen human breast cancer tissues and adjacent normal tissues. (C) Representative images of LINC00152 expression in paraffin-embedded breast cancer and paired adjacent non-tumor specimens using RNAscope. Scale bars: 50 µm. (D) Quantification of LINC00152 expression in (C). (E) Kaplan–Meier analysis of overall survival (OS) based on LINC00152 expression in all the 70 breast cancer patients. Error bars represent the SD of each value. ***P < 0.001. Data represent three independent experiments.





Effects of LINC00152 on the Cell Proliferation and Tumorigenicity

Quantitative real-time PCR assays indicated that LINC00152 expression was markedly upregulated in four breast cancer cell lines (BT549, MCF7, MDA-MB-231, and MDA-MB-468) compared with that in the normal breast epithelial cell line (MCF10A) (Figure 2A). We used shRNAs to deplete endogenous LINC00152 in MDA-MB-231 and MCF7 cell lines (Figure 2B), and found that LINC00152 knockdown dramatically suppress cellular proliferation (Figures 2C, D) and colony formation (Figures 2E, F). Moreover, LINC00152 knockdown (shLINC00152-1) also reduced breast cancer cell tumorigenicity in vivo (Figures 2G, H). In conclusion, our results indicate that LINC00152 significantly contributed to the growth and tumorigenicity of breast cancer.




Figure 2 | Impact of LINC00152 on the proliferation and tumorigenicity of breast cancer cells. (A) LINC00152 is upregulated in breast cancer cells (BT549, MCF7, MDA-MB-231, and MDA-MB-468) compared to the normal breast epithelium cells (MCF10A). (B) Knockdown of LINC00152 via two shRNAs (shLINC00152-1 and shLINC00152-2) or control shRNA (shC) in MCF7 and MDA-MB-231 cells. (C–E) Knockdown of LINC00152 inhibited cell proliferation (C, D) and colony formation (E). (F) Quantification of colony formation in (E). (G) Representative images of shC- or shLINC00152-infected MDA-MB-231 cells that were transduced when injected into nude mouse gland fat pads. Data were from three independent experiments with five mice per group. (H) Quantification of tumor weight in (G). Error bars represent the SD of each value. *P < 0.05, **P < 0.01, ***P < 0.001. Data represent three independent experiments.





LINC00152 Interacts With KLF5 in Breast Cancer

By using the Jaspar (http://jaspar.genereg.net/) database, we predicted that KLF5 may bind to LINC00152 at both 209 to 218 bp and 493 to 502 bp sites (Binding scores of the two regions are highest and their strands are +) (21) (Figure 3A). Hence, we performed RIP-qPCR analysis to determine whether KLF5 binds to LINC00152 in breast cancer cells. We assessed the enrichment of LINC00152 with the anti-KLF5 antibody in comparison with the control (Figure 3B). In addition, the RNA pull-down assay further demonstrated that LINC00152 binds with KLF5 protein (Figure 3C). To prove the hypothesis that LINC00152 binds to KLF5, we built LINC00152 vectors with mutations at the putative LINC00152-KLF5-binding site 1 (Mut1), site 2 (Mut2), and both sites (Mut12). We found that re-expression of shRNA-resistant LINC00152 wild-type (WT) rescued the combination of LINC00152 and KLF5, while re-expression of shRNA-resistant LINC00152-KLF5-binding Mut1 and Mut2 did not (Figures 3D, E). These results indicated that both of the two sites are essential for LINC00152-KLF5 binding. In order to further prove that LINC00152 binds to KLF5, the RNA pull-down assay was performed by using the Flag-MS2bp-MS2bs system (22), wherein the FLAG-tagged MS2-binding protein (MS2BP) could directly binds to RNA that contains MS2-binding sequences (Figure 3F). As shown in Figure 3G, the result indicated that KLF5 could bind to the wild-type of LINC00152 but not to the mutant in MCF7 cells. These results convincingly indicated that KLF5 binds to LINC00152 in breast cancer cells.




Figure 3 | LINC00152 interacts with KLF5 in breast cancer. (A) Schematic diagram of putative KLF5 binding sites in LINC00152. (B) RIP-qPCR assay of the association of KLF5 with LINC00152 in MDA-MB-231 and MCF7 cells. (C) RNA pull-down assay shows that LINC00152 binds to KLF5. (D) Re-expression of shRNA-resistant LINC00152 wild type and KLF5-binding mutant types. (E) RIP-qPCR assay of effects of re-expression of shRNA-resistant LINC00152 wild type or mutant types on KLF5 binding. (F–G) Western blot detection of KLF5 after Flag-MS2bp-MS2bs-based pull-down assay (22). EV, empty vector. **P < 0.01, ***P < 0.001. Error bars represent SD. Data are representative of two or three independent experiments.





LINC00152 Regulates the Stability of KLF5 Protein

To determine the exact role of KLF5 in LINC00152-mediated breast cancer growth, we detected the expression of KLF5 at mRNA and protein level in LINC00152 knockdown breast cancer cells. In comparison with the control, overexpression of LINC00152 dramatically increased the expression level of KLF5 protein in BT549 and MDA-MB-468 cells (Figure 4A). Moreover, knockdown of LINC00152 could dramatically decrease the expression level of KLF5 protein both in MCF7 and MDA-MB-231 cells (Figure 4B). However, the mRNA level of KLF5 was not affected by either overexpression or depletion of LINC00152 (Figures 4C, D). These results, taken together, demonstrated that LINC00152 might regulate the stability of KLF5 protein. In order to validate the hypothesis, an inhibitor of de novo protein synthesis, cycloheximide, was utilized to treat BT549 cells at the indicated time points (Figure 4E). As a result, the KLF5 protein levels was dramatically decreased after cycloheximide treatment at the 5-h mark in BT549 cell lines compared with the untreated controls (Figures 4E, F). Moreover, overexpression of LINC00152 markedly decreased KLF5 degradation (Figures 4E, F). Furthermore, MCF7 cells were also treated with MG132 (23, 24), an inhibitor of protein degradation. In comparison with the controls, knockdown of LINC00152 dramatically increased the KLF5 degradation in MCF7 cell lines (Figure 4G). The deubiquitinase (DUB) BAP1 had been reported to regulate KLF5 stability in breast cancer cells (19, 25), so we hypothesize that LINC00152 mediates KLF5 depending on the binding of BAP1 and KLF5. As shown in Supplementary Figure 1, LINC00152 knockdown inhibits BAP1 binding with KLF5. These data show that LINC0015 can regulate the stability of KLF5 protein in breast cancer cells.




Figure 4 | LINC00152 regulates KLF5 protein stability. (A) Overexpression of LINC00152 increases the expression level of KLF5 protein. (B) Knockdown of LINC00152 suppresses KLF5 protein expression. (C) qRT-PCR analysis of effect of LINC00152 overexpression on KLF5 mRNA expression. (D) qRT-PCR analysis of effect of LINC00152 depletion on KLF5 mRNA expression. (E) Effect of LINC00152 overexpression on KLF5 degradation. Cycloheximide (20 mg/ml) was added to treat cells for the indicated time. (F) Quantification of KLF5 protein expression in (E). (G) Effect of LINC00152 depletion on KLF5 degradation. MG132 was added to treat cells for the indicated time. *P < 0.05, **P < 0.001. Error bars represent SD. Data are representative of three independent experiments.





KLF5 Regulates LINC00152 Expression via Binding to the LINC00152 Promoter

To further explore the underlying regulatory mechanism, we predicted the potential transcription factor-binding sites of KLF5 in LINC00152 by using the Jaspar database. It was predicted that KLF5 could bind to the LINC00152 promoter at both −1456 to −1447 bp and −838 to −829 bp sites (Figure 5A). Therefore, the ChIP assay was performed to determine whether KLF5 binds to the promoter of LINC00152 at those two possible sites (Figure 5B). KLF5 knockdown inhibited LINC00152 expression (Figures 5C, D), while the overexpression of KLF5 promoted LINC00152 expression in MCF7 and MDA-MB-231 cells (Figures 5E, F). The dual-luciferase reporter assays further suggested that KLF5 overexpression stimulated the promoter activity of LINC00152 in MCF7 cells (Figure 5G). To further validate the hypothesis, we built LINC00152 vectors with mutation at the potential KLF5-LINC00152 promoter-binding site 1 (Mut1) and site 2 (Mut2). Compared with the wild-type LINC00152 promoter, both of the putative mutations dramatically suppress the transcriptional activity of the LINC00152 promoter, which convincingly prove that both of these two sites are essential for KLF5-LINC00152 promoter binding (Figure 5H).




Figure 5 | >KLF5 regulates LINC00152 expression through LINC00152 promoter binding. (A) Schematic diagram of putative KLF5-binding sites in LINC00152 promoter. (B) ChIP-qPCR assay of KLF5 binding to LINC00152 promoter. (C, D) qRT-PCR analysis of effect of KLF5 depletion on LINC00152 expression in MDA-MB-231 and MCF7 cells. (E, F) qRT-PCR analysis of effect of KLF5 overexpression on LINC00152 expression in MDA-MB-231 and MCF7 cells. (G) Luciferase assay of KLF5 regulation on the LINC00152 promoter activity in MDA-MB-231 and MCF7 cells. (H) Luciferase assay of KLF5 site regulation on the LINC00152 promoter activity in HEK-293T cells. *P < 0.05. ***P < 0.001. Error bars represent SD. Data are representative of three independent experiments.





LINC00152 Promotes Breast Cancer Cell Proliferation via KLF5

Our result also found that overexpression of LINC00152 significantly facilitated the proliferation of breast cancer cell, whereas knockdown of KLF5 did not induce cancer cell proliferation (Figure 6A). Subsequent assays revealed that KLF5 knockdown restored the overexpression of LINC00152-mediated enhancement of colony formation (Figures 6B, C). Moreover, KLF5 knockdown also reduced the enhancement of breast cancer cell tumorigenicity through overexpression of LINC00152 (Figures 6D, E). In conclusion, these results demonstrated that LINC00152 facilitate the breast cancer cell proliferation and tumorigenicity through KLF5.




Figure 6 | LINC00152 promotes cell proliferation via KLF5 in breast cancer. (A, B) Knockdown of KLF5 restores LINC00152 overexpression-promoted cell proliferation (A) and colony formation (B) in BT549 and MDA-MB-486 cells. (C) Quantification of colony formation in (B). (D) Representative images of LINC00152 overexpression or LINC00152 overexpression combined with KLF5 knockdown groups-infected MDA-MB-468 cells that were transduced when injected into nude mouse gland fat pads. Data were from three independent experiments with five mice per group. (E) Quantification of tumor weight in (D). ***P < 0.001. Error bars represent SD. Data are representative of three independent experiments.





Effect of the LINC00152-KLF5 Loop on PTEN and β-Catenin Expression in Breast Cancer

Previously published studies reported that LINC00152 could directly inhibit PTEN expression (5), and KLF5 can directly promote β-catenin expression in breast cancer (19). To explore the correlation between the LINC00152-KLF5 loop and those proteins, we tried to determine whether LINC00152 or KLF5 affected the expression of PTEN or β-catenin in breast cancer cells. In consequence, we found that the overexpression of LINC00152 or KLF5 dramatically downregulated the expression level of PTEN and upregulated β-catenin protein in BT549 cell line. Additionally, the result also indicated that the knockdown of LINC00152 can revert the effects of KLF5 on PTEN and β-catenin protein expression and vice versa (Supplementary Figure 2). There is a positive loop effect of LINC00152-KLF5 on breast cancer cell proliferation (Supplementary Figure 3). Moreover, based on quantification of the mRNA expression, LINC00152 was revealed to markedly correlate with KLF5 using Spear-man’s rank correlation analysis (Supplementary Figure 4). Taken together, the data suggests that LINC00152 regulates the downstream proteins of KLF5 and vice versa.




Discussion

Our result demonstrated that lncRNA LINC00152 plays a vital role in breast cancer tumor growth and proliferation in a KLF5-mediated manner. LINC00152 is dramatically overexpressed in clinical breast cancer tissues in comparison with paired normal tissues. Breast cancer patients with relatively high LINC00152-expressing had a poorer clinical outcome. Additionally, LINC00152 directly bound to KLF5 and stabilized KLF5 by regulating protein degradation, resulting in enhanced tumorigenesis. KLF5 also directly bound to the LINC00152 promoter and thus activate the transcription of LINC00152. LINC00152 is a KLF5-responsive lncRNA.

Accumulating evidences suggested that abnormal expression of lncRNA played a critical role in the development of breast cancer (26, 27). Recently, LINC00152 was reported to be amplified in several cancers (7–10), including breast cancer (4–6). For instance, LINC00152 has been shown to promote tumorigenesis in triple-negative breast cancer by regulating DNMTs or PTEN (5, 6). In current study, we found that LINC00152 is markedly upregulated in breast cancer, and a relatively higher expression level of LINC00152 was significantly associated with poor survival in breast cancer patients. Knockdown of LINC00152 suppress the colony formation, cell proliferation, and tumor growth of breast cancer.

Importantly, we proved a positive feedback loop between LINC00152 and KLF5. Here, we revealed that LINC00152 binds to KLF5 and regulates KLF5 expression. Using Jaspar, we found that LINC00152 binds to KLF5 at two sites (21). It would be of interest to determine how LINC00152 regulates KLF5 expression. As a transcription factor, KLF5 belongs to a family of zinc-finger-containing genes which plays a vital role in regulating a wide range of genes. It was reported that KLF5 could bind to promoters of downstream effector genes and stimulate the transcriptional activities, thereby affecting diverse cellular functions (28, 29). KLF5 was also reported to play a critical role in breast carcinogenesis (28). Our previous study revealed that lncRNA PVT1 contributes the development of triple-negative breast cancer via KLF5 (19). Through western blotting and qRT-PCR, we found that LINC00152 regulates KLF5 protein expression without affecting KLF5 RNA expression. Knockdown of LINC00152 inhibited KLF5 protein via enhanced KLF5 degradation. In contrast, LINC00152 overexpression promoted KLF5 protein via inhibition of KLF5 degradation. Therefore, our findings demonstrate that LINC00152 directly binds to KLF5 protein and increases KLF5 protein post-translationally.

The correlation between KLF5 and LINC00152 in breast cancer was largely unclear. Our study revealed that KLF5 bound to the promoter of LINC00152 and regulated its transcription. By using Jaspar, we firstly identified two binding sites of KLF5 on the LINC00152 promoter in breast cancer (21). KLF5 could directly bind to these two sites and thus activate LINC00152 transcription. This result was similar to findings obtained in our previously reported work (16). The ChIP assay demonstrated that KLF5 binds to the LINC00152 promoter at site 1 and site 2. Additionally, by using luciferase analyses, we reported that KLF5 overexpression promoted LINC00152 expression via enhanced LINC00152 promoter activity. In contrast, knockdown of KLF5 inhibited LINC00152 expression by inhibiting LINC00152 promoter activity.

It has been shown that lncRNAs could function in post-transcriptional processes (30, 31). Moreover, lncRNAs was also demonstrated to affect its own expression via a positive feedback loop through functioning as a decoy (32). A recent study demonstrated a positive feedback loop between lncRNA-PVT1 and FOXM1 in gastric cancer (24). Similarly, our study also exhibited a positive feedback loop between LINC00152 and KLF5 in breast cancer. Therefore, a reciprocal regulatory mechanism might be frequently between lncRNAs and transcriptional factors, which exerted their oncogenic function mutually to facilitate cancer progression.

Additionally, knockdown of KLF5 restored LINC00152 overexpression-induced cell proliferation, colony formation, and tumorigenicity. Previously published studies reported that LINC00152 could directly inhibit PTEN (5), and KLF5 could directly promote β-catenin (19). In current study, we demonstrated that both LINC00152 and KLF5 affected the protein levels of PTEN and β-catenin. This suggests that LINC00152 and KLF5 can regulate the downstream genes of each other.

In summary, our study demonstrated LINC00152 as an oncogenic lncRNA in breast cancer. We have also unveiled a novel mechanism by which LINC00152 stabilizes KLF5 via post-translational regulation. Meanwhile, KLF5 directly bound to the promoter of LINC00152 and thus activate its transcription, which ultimately enhances tumorigenesis in breast cancer. These findings may aid in the identification of novel biomarkers for LINC00152 and may provide a theoretical basis for the LINC00152-KLF5 loop-mediated treatment of breast cancer in the future.
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Breast cancer remains the leading cause of female cancer-related mortalities worldwide. Long non-coding RNAs (LncRNAs) have been increasingly reported to play pivotal roles in tumorigenesis and cancer progression. Herein, we focused on LINC00467, which has never been studied in breast cancer. Silence of LINC00467 suppressed proliferation, migration, invasion and epithelial-to-mesenchymal transition (EMT) of breast cancer cells in vitro, whereas forced expression of LINC00467 exhibited the opposite effects. Furthermore, we demonstrated overexpression of LINC00467 promoted tumor growth, while knockdown of LINC00467 inhibited pulmonary metastasis in vivo. Mechanistically, LINC00467 down-regulated miR-138-5p by acting as a miRNA “sponge”. Besides, LINC00467 also up-regulated the protein level of lin-28 homolog B (LIN28B) via a direct interaction. A higher expression level of LINC00467 was observed in breast cancer tissues as compared to the adjacent normal counterparts and elevated LINC00467 predicted poor overall survival. Our findings suggest LINC00467 promotes progression of breast cancer through interacting with miR-138-5p and LIN28B directly. LINC00467 may serve as a potential candidate for the diagnosis and treatment of breast cancer.
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Introduction

Breast cancer is the most prevailing type of female malignancy, leading cancer-related death of women globally (1). Surgical removal and chemotherapy are still the mainstay of clinical management options (2). However, the prognosis of breast cancer patients remains unsatisfactory due to the local recurrence or distant metastasis (3). It is therefore urgent to conduct in-depth research about the molecular mechanisms underlying tumor growth and metastasis for development of new effective diagnosis and treatment for breast cancer patients.

Long noncoding RNAs (lncRNAs), a class of RNA molecules longer than 200 nucleotides, with less protein-coding capacity, have been reported to play crucial roles in multiple cellular processes, tumor progression included (4–6). In general, LncRNAs function via interacting with proteins, chromatin DNA or other types of RNAs to mediate their stability or activity in different aspects of tumor biology (7–10).

LINC00467 (ID in NCBI database: 84791), a LncRNA has attracted much attention recently, was reported to be dysregulated in spermatogenesis and male infertility (11, 12). Besides, it was also reported that LINC00467 expression was associated with Vogt-Koyanagi-Harada Disease and Behcet’s Disease (13). Numerous studies indicated LINC00467 acted as an oncogene in colorectal cancer, lung adenocarcinoma, hepatocellular carcinoma, glioma, head and neck squamous cell carcinoma and acute myeloid leukemia (14–19). Nevertheless, the expression pattern and functional role of LINC00467 in breast cancer has been less explored.

Here, we verified that LINC00467 promoted proliferation, migration, invasion and EMT of breast cancer cells both in vitro and in vivo. We further demonstrated LINC00467 inhibited the expression of miR-138-5p and up-regulated the protein level of LIN28B via binding to each other directly. Expression level of LINC00467 was higher in breast cancer cells and tissues as compared with normal counterparts, respectively. High level of LINC00467 was positively associated with poor prognosis of breast cancer patients. These results offer new mechanistic insight into breast cancer progression and suggest a potential therapeutic value of LINC00467.



Materials and Methods


Cell Lines

SKBR-3, MCF-7, T47D, MDA-MB-231, and BT-549 were purchased from the American Type Culture Collection (Rockville, MD, USA), and cultured as recommended. HMEC-hTERT cell line was a kind gift from Prof. William Hahn’s lab and cultured as previously described (20). SUM-149 cells was obtained from Asterand (21) and cultured according to the same protocol (9).



Manipulation of Gene Expression

LINC00467 overexpression cell lines were established by infection of lentivirus containing full-length LINC00467-inserted pSin vector. Lentivirus containing shRNAs against LINC00467 was produced to knockdown the expression of LINC00467. Detailed protocols of lentivirus production and stable cell line construction were described previously (22, 23). Transfection of miRNA mimics was performed using Lipofectamine 2000 (Invitrogen, MA, USA) according to the instruction. Oligonucleotides used were listed in Supplementary Table 1.



RNA Extraction and qRT-PCR

Total RNA of indicated cells and tissues was isolated with Trizol (Invitrogen, Carlsbad, CA), cDNA was prepared by reverse transcription of mRNA and miRNA using RevertAid First Strand cDNA Synthesis Kit (Thermo Scientific Bio) accordingly to the manufacturer’s manual, the resulting cDNA samples were analyzed by quantitative real-time PCR using a PerfectStart™ Green qPCR SuperMix (TransGen) on a CFX96 Touch Real-Time PCR Detection System (Bio-Rad, CA, USA). All primers used were listed in Supplementary Table 1.



Cell Functional Assays

To assess cell proliferation, MTT assay and colony formation assay were performed as described in the previous study (9). EdU cell viability assay was conducted as recommended (cat. no. KGA331-100; Jiansu KeyGen BioTECH Co. Ltd). Briefly, 104 stably transfected breast cancer cells were plated in 96-well plates for 24 h and then labeled with EdU for 4 h, cells were then fixed with 4% paraformaldehyde and washed with PBS. Cell nucleus was stained with hoechst-33342 at room temperature for 15 min. Images of stained cells were captured by using ZEISS AXIO fluorescence microscope (magnification, x20).

Cell migration and invasion were determined by Wound-healing assay and Transwell assay as described previously (9, 24).



Protein Extraction and Western Blot

Total protein from indicated cells was extracted with the modified RIPA lysis buffer. Western blot was performed as we previously described (25), and imaged with ECL detection system (Bio-Rad, CA, USA). The primary antibodies from Proteintech used were anti-E-cadherin (20874-1-AP), anti-N-cadherin (22018-1-AP), anti-MMP9 (10375-2-AP), anti-Vimentin (10366-1-AP), anti-β-actin (66009-1-Ig) and anti-LIN28B (16178-1-AP).



Xenograft and Histological Analysis

For tumor growth assay, 5×106 LINC00467-overexpressing MCF-7 cells and the corresponding control mixed 1:1 with Matrigel (BD Biosciences) were injected into the second mammary fat pad of female Balb/c nude mice (5 weeks old) which were injected intraperitoneally with estradiol pellets (Innovative Research of America) a week ago. The tumor volumes were calculated with the equation: width2 × length × 0.5. At day 28, mice were sacrificed and tumors were resected for Ki-67 staining (24).

For lung metastasis assay, 2×106 LINC00467-knockdown MDA-MB-231 cells and the corresponding control were injected intravenously (tail vein) into female Balb/c nude mice. Lungs were harvested about two months later and subjected to hematoxylin and eosin (H&E) staining.

All animal experiments were approved by the Animal Ethical Committee of Anhui Medical University.



Luciferase Reporter Assays

Full length of wide-type LINC00467 was inserted into luciferase reporter vector psiCHECK-2, the mutant LINC00467 psiCHECK-2 vector was amplified by using the special primers according to the wide-type LINC00467 psiCHECK-2 vector. All primers used were listed in Supplementary Table 1. The detailed protocol of luciferase reporter assays was described in our previously study (9).



Biotin RNA Pull-Down Assay and RNA Immunoprecipitation Assay

The detailed protocol was described previously (9, 26), the sense or antisense biotin-labeled DNA oligomers against LINC00467 were listed in Supplementary Table 1. As the RNA immunoprecipitation assay, anti-IgG (Santa Cruz, sc-2025), anti-LIN28B (Santa Cruz, sc-374460), and the Protein A/G agarose (Santa Cruz, sc-2003) were used as recommended, the immunoprecipitated RNA was converted to cDNA for further qRT-PCR analysis.



Clinical Specimens

A total of 70 breast cancer tissues with their paired adjacent normal mammary tissues were collected from the First Affiliated Hospital of Anhui Medical University (Hefei, Anhui, People’s Republic of China), and verified by at least three experienced pathologists independently. All patients enrolled signed their informed consent for the research. No study was initiated before all clinical research protocol was approved by the Biomedical Ethics Committee of Anhui Medical University which was in accordance with the Declaration of Helsinki.



Statistical Analysis

GraphPad Prism 8.0 was used for data processing and analysis. Data are presented as mean ± standard deviation (SD). Student’s t-test, two-way ANOVA, chi-squared test and Kaplane-Meier’s analysis were employed for the proper statistical comparisons. All experiments were repeated least three times and P < 0.05 was regarded as statistically significant.




Results


LINC00467 Promoted Proliferation of Breast Cancer Cells

To assess the role of LINC00467 in aggressiveness of breast cancer, we first determined if LINC00467 mediated malignant phenotype of breast cancer cells. Two most representative breast cancer cell lines: MCF-7 and MDA-MB-231, were chosen for functional verification. MCF-7 and MDA-MB-231 cells were stably transfected shRNAs against LINC00467 via lentivirus infection to knockdown the endogenous expression of LINC00467, the knockdown efficiency was confirmed by qRT-PCR (Figure 1A). Cell viability and colony-formation capacity were significantly inhibited with the silence of LINC00467, as determined by MTT assay (Figure 1B) and colony formation assay (Figure 1C). On the other hand, we complemented MCF-7 and MDA-MB-231 cells with ectopic LINC00467 to generate stable overexpression of LINC00467 (Figure 1D). Remarkably enhanced cell viability and colony-formation capacity were observed in LINC00467-overexpressing breast cancer cells in comparison with the control ones (Figures 1E, F). Besides, EdU incorporation assay showed depleted LINC00467expression repressed, while forced expression of LINC00467 increased proliferation of both MCF-7 and MDA-MB-231 cells (Figures 1G, H). Taken together, these results suggested LINC00467 was able to significantly enhance proliferation of breast cancer cells.




Figure 1 | Effects of LINC00467 on proliferation of breast cancer cells. (A) qRT-PCR analysis of LINC00467 expression in MCF-7 and MDA-MB-231 cells stably transfected with two specific shRNAs against LINC00467 (sh467#1 and sh467#1) or pLKO.1 empty vector (shCtrl). (B, C) Cell proliferation of LINC00467-silenced MCF-7 and MDA-MB-231 cells was determined by MTT assay and colony formation assay. (D) LINC00467 expression in MCF-7 and MDA-MB-231 cells stably transfected with pSin plasmid harboring LINC00467 sequence (pSin-467) or pSin empty vector (pSin-vec) was examined by qRT-PCR. (E, F) Cell proliferation of MCF-7 and MDA-MB-231 cells with LINC00467 overexpression was determined by MTT assay and colony formation assay. (G, H) EdU incorporation assay in MCF-7 and MDA-MB-231 cells with LINC00467 depletion (G) or overexpression (H). Images were taken at 200× magnification. Data are presented as mean ± S.D from three independent experiments. *P < 0.05; **P < 0.01. Student’s t-test.





LINC00467 Enhanced Migration, Invasion and EMT in Breast Cancer Cells

Next, we examined the effects of manipulating the expression of LINC00467 on migration and invasion in MCF-7 and MDA-MB-231 cells. Similarly, suppressing LINC00467 expression reduced, whereas ectopic expression of LINC00467 increased migratory and invasive capacity as compared with the corresponding control ones (Figures 2A–D). Epithelial-to-mesenchymal transition plays a pivotal role in metabolic reprogramming (27), chemoresistance (28), and stemness maintenance (29), especially cell mobility and tumor metastasis in breast cancer (30, 31). Therefore, we sought to explore whether LINC00467 mediated EMT progress or not. As expected, depletion of LINC00467 led to upregulation of epithelial marker (E-cadherin) and inhibition of mesenchymal markers (N-cadherin, MMP9 and Vimentin). Oppositely, overexpression of LINC00467 resulted in increased expression of mesenchymal markers (N-cadherin, MMP9 and Vimentin) and decreased expression of epithelial marker (E-cadherin) (Figure 2E). Collectively, these results indicated that LINC00467 promoted migration, invasion and EMT of breast cancer cells.




Figure 2 | Manipulation of LINC00467 expression mediated migration, invasion and EMT of breast cancer cells. (A, B) Migratory and invasive capacities of LINC00467-depleted MCF-7 and MDA-MB-231 cells were assessed by Wound healing assay and Transwell assay, respectively. (C, D) Wound healing assay and Transwell assay were performed to assess migratory and invasive capacities of LINC00467-overexpressing MCF-7 and MDA-MB-231 cells. (E) Protein levels of EMT markers in MCF-7 and MDA-MB-231 cells with LINC00467 knockdown or overexpression were determined by Western blot. Images were taken at 100× magnification. Data are presented as mean ± S.D from three independent experiments. *P < 0.05; **P < 0.01. Student’s t-test.





LINC00467 Promoted Tumor Growth and Lung Metastasis of Breast Cancer Cells in Nude Mice

To further determine the oncogenic role of LINC00467 in vivo, the xenograft tumor model was employed to evaluate tumor growth derived from MCF-7 cells with LINC00467 expression manipulation. In consistent with the results in vitro, LINC00467-overexpressing-MCF-7 cells formed clearly larger tumors than MCF-7-vector cells did, tumor growth curve showed forced expression of LINC00467 led to a significantly faster growth rate (Figures 3A–C). Ki-67 expression of tumor sections from both groups was detected by immunohistochemical staining, it came out that there was an obviously higher proportion of proliferative cells in LINC00467-overexpressing-MCF-7-derived tumors compared with MCF-7-vector-derived tumors (Figure 3D). We then assessed the effects of LINC00467 on lung metastasis, MDA-MB-231 cells stably transfected with either shRNAs targeting LINC00467 or empty vector, were transplanted into nude mice by tail vein injection. About 8 weeks later, lung tissues of each group were harvested to determine the incidence of lung metastasis. H&E staining of lung sections revealed the number and size of micrometastases remarkably reduced in lungs of mice intravenously injected with LINC00467 ablation MDA-MB-231 cells comparing with those of shCtrl mice (Figure 3E). Besides, a much lower frequency of lung metastases was observed in mice injected with MDA-MB-231-sh467 cells (Figure 3F). Taken together, all these results suggested LINC00467 acted as a crucial role in breast cancer growth and metastasis.




Figure 3 | LINC00467 promoted progression of breast cancer cells in vivo. (A) Images of tumor nodules derived from LINC00467-overexpressing MCF-7 cells (pSin-467) or the corresponding negative control ones (pSin-vec). (B) Tumor volumes of each group were measured at the indicated days. (C) Tumors were resected and weighted after the last measurement at day 28. (D) Ki-67 expression of tumor sections from each group was determined by immunohistochemistry. Images were taken at 400× magnification. (E, F) MDA-MB-231 cells with LINC00467 knockdown (sh467#1 and sh467#1) or control (shCtrl) were injected intravenously into nude mice via tail vein. H&E staining of the metastatic nodules in the lungs of each group, which were indicated by white arrows. Images were taken at 200× magnification (E) and incidence of lung metastasis of each group (F). **P < 0.01. (Two-way ANOVA for Panel B, χ2 test for Panel F, Student’s t-test for others).





LINC00467 Acted as a “Sponge” of miR-138-5p in Breast Cancer Cells

We next explored the molecular mechanisms responsible for LINC00467 in progression of breast cancer carcinogenesis. Plenty of studies indicate LncRNAs take part in multiple process of tumorigenesis and cancer progression through suppressing miRNAs by acting as a “sponge” (9, 32, 33). We thereby searched for the downstream miRNA candidates of LINC00467. Bioinformatics analysis with miRcode algorithm (http://www.mircode.org/mircode/) showed miR-138-5p, which has been well known as a tumor suppressor in breast cancer (34, 35), was a potential miRNA target of LINC00467. To validate the facticity of this interaction, we first predicted the specific biding sites of miR-138-5p on LINC00467 transcripts using RNAhybrid (https://bibiserv.cebitec.uni-bielefeld.de/rnahybrid) and inserted full-length of LINC00467 transcripts containing wild-type or mutant miR-138-5p binding sites into the psiCHECK-2 vector (Figure 4A). Transfection efficiency of miR-138-5p mimics in MCF-7 and MDA-MB-231 cells was confirmed by qRT-PCR analysis (Figure 4B). Dual luciferase reporter assay indicated relative luciferase activity of wild-type LINC00467 transcripts was obviously impaired with the co-transfection of miR-138-5p, while the reporter constructs containing its mutant counterpart exhibited no difference in the luciferase activity when miR-138-5p was overexpressed (Figures 4C, D). Furthermore, a biotin RNA pull-down assay was performed to validate the direct interaction between LINC00467 and miR-138-5p. In line with what we expected, biotin-labeled probes against LINC00467 could significantly enriched endogenic LINC00467 and miR-138-5p in the pull-down fraction of MCF-7 and MDA-MB-231 cells (Figures 4E, F). Endogenous miR-138-5p levels were increased in LINC00467 silenced breast cancer cells (Figure 4G), and decreased with the ectopic expression of LINC00467 (Figure 4H). Collectively, these data suggested LINC00467 was physically associated with miR-138-5p and functioned as a “sponge” to suppress miR-138-5p expression.




Figure 4 | LINC00467 was physically associated with miR-138-5p. (A) Schematic outlining the predicted wild-type (WT-LINC00467) or mutant (Mut-LINC00467) binding sites of miR-138-5p on LINC00467 transcripts. (B) Overexpression efficiency of miR-138-5p in MCF-7 and MDA-MB-231 cells transfected with miR-138-5p mimics (miR-138-5p) or negative control miRNA mimics (miR-NC) was confirmed by qRT-PCR. (C, D) Dual luciferase reporter assay in MCF-7 and MDA-MB-231 cells co-transfected with microRNAs mimics (miR-NC or miR-138-5p) and psiCHECK2-containing-WT-LINC00467 or -Mut-LINC00467 vectors. Data were presented as the relative ratio of Renilla luciferase activity to Firefly luciferase activity. (E, F) Enrichment of LINC00467 and miR-138-5p in biotin-labeled anti-LINC00467 probes pull-down RNA fraction of MCF-7 and MDA-MB-231cells was determined by qRT-PCR. (G, H) Expression of miR-138-5p in LINC00467-depleted or -overexpressing MCF-7 and MDA-MB-231 cells was examined by qRT-PCR. Data are presented as mean ± S.D from three independent experiments. *P < 0.05; **P < 0.01. Student’s t-test.





LINC00467 Associated With LIN28B to Up-Regulate Its Protein Level

Numerous studies have reported LncRNAs’ functions in tumor progression depended on their interaction with RNA-binding proteins (RBPs) (7, 22). We also seek to identify the RBPs could physically interact with LINC00467 and mediate its oncogenic role in breast cancer progression. StarBase v2.0 (http://starbase.sysu.edu.cn/) was used to predict the potential RBPs targets that might be directly interacted with LINC00467 (Figure 5A), among which, LIN28B had been widely reported to be an important oncogene in aggressiveness of breast cancer (36, 37). We therefore focused on LIN28B to verify the interaction between each other. Biotin RNA pull-down assay showed that LIN28B could be notably enriched by biotin LINC00467-DNA-antisense probe as compared with biotin LINC00467-DNA-sense probe (Figure 5B). Reciprocally, anti-LIN28B antibody could also enrich LIN28B proteins (Figure 5C) and LINC00467 (Figure 5D), as determined by RNA immunoprecipitation (RIP) assay. Moreover, knockdown of LINC00467 reduced, and forced expression of LINC00467 increased protein levels of LIN28B in both MCF-7 and MDA-MB-231 cells, which was examined by western blot (Figure 5E). Taken together, these data indicated LINC00467 up-regulated the protein levels of LIN28B via a direct interaction in breast cancer cells.




Figure 5 | LINC00467 up-regulated LIN28B through a direct interaction. (A) Potential target RBPs of LINC00467 predicted by StarBase v2.0. (B) Biotinylated RNA pulldown assay showed the enrichment of LIN28B proteins in MCF-7 and MDA-MB-231 cell lysates pulled down by biotin-labeled LINC00467-antisense probes and biotin-labeled LINC00467-sense probes. (C, D) RNA immunoprecipitation assay showed the enrichment of LIN28B protein and LINC00467 in MCF-7 and MDA-MB-231 cell lysates by anti-LIN28B antibody and the control anti-IgG. (E) Western blot showed protein levels of LIN28B in MCF-7 and MDA-MB-231 cell with LINC00467 knockdown or overexpression. Data are presented as mean ± S.D from three independent experiments. **P < 0.01. Student’s t-test.





High Level of LINC00467 Correlated to Poor Prognosis of Breast Cancer Patients

Last, we explored the clinical significance of LINC00467 in breast cancer. The expression of LINC00467 in a mammary epithelial cell lines (HMEC-HERT) and 6 breast cancer cell lines (SKBR-3, MCF-7, T47D, MDA-MB-231, BT-549 and SUM149) was first examined by qRT-PCR, a notably higher level of LINC00467 in breast cancer cell lines was observed compared to the non-transformed mammary epithelial cell line (Figure 6A). We then analyzed expression of LINC00467 in 113 normal breast tissues and 1,091 breast cancer samples from the TCGA datasets, which indicated LINC00467 was significantly overexpressed in breast cancer tissues as compared with their normal counterparts (Figure 6B). In consistence, qRT-PCR analyses of 70 collected breast cancer samples and matched adjacent samples demonstrated LINC00467 was remarkably up-regulated in breast cancer samples (Figure 6C). As showed in Supplementary Table 2, further analysis of correlation between LINC00467 expression and clinicopathological features of these enrolled breast cancer patients indicated LINC00467 expression was positively correlated with tumor stage (p=0.0164) and lymph node metastasis (p=0.0248) of breast cancer. Kaplan-Meier survival analysis revealed breast cancer patients with higher expression of LINC00467 exhibited a shorter overall survival (Figure 6D). Hence, these data suggested LINC00467 expression was increased in breast cancer and the upregulation of LINC00467 was associated with poor prognosis.




Figure 6 | Increased LINC00467 predicted poor prognosis in breast cancer. (A) LINC00467expression in six breast cancer cell lines (SKBR-3, MCF-7, T47D, MDA-MB-231, BT-549 and SUM149) and a non-transformed mammary epithelial cell line (HMEC-HERT) was determined by qRT-PCR. (B) Expression level of LINC00467 in benign breast tissue samples (n=113) and breast cancer samples (n=1,091) in TCGA database. (C) qRT-PCR analysis of LINC00467 expression in 70 collected breast cancer specimens and paired adjacent normal tissues. (D) Kaplan-Meier analysis of the relationship between LINC00467 expression levels and overall survival of breast cancer patients. *P < 0.05; **P < 0.01; ***P < 0.001.






Discussion

Despite it has been previously reported the oncogenic role in multiple cancer types (14–16, 18), the expression pattern and functional mechanism of LINC00467 in breast cancer has never been investigated. In the current study, we firstly reported that LINC00467 promoted proliferation, migration, invasion and EMT of breast cancer cells in vitro as well as tumor growth and lung metastasis in Balb/c nude mice. Further, LINC00467 inhibited the expression of a tumor suppressive miRNA: miR-138-5p, and up-regulated the protein level of an oncogene: LIN28B, via a direct interaction of each other. More importantly, elevated expression of LINC00467 was positively associated with lymph node metastasis and poorer overall survival of breast cancer patients, which emphasized the clinical significance of our research.

LINC00467, a greatly concerned LncRNA in cancer-related research recently, has been demonstrated to promote lung adenocarcinoma proliferation by sponging miR-20b-5p to activate CCND1 expression (38), regulate hepatocellular carcinoma progression by modulating miR-9-5p/PPARA expression (16). It has been increasingly reported competition with endogenous RNAs for the same miRNA binding sites was as a mode-of-action of lncRNAs (39). Here, we also found LINC00467 served as a miRNA “sponge” to suppress miR-138-5p expression. It has been demonstrated that miR-138-5p inhibited cell migration, invasion and EMT in breast cancer by directly targeting RHBDD1 (34), and repressed progression of breast cancer via NEAT1/miR-138-5p/ZFX axis (35), these previous results strongly indicated miR-138-5p was a tumor suppressor in breast cancer. We thereby believed LINC00467, at least partly, played the oncogenic role by inhibiting tumor-suppressive miR-138-5p expression in regulation of breast cancer progression.

Interaction with RNA biding proteins was another mode-of-action of lncRNAs. Just as reported, LINC00467 promoted lung adenocarcinoma proliferation, migration and invasion by binding with EZH2 and repressing HTRA3 expression (40). In addition, STAT1-induced upregulation of LINC00467 promotes the proliferation and migration of lung adenocarcinoma cells by epigenetically silencing DKK1 to activate Wnt/beta-catenin signaling pathway (41). In the present study, we successfully validated LINC00467 increased the protein level of LIN28B by directly interacting with each other. LIN28B has been broadly proved to play a critical oncogenic role in breast cancer. For example, it was reported LINC00665 promotes breast cancer progression through regulation of the miR-379-5p/LIN28B axis (36). Besides, LIN28B was also reported to promote proliferation of breast cancer cells via HBXIP-induced activation of TF II D (37). Given this, we suggested the enhanced effects of LINC00467 on the aggressiveness of breast cancer partly depended on the upregulation of protein level of LIN28B. However, how does LINC00467 increase the protein level of LIN28B with the interaction of each other, the specific mechanism involved remains to be further explored.

LINC00467 has been reported to be transcriptionally induced by STAT1 in lung adenocarcinoma cells (41); additionally, LINC00467 was up-regulated by TDG-mediated acetylation in non-small cell lung cancer (42). We had also tried to investigate the mechanisms responsible for the upregulation of LINC00467 in breast cancer. A number of famous cancer-related transcription factors such as STAT3, HIF-1α and MYC were chosen to study their effects on modulation of LINC00467 expression based on the prediction results of rVista 2.0 (https://rvista.dcode.org/instr_rVISTA.html). Not as expected, there was no obvious change in LINC00467 expression in breast cancer cells with the treatment of IL-6, hypoxia induction or silence of endogenic MYC. We speculated certain epigenetic-related regulatory mechanisms maybe involved in the process of LINC00467 upregulation; it would be interesting to figure this out in our further study.

In conclusion, our data indicated an involvement of aberrant LINC00467 overexpression in both proliferation, migration, invasion and EMT in vitro and tumor growth and lung metastasis in vivo of breast cancer cells, and uncovered the oncogenic properties of LINC00467 was attributed to LINC00467-mediated miR-138-5p inhibition and LIN28B up-regulation. Thereby, LINC00467 may serve as a potential therapeutic target in breast cancers.
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RNA component of mitochondrial RNA processing endoribonuclease (RMRP) is a non-coding transcript firstly acknowledged for its association with the cartilage-hair hypoplasia (CHH) syndrome, a rare autosomal recessive condition. This transcript has been spotted in both nucleus and mitochondria. In addition to its role in the pathogenesis of CHH, RMRP participates in the pathogenesis of cancers. Independent studies in bladder cancer, colon cancer, hepatocellular carcinoma, lung cancer, breast carcinoma and multiple myeloma have confirmed the oncogenic effects of RMRP. Mechanistically, RMRP serves as a sponge for some miRNAs such as miR-206, miR-613, and miR-217. In addition to these miRNAs, expressions of tens of miRNAs have been altered following RMRP silencing, implying the vast extent of RMRP/miRNA network. In the present narrative review, we explain the role of RMRP in the development of cancers and some other non-malignant disorders.
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INTRODUCTION

Although protein-coding genes comprise a minor portion of the mammalian genome, it has been revealed that the vast majority of these genomes is transcribed at some level (Carninci et al., 2005; Birney et al., 2007). It has also been speculated that considerable portion of these transcripts are likely functional (Mattick et al., 2010). Notably, the ENCODE consortium has described assignment of “biochemical functions” to approximately 80% of the genome (Consortium, 2012). This group of non-coding RNAs (ncRNAs) includes several members ranging from the lately described abundant ribosomal RNAs (rRNAs) (Stark et al., 1978), small nuclear RNAs (snRNAs) and small nucleolar RNAs (snoRNAs) to those with recently appreciated regulatory RNAs, namely microRNAs (miRNAs) and long non-coding RNAs (lncRNAs) (Palazzo and Lee, 2015). miRNAs have sizes about 22 nucleotides and regulate expression of genes mostly through binding with 3′ untranslated regions of target transcripts (Macfarlane and Murphy, 2010). LncRNAs have sizes over 200 nucleotides and are transcribed by RNA Polymerase (RNA Pol) II and RNA Pol III. They modulate numerous cellular processes including histone modification, DNA methylation, and transcription of genes through modulating chromatin configuration and DNA accessibility (Dahariya et al., 2019).

RNA component of mitochondrial RNA processing endoribonuclease (RMRP) is a transcript with wide expression in diverse tissues obtained from human and mice species (Rosenbluh et al., 2011). RMRP has a regulatory role in the processing of RNA in both mitochondrial and ribosomal compartments (Hermanns et al., 2005). RMRP transcripts have been detected in both mitochondria and nucleus (Chang and Clayton, 1987; Rosenbluh et al., 2011). This lncRNA has a remarkable role in the primary stages of mice development (Rosenbluh et al., 2011). In humans, mutations in the RMRP gene has been associated with cartilage-hair hypoplasia (CHH) syndrome, a multi-systemic disorder that is inherited via an autosomal recessive mode. Clinical characteristics of CHH are unbalanced short stature, fine and scant hair, defects in cellular immunity and susceptibility to cancer which are related to defects in expression of RMRP (Hermanns et al., 2005). Although immunodeficiency is a possible underlying mechanism of malignancy in these patients, many CHH cases with no history of immunodeficiency has developed neoplastic conditions such as lymphoma, implying a multifactorial basis for development of malignancy in CHH (Vakkilainen et al., 2019b). Epstein-Barr virus infection can explain some cases of lymphoproliferative diseases in CHH (Taskinen et al., 2013; Sathishkumar et al., 2018). Yet, not all lymphoproliferative disorders are related with this virus (Nguyen et al., 1718). In addition to defects in response to viral infections, chromosomal instability (Hauck et al., 2018) and impaired telomere function (Kostjukovits et al., 2017) might explain the increased risk of malignancy in CHH. A high throughput expression assay in CHH fibroblasts has shown abnormal expression of tens of gene. Notably, under-expressed genes have been functionally associated with cell cycle. Moreover, regulatory pathways of apoptosis, bone and cartilage development, and functions of lymphocyte, and PI3K-Akt cascade have been among other dysregulated mechanisms. CHH cells have exhibited delays in the transition from G2 stage to mitosis (Vakkilainen et al., 2019a). Experiment in Zebrafish model of CHH produced by Rmrp knock-down has verified the role of over-activation of Wnt/β-Catenin signaling in disruption of chondrogenesis and bone ossification (Sun et al., 2019). Although RMRP has been shown to bind with the mitochondrial RNA processing complex RNase MRP (Chang and Clayton, 1987), there is no obvious mitochondrial deficiencies in CHH patients. In conjunction with hTERT, RMRP can make an RNA dependent RNA polymerase which transforms single stranded RMRP transcript into double stranded form (Maida et al., 2009). Over-expression of RMRP has been demonstrated in a wide spectrum of human malignancies (Tang et al., 2019). In the present narrative review, we explain the role of RMRP in the development of cancers and some other non-malignant disorders.



MALIGNANT CONDITIONS


Cell Line Studies

In the cholangiocarcinoma cells, up-regulation of RMRP is associated with down-regulation of miR-217, a miRNA that is sequestered by RMRP (Tang et al., 2019). RMRP silencing has resulted in up-regulation of several miRNAs such as hsa-miR-33a-3p, hsa-miR-186-5p, and hsa-miR-216a-5p, while down-regulation of hsa-miR-345-5p, hsa-miR-1275, and hsa-miR-4454 (Tang et al., 2019). RMRP silencing can suppress proliferation of cholangiocarcinoma cells, stimulate apoptosis in these cells, and block them in the G0/G1 stage (Tang et al., 2019). In lung cancer cells, RMRP silencing evidently reserved cell proliferation, migration, and invasiveness, while blocking cell cycle transition. miR-1-3p has been identified as a target of RMRP in these cells (Tang et al., 2019). Figure 1 displays the mechanism of RMRP-mediated oncogenesis in lung cancer.
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FIGURE 1. RMRP has been over-expressed in lung cancer (Shao et al., 2016). This lncRNA acts as a sponge for miR-613 and miR-206. miR-206 binds with 3′UTR of NFAT5 transcription factor (Yang et al., 2020). This transcription factor increases expression of AQP5 (Guo and Jin, 2015) and the heat shock protein HSP70 which increases stability of lysosome membrane (Boya and Kroemer, 2008). As a member of HSP family, it is produced following exposure to cellular stressful situations such as excessive heat/cold, ultraviolet light and in the course of wound healing or tissue remodeling. HSP70 have chaperone functions through stabilizing proteins to certify correct folding or assisting in protein refolding (Rosenzweig et al., 2019). Moreover, HSP70 inhibits APAF1 binding with apoptosome and suppresses BAX binding to mitochondria, thus decreasing apoptosis rate in lung cancer cells (Wu et al., 2017). miR-206 binds with 3′UTR of SOX9, FMNL2, and KRAS. Down-regulation of miR-206 enhances protein levels of these genes in lung cancer (Shao et al., 2016).


In the bladder cancer cell lines, RMRP can enhance proliferation, migration potential and invasiveness of cells through modulating expression of miR-206 (Cao et al., 2019), a tumor suppressor miRNA that induces cell cycle arrest (Huang et al., 2016). Based on the presence of the β-catenin/TCF and YAP/TBX5 constituents in the upper parts of the RMRP gene, expression of RMRP might be associated with the cancer-associated pathways, Wnt/β-catenin and Hippo/YAP. Functional studies have shown that induction of Wnt signaling enhances expression of RMRP via β-catenin and YAP nuclear factors (Park and Jeong, 2015). In hepatocellular carcinoma cells, RMRP silencing has precluded cell proliferation, migration and invasive properties, while stimulating cell cycle arrest. These effects are mediated by sponging miR-613 (Zhou et al., 2019). Another study in this type of cancer has shown the role of RMRP in sequestration of miR-206 and activation of TACR1/Erk1/2 pathway (Hongfeng et al., 2020). However, Shao et al. (2020) have demonstrated down-regulation of RMRP in the hepatocellular carcinoma cells. Enforced over-expression of RMRP in these cells enhanced apoptosis rate of these cells through modulating miR-766 expression (Shao et al., 2020). RMRP silencing in gastric cancer cells suppresses cell proliferation via modulation of miR-206 and subsequent regulation of cell cycle transition through modulation of Cyclin D2 (Shao et al., 2016). In the neuroblastoma cells, the oncogenic effects of RMRP are mediated through sequestering miR-206 and enhancing expression of TACR1 (Pan et al., 2019). In the papillary thyroid carcinoma cells, expression of RMRP has been increased while expression of miR-675 has been diminished. MAPK1 has been identified as a target of miR-675 in these cells (Wang et al., 2019). A brief review of investigations that appraised RMRP expression in cancer-derived cell lines is presented in Table 1.


TABLE 1. Brief results of studies which gauged expression of RMRP in cancerous cell lines (Δ: knock-down).
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Animal Studies

In vivo assays have verified the cancer-promoting effects of RMRP. RMRP silencing has attenuated tumorigenesis process in xenograft model of liver cancer through modulation of miR-613 expression (Zhou et al., 2019). However, another in vivo study demonstrated the opposite role for RMRP in the pathogenesis of hepatocellular carcinoma through modulation of miR-766 (Shao et al., 2020). RMRP silencing has decreased the rate of growth of cholangiocarcinoma in animal models in association with the frequency of Ki-67-positivite cells in these tumors (Tang et al., 2019). In the xenograft model of gastric cancer, RMRP silencing attenuated tumor growth via modulation of miR-206 expression (Shao et al., 2016). A brief record of in vivo studies is shown in Table 2.


TABLE 2. Brief reports of studies which assessed function of RMRP in cancer animal models (Δ: knock down or deletion).
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Clinical Studies

Cao et al. (2019) have confirmed up-regulation of RMRP in bladder cancer samples in comparison with the nearby non-cancerous samples. Expression levels of RMRP have been correlated with tumor dimensions, lymph node metastasis and outcome of cancer in these patients (Cao et al., 2019). Levels of RMRP have also been up-regulated in clinical samples of colorectal and breast cancer patients (Park and Jeong, 2015). Over-expression of RMRP has also been reported in patients with hepatocellular carcinoma in correlation with tumor aggressiveness and adverse clinical outcome (Zhou et al., 2019). Accordingly, over-expression of RMRP has been identified as an indicator of poor prognosis in these patients (Hongfeng et al., 2020). In contrast with these studies, Shao et al. (2020) have reported down-regulation of RMRP in clinical samples obtained from patients with hepatocellular carcinoma. Under-expression of RMRP in these patients has been reported to be associated with low survival (Shao et al., 2020). RMRP expression has been increased in non-small cell lung cancer tissues in association with high clinical stage and poor patients’ outcome (Tang et al., 2019). Expression of RMRP has been elevated in tissue, plasma and gastric juices obtained from patients with gastric cancer in association with Borrmann type and metastatic capacity. Notably, they reported suitability of levels of RMRP in plasma and gastric juice for diagnosis of gastric cancer (Shao et al., 2016). In the glioblastoma samples, RMRP over-expression has been associated with high tumor grade, low Karnofsky Performance Score and poor clinical outcome (Feng et al., 2017). A summary of experiments which appraised transcript levels of RMRP in clinical specimens from cancer patients is shown in Table 3.


TABLE 3. Outlines of studies reported expression of RMRP in cancerous clinical samples (OS: overall survival, ANTs: adjacent normal tissues).

[image: Table 3]Somatic mutations in the promoter region of this lncRNA have been firstly demonstrated in breast cancer (Rheinbay et al., 2017). The hotspot mutation region in this study has been further assessed in another cohort of patients with diverse types of cancers showing the presence of RMRP promoter mutations in two gastric cancer samples, a colon carcinoma sample and a sarcoma. Notably, none of these mutations has been formerly reported in breast cancers (Son et al., 2020). Table 4 shows the diverse mutations identified in the promoter region of RMRP in different solid and hematologic tumors.


TABLE 4. Summary of studies that have analyzed RMRP promoter mutations in solid and hematologic tumors.
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Non-malignant Disorders

Han et al. (2020) have assessed the role of RMRP in lipopolysaccharide (LPS)-associated sepsis. They reported down-regulation of RMRP following LPS exposure. This down-regulation has been accompanied by significant reductions in MMP and mitochondrial cytochrome C levels, increased cardiomyocyte apoptosis, over-production of reactive oxygen species, up-regulation of cytochrome C in the cytoplasmic compartment, and over-production of caspase-3 and caspase-9 and NF-κB p65 subunit. Their in vivo experiments also verified the role of RMRP in the suppression of LPS-associated apoptosis and mitochondrial defects through sponging of miR-1-5p (Han et al., 2020). NF-κB p65 is a subunit of NF-κB transcription complexes (Sun, 2011). In fact, NF-κB family includes several transcription factors regulating expression of genes that partake in numerous crucial physiological responses including inflammatory reactions, cell proliferation, differentiation, cell adhesion and apoptosis (Karin et al., 2002). Thus, the regulatory role of RMRP on NF-κB p65 subunit potentiates this lncRNA as a contributor in many physiological and pathological processes.

An et al. (2020) have reported up-regulation of RMRP and Gadd45g in coronary atherosclerosis and human vascular smooth muscle cells, whereas miR-128-1-5P expression was decreased in these cells. RMRP silencing suppressed IL-6 and IL-8 production, and attenuated expression of apoptosis related proteins in these cells following ox-LDL treatment (An et al., 2020). Previous studies have indicated up-regulation of GADD45G in response to stressful growth arrest situations and exposure to DNA-damaging substances. In fact, GADD45G has an important role in response to environmental stress through facilitating activation of the p38/JNK pathway (Takekawa and Saito, 1998). Moreover, GADD45G has been shown to be regulated by NF-κB (Tamura et al., 2012). Thus, the interaction between RMRP, GADD45G and NF-κB might be involved in a wide variety of human disorders.

Expression of RMRP has also been increased in the model of ischemic cerebral injury. Notably, valproate has an inhibitory effect on RMRP expression, while increasing PI3K/Akt activity leading to enhancement of cell viability and attenuation of apoptosis (Li and Sui, 2020). Up-regulation of RMRP has also been observed in a number of immune-related conditions. For instance, RMRP expression has been increased in T cells of patients with rheumatoid arthritis in correlation with disease duration (Moharamoghli et al., 2019). Finally, expression of RMRP has been significantly down-regulated in patients with major depressive disorder compared with normal individuals in correlation with severity of depression. Besides, RMRP levels were decreased in an animal model of depression (Seki et al., 2019). Table 5 reviews the role of RMRP in non-cancerous pathologic conditions.


TABLE 5. Summary of RMRP studies in non-cancerous pathologic conditions.
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DISCUSSION

Over-expression of RMRP has been reported in numerous types of cancers such as those originated from bladder, colorectal, lung, breast and gastric tissues. Moreover, up-regulation of RMRP is a marker of poor prognosis in these types of cancers. The results of in vitro and in vivo studies consistently verify this function for RMRP with a single exception in the hepatocellular carcinoma. In spite of vast mechanistical studies about the role of RMRP, the net situation of RMRP as a diagnostic marker in cancer has not been evaluated yet.

RMRP serves as a sponge for miR-206, miR-613, miR-1-3p, and miR-217. Among these miRNAs, the functional interaction between RMRP and miR-206 has been approved in different tissues. In addition to these miRNAs, expressions of tens of miRNAs have been altered following RMRP silencing, implying the vast extent of RMRP/miRNA network (Tang et al., 2019). Functional annotation of dysregulated miRNAs depicted their relevance with structural molecular functions, extracellular matrix elements, retinoid/isoprenoid binding, functions of cytokines and IFN-α/-β receptor binding (Tang et al., 2019). Almost all of these functions are related with the carcinogenesis process. Therefore, a possible route for participation of RMRP in this process is its interactions with miRNAs. One of the pathways being influenced RMRP is stem cells metabolism (Tang et al., 2019) which accords with the formerly reported role of RMRP in giving permission to cancer cells for infinite proliferation via interplay with TERT (Maida et al., 2009).

In addition to the mentioned malignant conditions, dysregulation of RMRP has been reported in ischemic myocardial injury, cardiac fibrosis, ischemic stroke, multiple sclerosis, rheumatoid arthritis and major depressive disorder. Evidence for contribution of RMRP in the pathogenesis of major depressive disorder has come from both human and rodent studies (Seki et al., 2019). Moreover decreased levels of this lncRNA in the circulation of patients potentiate it as a biomarker for this neuropsychiatric condition (Seki et al., 2019). The role of RMRP in construction of the nuclear RNase MRP complex and its function in the processing of ribosomal RNA, its effects in the regulation of epigenetic mechanisms and its interactions with the telomerase reverse transcriptase catalytic subunit have been suggested as possible mechanisms of participation of RMRP in major depressive disorder (Seki et al., 2019). Therefore, RMRP is involved in the development of diverse disorders. This finding is in accordance with the ubiquitous expression of RMRP in human tissues. Functionally, the majority of effects of RMRP in the pathogenesis of these disorders are explained by the regulatory role of this lncRNA in the mitochondrial functions particularly apoptotic pathways regulated by this organelle. In addition, based on the interaction between RMRT and miRNAs regulating cytokine activity, modulation of immune function is another mechanism of participation of RMRT in the development of these disorders especially rheumatoid arthritis and multiple sclerosis.

A major limitation of most of studies that assessed expression of RMRP in cancer patients is the small sample size and lack of validation of the obtained results in independent cohorts. Moreover, they have not assessed expression of this lncRNA in the circulation to unravel its potential as non-invasive biomarker.

Taken together, RMRP is an lncRNA whose dysregulation and somatic mutations have been demonstrated in solid and hematological malignancies. However, the association between the observed mutations and altered expression of this lncRNA has not been assessed yet. Thus, this field should be explored in future studies.



FUTURE DIRECTIONS

Recent advances in high throughput sequencing techniques have facilitated identification of molecular counterparts of lncRNAs. Further attempts in this field would identify additional mRNA and miRNA molecules that function in upstream and downstream of RMRP, thus extending the functional network through which this lncRNA exerts its effects. Comprehensive assessment of these network would help in recognition of the most appropriate therapeutic targets for treatment of RMRP-associated disorders.
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Hypoxia, a common process during tumor growth, can lead to tumor aggressiveness and is tightly associated with poor prognosis. Long noncoding RNAs (lncRNAs) are long ribonucleotides (>200 bases) with limited ability to translate proteins, and are known to affect many aspects of cellular function. One of their regulatory mechanisms is to function as a sponge for microRNA (miRNA) to modulate its biological functions. Previously, MALAT1 was identified as a hypoxia-induced lncRNA. However, the regulatory mechanism and functions of MALAT1 in breast cancer are still unclear. Therefore, we explored whether MALAT1 can regulate the functions of breast cancer cells through miRNAs. Our results showed the expression levels of MALAT1 were significantly up-regulated under hypoxia and regulated by HIF-1α and HIF-2α. Next, in contrast to previous reports, nuclear and cytoplasmic fractionation assays and fluorescence in situ hybridization indicated that MALAT1 was mainly located in the cytoplasm. Therefore, the labeling of MALAT1 as a nuclear marker should be done with the caveat. Furthermore, expression levels of miRNAs and RNA immunoprecipitation using antibody against AGO2 showed that MALAT1 functioned as a sponge of miRNA miR-3064-5p. Lastly, functional assays revealed that MALAT1 could promote cellular migration and proliferation of breast cancer cells. Our findings provide evidence that hypoxia-responsive long non-coding MALAT1 could be transcriptionally activated by HIF-1α and HIF-2α, act as a miRNA sponge of miR-3064-5p, and promote tumor growth and migration in breast cancer cells. These data suggest that MALAT1 may be a candidate for therapeutic targeting of breast cancer progression.
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Introduction

Several studies have confirmed that the tumor microenvironment promotes cancer progression in many ways, especially via therapeutic resistance. Hypoxia is a common feature of malignant tumors (1). It has been described as a complicated incident of the tumor microenvironment that promotes tumor aggressiveness and metastasis (2, 3), and is strongly associated with poor prognosis (4, 5). Hypoxia is harmful to cancer cells, but it drives their adaptation, thereby promoting malignant progression (6, 7). In response to hypoxia, cancer cells exhibit modified expression of numerous genes regulated by hypoxia-inducible factors (HIFs), the major components of hypoxia signaling pathways (8). Most of the HIF-dependent responses rely on changes in the expression of genes associated with angiogenesis, proliferation, epithelial to mesenchymal transition, and metastasis (9). These changes allow malignant cells to survive the harsh hypoxic environment. However, the details of how hypoxia leads to tumor progression remain to be identified.

Long noncoding RNAs (lncRNAs) are transcripts which are longer than 200 nucleotides but have limited protein-coding capacity (10). Emerging evidence has shown that lncRNAs are a critical factor for both normal development and tumorigenesis (11, 12), and that they participate in epigenetic regulation of gene expression (13, 14). In recent studies, lncRNAs such as metastasis-associated lung adenocarcinoma transcript 1 (MALAT1) have been shown to participate in cancer progression. MALAT1 was initially identified as being up-regulated in primary human non-small cell lung cancer cells with higher metastasis ability (15), and was associated with metastasis and survival of cancer cells (14). Later, it was observed to have aberrant expression levels in many cancers (16, 17), and to be involved in post−transcriptionally modified primary transcripts and regulated gene expression (18). Although hypoxia-inducible factor was a major regulator of the non-coding and coding transcriptome in hypoxia (19), the regulatory mechanism of MALAT1 in breast cancer cells remains to be clarified. In addition to lncRNA, microRNAs (miRNAs), a class of small non-coding RNA transcripts (~22 nucleotides), also regulate the gene expression levels by binding to the 3'-untranslated regions (3'-UTRs) of target mRNAs (20, 21). Many studies have reported that miRNAs are differentially expressed in hypoxia and related to various aspects of cancer pathogenesis and progression, such as cell differentiation, proliferation, migration, invasion, apoptosis, and drug resistance (22–28). Some studies have reported the interaction between lncRNA and miRNA, specifically that lncRNA can be competing endogenous RNA by acting as a sponge for miRNA (29, 30).

Previously, we used next-generation sequencing (NGS) technology to identify oxygen-responsive lncRNAs in MCF-7 breast cancer cells and identified MALAT1 as one of the top five up-regulated lncRNAs under hypoxia. However, the regulatory mechanism and function of MALAT1 in breast cancer are not known. Therefore, the purpose of this study was to explore the regulatory mechanisms and functions of MALAT1 in breast cancer cells. Expression levels of MALAT1 in MCF-7 under HIF-1A or HIF-2A overexpression were examined by quantitative RT-PCR (qPCR). Endogenous expression levels of MALAT1 in MCF-7 cells grown at different oxygen concentrations were examined by qPCR. Luciferase reporter assays verified the direct interaction between HIF-1α or HIF-2α and the putative hypoxia response elements in the MALAT1 promoter. To confirm the distribution of MALAT1 in breast cancer cells, nuclear-cytoplasmic RNA fractionation assays and RNA fluorescence in situ hybridization (FISH) were performed. To identify miRNAs affected by MALAT1, NGS was performed in MALAT1-knockdown cells under hypoxia, followed by RNA immunoprecipitation (RIP) assays using antibody against AGO2 protein, the essential component of the miRNA-induced silencing complex, and by qPCR. Furthermore, a series of functional assays of MALAT1 were performed. The results indicate a role for MALAT1 as a sponge for miRNA, which increases the metastatic potential of MCF-7 breast cancer cells.



Materials and Methods


Cell Culture and Treatments

MCF-7 and MDA-MB-231 breast cancer cells and HEK293T human embryonic kidney cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO, Carlsbad, CA, USA). All were supplemented with 10% fetal bovine serum (HyClone, Logan, UT, USA) and 1% antibiotics (penicillin-streptomycin) (GIBCO). Human mammary epithelial cell line MCF-10A was maintained in Dulbecco’s Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12) (GIBCO) containing horse serum (5%), epidermal growth factor (20 ng/ml), hydrocortisone (0.5 mg/ml) (Sigma, Saint Louis, MO, USA), cholera toxin (100 ng/ml) (Sigma), insulin (10 μg/ml) (Sigma) and 1% antibiotics (penicillin-streptomycin) (GIBCO). Cells were incubated at 37°C in a humidified incubator with 5% CO2. In some experiments, cells were treated with 300 μM cobalt (II) chloride (Sigma) to mimic hypoxic conditions or cultured in a hypoxia chamber (Ruskinn Technology, Bridgend, UK) filled with a gas mixture of 0.5% O2, 5% CO2 and 94.5% N2 for 24 h.



Plasmid Constructs

To overexpress MALAT1, the expression plasmid pCMV-MALAT1 was kindly provided by Dr. Yi-Ching Wang, National Cheng Kung University, Taiwan. To overexpress HIF-1α and HIF-2α under normoxic conditions, pcDNA3-HIF-1α-P402A/P564A (Addgene plasmid #18955) and pcDNA3-HIF-2α-P405A/P531A (Addgene plasmid #18956) were bought from Addgene (Cambridge, MA, USA). The mutations produce proteins that resist O2-regulated prolyl hydroxylation in the oxygen-dependent degradation domain and are thus stable under normoxia. To determine promoter activity by luciferase assay, the luciferase expression plasmid pGL3 was purchased from the Biomedical Resource Core of the 1st Core Facility Lab, National Taiwan University (NTU) College of Medicine (Taipei, Taiwan). Briefly, the NDRG1-OT1 promoter region encompassing -1 ~ -2,000 bp relative to the transcription start site of MALAT1 was amplified from human genomic DNA by PCR and subcloned into the pGL3-basic vector to create the pGL3-MALAT1 promoter plasmid.

To determine the binding activity of miR-3064-5p on MALAT1, luciferase expression plasmids with mutations at the binding sites pmiR-GLO-MALAT1 S1 (1,279 - 1,302 bp) and pmiR-GLO-MALAT1 S2 (7,837 - 7,860 bp) were purchased from the Biomedical Resource Core of the 1st Core Facility Lab (NTU).



Lentiviral shRNAs

Lentiviral plasmids pLKO_TRC005_shMALAT1 #1 and pLKO_TRC005_shMALAT1 #2 encoded short hairpin RNA (shRNA) against MALAT1 (GeneID: 378938). The oligonucleotides synthesized for these shRNAs were as follows: shMALAT1 #1: 5'- GAG CGA AAG GAT GCC CAT CCG CCC TTT TTG AAT TCT AGA TCT TGA GAC AAA-3' (sense), 5'-GAG CGA AAG GAT GCC CAT CCG CCC CCG GTA CCT CGT CC-3' (antisense); shMALAT1 #2: 5'-GAG AGA GGG AAG CTC GTT AGT GCC TTT TTG AAT TCT AGA TCT TGA GAC AAA-3' (sense), 5'-GAG AGA GGG AAG CTC GTT AGT GCC CCG GTA CCT CGT CC-3' (antisense).



Transfection

MCF-7 and MDA-MB-231 cells were transfected with pCMV-MALAT1 or pEYFP-N1 empty vector using jetPRIME transfection reagent (Polyplus-transfection, SA) according to the manufacturer’s instructions. Four hours later, the transfection medium was replaced with fresh medium containing serum. After 24 h, cells were checked for RNA expression by qPCR.



Lentivirus Production and Infection

The lentiviral vectors were co-transfected with packaging plasmids psPAX2 and pMD2G (Addgene) into HEK293T cells. Infectious lentivirus was harvested at 24, 36, and 48 h after transfection, and filtered through 0.45 μm PVDF filters. MDA-MB-231 cells were infected with concentrated virus, and the culture medium was replaced after 24 h of incubation. Then, cells were selected by treating with puromycin for 2 days. The expression levels of MALAT1 in cells were validated by qPCR.



Site-Directed Mutagenesis

One of the HIF core binding motifs (hypoxia response element, HRE), located at -235 to -231 bp relative to the transcription start site of MALAT1, was identified. The seed region of miR-3064-5p was located at 1,295 ~ 1,301 and 7,853 ~ 7,859 bp of MALAT1. The mutations of the HRE in the pGL3-MALAT1 promoter plasmid and the miR-3064-5p binding site mutations of pmiR-GLO-MALAT1 were introduced by Biomedical Resource Core of the 1st Core Facility Lab (NTU). In addition, the mutated sequences were validated by sequencing.



Luciferase Reporter Assay

To determine the effects of HIF-1α and HIF-2α on the MALAT1 promoter construct, HEK293T cells were seeded in 24-well plates at a density of 5×104 cells/well. After 24 h, cells were transfected with 100 ng wild-type or mutant HRE firefly luciferase reporter construct, and 2 ng Renilla luciferase plasmid (pGL3 [hRluc/TK], kindly provided by Dr. Meng-Chun Hu, NTU) using jetPRIME (Polyplus-transfection) reagent. Also, cells were transfected with 50 ng of pcDNA3-HIF1α-P402A/P564A or 100 ng of pcDNA3-HIF2α-P405A/P531ApcDNA3. After 24 h, cells were lysed in cell lysis buffer (92.8 mM K2HPO4, 9.2 mM KH2PO4 and 0.2% Triton X-100 in ddH2O), and the luciferase activity was measured using the Dual-Glo luciferase reporter assay system (Promega, Fitchburg, WI, USA) and normalized to Renilla luciferase activity.

To determine the effect of miR-3064-5p on the MALAT1 reporter construct, HEK293 cells were co-transfected with 0.025 nmol of miR-3064-5p mimic and 100 ng of the reporter vector containing the wild-type MALAT1 S1 or S2 or the mutant MALAT1 S1 or S2. After 48 h, the cells were collected, and the luciferase activities were measured using the Dual-Glo luciferase reporter assay system (Promega).



RNA Extraction, Reverse Transcription, and Quantitative RT-PCR

Total RNA was isolated using NucleoZOL reagent (Machery-Nagel, Düren, Germany) according to the manufacturer’s instructions. One μg of total RNA was reverse-transcribed using the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA). For reverse transcription of miRNA, SuperScript IV Reverse Transcriptase (Invitrogen, Carlsbad, CA, USA) was used with the primers listed in Table 1. Per the manufacturer’s instructions, 2.5% of each reaction was used as the template for qPCR with 5× HOT FIREPol® EvaGreen® qPCR Mix Plus (OmicsBio, New Taipei City, Taiwan), and the reactions were performed on a StepOnePlus Real-Time PCR System (Thermo Fisher, Waltham, MA, USA). The primer pairs used for detection of cDNAs are listed in Table 1. At last, the relative gene expression levels were normalized to 18S rRNA or U6 using the 2-ΔΔCt method.


Table 1 | The primers for reverse transcription and quantitative RT-PCR.





Nuclear-Cytoplasmic RNA Fractionation

To determine the subcellular localization of RNA, fractionation of nuclear and cytoplasmic RNA was performed using the Cytoplasmic & Nuclear RNA Purification Kit (Norgen Biotek, Thorold, ON, Canada). Cells were first lysed with Lysis Buffer J (Norgen Biotek), and the lysate was separated by centrifugation, after which the supernatant contained the cytoplasmic RNA and the pellet contained the nuclear RNA. Buffer SK (Norgen Biotek) and ethanol were then added to the cytoplasmic and nuclear fractions, and the solution was loaded onto a spin-column to collect RNA. The bound RNA was then washed with Wash Solution A (Norgen Biotek), and the purified RNA was eluted with Elution Buffer E (Norgen Biotek). The isolated RNA was subsequently reverse-transcribed, and the relative expression level was measured by qPCR. The pairs of primers used are listed in Table 1.



RNA Fluorescence In Situ Hybridization

For FISH, the MALAT1 hybridization protocol was followed from a previous publication (31). Briefly, cells were seeded onto an autoclaved glass chamber slide at a density of 3 × 105 cells/well and incubated overnight. Cells were fixed by fixation buffer and incubated for 10 min at room temperature. For permeabilizing the cells, each well was soaked in 70% ethanol at 4°C overnight. Cells were then hybridized by fluorescein probes (tgaaccaaagctgcactgtg; Protech, Taiwan) labeled at the 5' end with a final concentration of 4 μM in hybridization buffer, and incubated at 37°C overnight. The next day, the hybridization buffer was removed, and cells were washed in phosphate-buffered saline (PBS) 3 times. Finally, the slide was mounted on a DAPI Fluoromount-G (SouthernBiotech). Images were acquired using a Zeiss LSM880 confocal microscope (Carl Zeiss AG, Gina, Germany).



Colony Formation

MCF-7 cells were seeded in a six-well plate at a density of 800 cells/well. MDA-MB-231 cells were seeded in a six-well plate at a density of 500 cells/well. After 2 weeks of incubation, cells were fixed with 600 μl 75% methanol/25% acetate (Sigma) for 10 min and washed by PBS followed by staining with 0.1% crystal violet for another 10 min. Colonies with cell numbers greater than 50 were quantified using ImageJ 1.8.0 (National Institutes of Health).



Wound Healing Assay

Cells were seeded on an Ibidi Culture-Insert (Ibidi, Martinsried, Germany) at a density of 2.5 × 104 cells/reservoir and incubated overnight. The inserts were carefully removed with sterile tweezers to create a cell-free gap. The ability of cells to migrate into the gap was captured by microphotography at indicated time points and quantified using ImageJ 1.8.0 (National Institutes of Health).



Cell Proliferation (MTT) Assay

Cells were seeded at a density of 5 × 104 cells/100 μl in a 96-well plate. After seeding 12 h, 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay solution (Sigma, St. Louis, MO, USA) (1 ml/well of a 5 mg/ml solution in PBS) was added to each well and incubated for 1 h. After incubating for 1 h, medium with MTT solution was removed and 100 μl dimethyl sulfoxide (Sigma) was added to each well to dissolve the converted purple formazan. The absorbance of formazan was measured at 570 nm using an enzyme-linked immunosorbent assay (ELISA) reader (Bio Tek, Winooski, VT, USA).



Cell Cycle

Cells were harvested by trypsinization and fixed with cold 75% ethanol at -20°C overnight. Cells were washed with PBS and resuspended in propidium iodide (PI) (Life Technologies, Carlsbad, CA, USA) solution (20 μg PI/ml, 100% Triton-X 1μl/ml, 20ng RNase/ml in PBS) for 10 min on ice. The suspension was analyzed with a Beckman Coulter FC500 cytometer (Beckman, Brea, CA, USA).



RNA Immunoprecipitation

To validate the interaction between RNA and RNA binding proteins, the Magna RIP Kit (Millipore) was used. Before lysis, cells were washed with cold PBS, and samples were harvested with cell scrapers. Then, cells were lysed in RIP Lysis Buffer (Millipore) with RNase inhibitor and protease inhibitor cocktail (Millipore), and the magnetic beads for immunoprecipitation were prepared according to the manufacturer’s instructions. The RNA binding protein-RNA complexes were immunoprecipitated with premade magnetic beads at 4°C with overnight agitation. After washing the beads with ice-cold RIP Wash Buffer (Millipore), the RNA binding proteins were digested with proteinase K at 55°C for 30 min with shaking. The purified RNA was isolated with TRIzol reagent (Ambion, Thermo Fisher) and reverse-transcribed, and the relative gene expression level was measured by qPCR. The pairs of primers used are listed in Table 1.



Statistical Analysis

Statistical analysis was carried out using Microsoft Excel to assess differences between experimental groups. All results were reported as means ± SDs for at least 3 independent experiments. Statistical significance was analyzed by Student’s t test and expressed as a P value. P values lower than 0.05 were considered to indicate statistical significance.




Results

To investigate endogenous expression levels of MALAT1, we first determined the expression of MALAT1 in several breast cell lines, including MCF-10A (non-cancerous mammary gland epithelial cell), MCF-7 (luminal A cancer), and MDA-MB-231 (triple negative cancer) (Figure 1A). The expression levels of MALAT1 in MDA-MB-231 cells were significantly (P < 0.05) higher than those in MCF-10A and MCF-7 cells. Also, the relative expression levels of MALAT1 in MCF-7 cells under hypoxia or CoCl2 treatment were examined by qPCR. The relative expression of MALAT1 in MDA-MB-231 cells (Figure 1B) and MCF-7 cells (Figure 1C) under hypoxia were significantly (P < 0.05) up-regulated. MALAT1 was similarly up-regulated in MCF-7 cells treated with CoCl2, which mimics hypoxia (Figure 1D).




Figure 1 | MALAT1 is up-regulated under hypoxia in breast cancer cells. (A) Relative endogenous expression levels of MALAT1 in MCF-10A, MCF-7, and MDA-MB-231 cells. The expression levels were measured by qPCR. (B, C) Relative expression levels of MALAT1 in MDA-MB-231 (B) and MCF-7 (C) cells under hypoxia. (D) Relative expression levels of MALAT1 in MCF-7 cells treated with CoCl2. Data shown are the means ± SDs (n=3). *P < 0.05.



Since MALAT1 was significantly up-regulated under hypoxia, we hypothesized that this effect was triggered by HIFs. In order to mimic HIF1A or HIF2A overexpression, we transfected a degradation-resistant HIF1A mutant (pcDNA3-HIF-1α-P402A/P564A) (Figure 2A) or HIF2A mutant (pcDNA3-HIF-2α-P405A/P531A) (Figure 2B) into MCF-7 cells under normoxia to observe the effects of HIF-1α and HIF-2α on MALAT1 expression. The RNA expression levels of MALAT1 were increased significantly (P < 0.05) when either HIF1A or HIF2A was overexpressed (Figures 2C, D). To further investigate how HIF-1A or HIF2A increased MALAT1 expression, the promoter sequence analysis revealed that there was one putative HRE ([A/G]CGTG) located at -235 to -231 bp relative to the transcription start site of MALAT1. Therefore, the promoter region of MALAT1 (-2,000 to -1 bp) was inserted into the pGL3-basic vector carrying the firefly luciferase gene. In addition, to validate the putative HRE site, the HRE sequences were mutated from GCGTG to TGTAT (Figure 2E). Overexpression of HIF-1A (Figure 2F) or HIF-2A (Figure 2G) both increased the luciferase activity, and the HRE site mutation significantly (P < 0.05) decreased both luciferase activities (Figures 2F, G). These results indicate that both HIF-1α and HIF-2α up-regulate the transcriptional levels of MALAT1 by binding to the HRE in its promoter. Furthermore, when MALAT1 was knocked down by shRNA, the expression levels of HIF-1A and HIF-2A were significantly up-regulated, suggesting the negative feedback of MALAT1 on HIF-1A and HIF-2A (Figure 2H).




Figure 2 | HIF-1α and HIF-2α up-regulate the transcriptional levels of MALAT1. (A) Western blot analysis of HIF-1α in MCF-7 cells over-expressing HIF-1α-P402A/P564A under normoxia. (B) Western blot analysis of HIF-2α in MCF-7 cells over-expressing HIF-2α-P405A/P531A under normoxia. (C, D) Relative expression levels of MALAT1 in MCF-7 cells overexpressing HIF-1α-P402A/P564A (C) or HIF-2α-P405A/P531A (D). The expression levels were measured by qPCR. (E) Schematic diagram of the putative HRE ([A/G]CGTG; -235 ~ -231 bp) in the promoter region (-2,000 ~ -1 bp) of MALAT1. (F, G) Luciferase reporter assays of wild-type (WT) and mutant (mt) MALAT1 promoters in HEK-293T cells overexpressing HIF-1α-P402A/P564A (F) or HIF-2α-P405A/P531A (G). HEK-293T cells were transfected with HIF-1α or HIF-2α expressing plasmids, firefly luciferase plasmids, and Renilla luciferase vectors. The relative firefly luciferase activity was measured and normalized to Renilla luciferase activity. All data shown are the means ± SDs (n = 3). *P < 0.05. (H) Relative expression levels of MALAT1, HIF1A, and HIF2A in MCF-7 cells transduced with shMALAT1.The expression levels were measured by qPCR. Loading control: 18S rRNA. **P < 0.01. *P < 0.05.



To determine whether MALAT1 could serve as a miRNA sponge to modulate cell functions, we first investigated the distribution of MALAT1 in MCF-7 cells and MDA-MB-231 cells under normoxia (Figures 3A, B) and hypoxia (Figures 3E, F). The positive control for nuclear function was BCAR4, and for cytoplasmic function was GAPDH. Surprisingly, MALAT1 was mainly distributed in the cytoplasm, not the nucleus. To confirm this phenomenon, we also investigated the distribution of MALAT1 in lung cancer cell lines A549 and H1299 under normoxia, because MALAT1 was reported to be a highly abundant nuclear transcript in these cells (Figures 3C, D) (18, 32, 33). Yet, similar results were observed in lung cancer cells. Nuclear-cytoplasmic RNA fractionation assays indicated that MALAT1 was mainly located in the cytoplasm of MCF-7 cells and MDA-MB-231 cells either under normoxia or hypoxia. Furthermore, RNA FISH was used to determine the location of MALAT1 (Figure 3G). These results also showed that MALAT1 is mainly located in the cytoplasm in MCF-7 cells and MDA-MB-231 cells.




Figure 3 | MALAT1 is located primarily in the cytoplasm of MCF-7 and MDA-MB-231 cells under normoxia or hypoxia. (A–D) Cytoplasmic and nuclear distribution of MALAT1 in breast cancer cells [MCF-7 (A), MDA-MB-231 (B)] and lung cancer cells [A549 (C), H1299 (D)] cells under normoxia. (E, F) Cytoplasmic and nuclear distribution of MALAT1 in MCF-7 (E) and MDA-MB-231 (F) cells under hypoxia. Relative abundance of RNA was normalized to the total amount of RNA and detected by qPCR. BCAR4 and U6 snRNA: nuclear marker. GAPDH: cytoplasmic marker. Data shown are the means ± SDs (n=3). (G) RNA FISH of MALAT1. Cell nuclei were stained by Hoechst staining (blue). MALAT1 was hybridized with MALAT1-FITC probes (green) in breast cancer cell lines and detected by a Zeiss LSM880 microscope. Magnification:1,000×; Scale bar: 5 μm.



In our previous research, five differentially expressed miRNAs, including miR-378c, miR-3150a-3p, miR-3064-5p, miR-4325, and miR-7855-5p, were significantly up-regulated using NGS when MALAT1 was knocked down under hypoxia (data not shown). We hypothesized that MALAT1 may serve as a sponge to these miRNAs. To test our hypothesis, MALAT1 was first silenced in MDA-MB-231 cells by two shRNAs targeted to different sites of MALAT1. MALAT1 expression levels were significantly (P < 0.05) down-regulated when MALAT1 was knocked down under hypoxia (Figure 4A). Next, the expression levels of these five miRNAs were validated by qPCR when MALAT1 was knocked down under hypoxia (Figure 4B). The results showed that the expression levels of miR-3064-5p, miR-3150, miR-4325, and miR-7855-5p were significantly (P < 0.05) up-regulated when MALAT1 was knocked down under hypoxia. Furthermore, the expression levels of miR-3064-5p, miR-3150, miR-4325, and miR-7855-5p were significantly down-regulated when MALAT1 was overexpressed (Figures 4C, D). These results indicate that the expression levels of MALAT1 are negatively correlated with those of miR-3064-5p, miR-3150, miR-4325, and miR-7855-5p.




Figure 4 | The inverse relationship between expression levels of miRNAs and MALAT1. (A) Relative expression levels of MALAT1 in MDA-MB-231 cells were reduced with shRNA against MALAT1 under hypoxia. The expression levels were measured by qPCR. Loading control: 18S rRNA. (B) Relative expression levels of miRNAs in MDA-MB-231 cells transfected with shRNA against MALAT1. (C) Relative expression levels of MALAT1 in MCF-7 cells overexpressing MALAT1. Cells were transfected with pCMV-MALAT1 and the expression levels were detected by qPCR. (D) Relative expression levels of miRNAs in MCF-7 cells transfected with pCMV-MALAT1. Data shown are the means ± SDs (n=3). *P < 0.05.



To validate that MALAT1 physically bound to miRNAs and served as a miRNA sponge in breast cancer, miR-3064-5p was chosen for further experiments, because miR-3064-5p has been reported to inhibit cell proliferation and invasion in ovarian cancer and to suppress angiogenesis in hepatocellular carcinoma (34, 35). First, since argonaute2 (AGO2) protein is an essential component of the miRNA-induced silencing complex (miRISC), RIP assays using anti-AGO2 antibody were performed. As shown in Figures 5A, B, MALAT1 and miR-3064-5p were both significantly (P < 0.05) enriched with AGO2 immunoprecipitation compared with IgG control group. Next, sequence analysis of MALAT1 revealed two putative binding sites for miR-3064-5p, located at 1,279~1,302 bp (Site 1) and 7,837~7,860 bp (Site 2) relative to the transcription start site. Therefore, wild-type or mutant versions of the regions of MALAT1 (1,048~1,547 or 7,607~8,106 bp) containing the putative binding sites of miR-3064-5p were inserted into the pmiR-GLO vector (Figure 5C), and luciferase reporter assays were performed. Overexpression of miR-3064-5p mimic decreased the MALAT1 promoter-mediated luciferase activity, but the luciferase activity was rescued only by the site 2 mutation, not the site 1 mutation (Figures 5D, E). Taken together, these results indicate that miR-3064-5p regulates MALAT1 directly by binding at 7,837~7,860 bp of MALAT1.




Figure 5 | MALAT1 binds to miR-3064-5p directly. (A, B) RIP using antibody against AGO2. The relative RNA levels of MALAT1 (A) and miR-3064-5p (B) were quantified and normalized to the IgG group using qPCR. Input: positive control; IgG: negative control. (C) Schematic representation of firefly reporter constructs containing the fragments of Site 1 (1,279~1,302 bp) and Site 2 (7,837~7,860 bp) of MALAT1, and mutants with mutation at the binding sites of miR-3064-5p. (D, E) Luciferase reporter assays of MALAT1 fragment with wild-type or mutant (m) Site 1 (D) or Site 2 (E) in cells overexpressing miR-3064-5p mimic. HEK-293T cells were transfected with miR-3064-5p mimic and firefly/Renilla plasmids. The relative firefly luciferase activity was measured and normalized to Renilla luciferase activity. Data shown are the means ± SDs (n=3). *P < 0.05.



Since more expression of MALAT1 was observed in MDA-MB-231 cells, we studied the functional effects of MALAT1 knockdown on cell proliferation, cell migration, colony formation, and cell cycle distribution in MDA-MB-231 cells. The effect of MALAT1 on cell proliferation was examined by MTT assays. MDA-MB-231 cells with MALAT1 knockdown had significantly (P < 0.05) decreased cell proliferation (Figure 6A). Next, the effects of MALAT1 on cell migration were examined by wound healing assays. MDA-MB-231 cells with MALAT1 knockdown had significantly (P < 0.05) decreased cell migration (Figure 6B). Long term effects of MALAT1 on cell proliferation were observed through colony formation assays. MDA-MB-231 cells with MALAT1 knockdown had significantly decreased colony numbers (Figure 6C). Lastly, the effects of MALAT1 on cell cycle distribution were examined by flow cytometry. In MALAT1 knockdown cells, the percentage of cells in G1 phase significantly increased as compared to the empty vector controls (Figure 6D). Conversely, the percentage of cells in the S and G2/M phases decreased. Taken together, these data show that MDA-MB-231 cells with MALAT1 knockdown had significantly decreased ability to multiply, migrate, and colonize, suggesting that breast tumor malignancy could be mediated by MALAT1.




Figure 6 | Knockdown of MALAT1 decreases proliferation and metastasis in MDA-MB-231 cells. (A) Measurement of cell proliferation using MTT assays. Cell growth was measured in MDA-MB-231 cells transduced with lentivirus which expresses shRNA against MALAT1. The proliferation rate was normalized to day zero. (B) Wound healing assay. Left: Representative pictures of wound healing assays. After 24 h of transduction, wound healing was photographed at 0, 12, and 24 h. Right: Migration ability was quantified as reduction in wound size at 24 h. (C) Colony formation assay. Top: Representative pictures of colony formation assays. Colonies with cell numbers more than fifty were counted. Bottom: Quantification of results. (D) Cell cycle distribution by flow cytometry. Top: Representative diagrams of flow cytometry. After 48 h of transfection, cells were harvested and stained with PI. Bottom: Quantification of results as the percentage of cells in each phase of the cell cycle. All data shown are the means ± SDs (n = 3). *P < 0.05.



Finally, considering that the endogenous expression levels of MALAT1 in MCF-7 cells were lower than in MDA-MB-231 cells, we also studied the functional effects of overexpressing MALAT1 in MCF-7 cells. MCF-7 cells with MALAT1 overexpression had significantly increased cell proliferation (Figure 7A), cell migration (Figure 7B), and ability to form colonies (Figure 7C). However, in MALAT1 overexpressing cells, the distribution of cells in each phase of the cell cycle showed no significant differences as compared to empty controls (Figure 7D). These data confirm that MALAT1 overexpression leads to characteristics associated increased tumor malignancy in MCF-7 cells.




Figure 7 | Overexpression of MALAT1 promotes proliferation and migration in MCF-7 cells. (A) Measurement of cell proliferation using MTT assays. Cell growth was measured in MCF-7 cells overexpressing MALAT1. The proliferation rate was normalized to day zero. (B) Wound healing assay. Left: Representative pictures of wound healing assays. After 24 h of transfection, wound healing was photographed at 0, 12, and 24 h. Right: Migration ability was quantified as reduction in wound size at 24 h. (C) Colony formation assay. Top: Representative pictures of colony formation assays. Colonies with cell numbers more than fifty were counted. Bottom: Quantification of results. (D) Cell cycle distribution by flow cytometry. Top: Representative diagrams of flow cytometry. After 48 h of transfection, cells were harvested and stained with PI. Bottom: Quantification of results as the percentage of cells in each phase of the cell cycle. (E) A proposed model for illustrating the regulatory mechanisms and function of hypoxia-induced lncRNA MALAT1 in breast cancer cells. All data shown are the means ± SDs (n = 3). *P < 0.05.



Taken together, these data suggested that hypoxia-responsive long non-coding MALAT1 could be transcriptionally activated by HIF-1α and HIF-2α, act as a miRNA sponge of miR-3064-5p, and promote tumor growth and migration in breast cancer cells (Figure 7E).



Discussion

In this study, we demonstrated that MALAT1 was up-regulated under hypoxia in breast cancer cells. Luciferase reporter assays showed that HIF-1A and HIF-2A both increased the transcriptional activity of MALAT1. Next, the nuclear and cytoplasmic fractionation assays and FISH indicated that MALAT1 was mainly located in the cytoplasm. Four hypoxia-responsive miRNAs, including miR-3064-5p, miR-3150, miR-4325, and miR-7855-5p, had reverse relationships with the expression of MALAT1. In addition, RIP assays using antibody against AGO2 showed that MALAT1 served as a miRNA sponge for miR-3064-5p. Lastly, functional assays revealed that MALAT1 could promote breast cancer cell aggressiveness, by increasing proliferation and migration and altering cell cycle distribution.

LncRNAs are known to play a crucial role in carcinogenesis (36). For example, the lncRNA PRLB promotes tumorigenesis through regulating the miR-4766-5p/SIRT1 axis (37). LncRNA HIFCAR/MIR31HG was found to be a HIF-1α co-activator that promoted oral cancer progression (38). LncRNA UCA1 promoted proliferation, migration, and immune escape and inhibited cell apoptosis in gastric cancer (39). Our results revealed that the endogenous expression levels of MALAT1 in MDA-MB-231 metastatic breast cancer cells were higher than in normal MCF-10A breast epithelial cells and in less aggressive MCF-7 breast cancer cells (Figure 1A), suggesting that MALAT1 plays a role in the oncogenic characteristics in breast cancer. Another study reported similar results, that MALAT1 expression levels were significantly higher in tumor tissues as compared with adjacent noncancerous tissues (40).

So far, some lncRNAs have been confirmed to respond to hypoxia in several malignant tumors and to regulate gene expression to adjust to microenvironments deficient in oxygen (41–44). Recent RNA-seq results showed that >100 lncRNAs, including H19, MIR210HG, and MALAT1, were up-regulated in human umbilical vein endothelial cells under hypoxia (45). We found that MALAT1 was also up-regulated in hypoxia in breast cancer cells (Figure 1). Similarly, MALAT1 was reported to be induced in hypoxia and to regulate polypyrimidine tract-binding protein (PTB)-associated splicing factor transcriptionally in A549 lung cancer cells (46). In hypoxia, HIF-1 is known to function as an oxygen-regulated transcriptional activator that is expressed ubiquitously and plays essential roles in mammalian development, physiology, and disease pathogenesis (47–49). Unlike the ubiquitously expressed HIF-1α, HIF-2α is mainly expressed in endothelial cells (50). Some genes are regulated only by HIF-2α and not HIF-1α in cancer. In our results, ectopic expression of both HIF-1α or HIF-2α increased MALAT1 expression (Figures 2C, D). Furthermore, promoter analysis revealed that there is one putative HRE in the MALAT1 promoter (Figure 2E). Our results revealed that both HIF-1α and HIF-2α could up-regulate expression of MALAT1 by binding to its promoter. Several studies have revealed evidence that MALAT1 promotes arsenite-induced glycolysis in human hepatic L-02 cells through HIF-1α stabilization (51). Our results suggest that HIF-2α could also regulate cell functions by modulating the expression of noncoding RNAs, such miRNA and lncRNA. This is consistent with the finding that the HIF-2α/MALAT1/miR-216b axis up-regulated autophagy to promote multi-drug resistance in hepatocellular carcinoma cells (52).

Furthermore, the negative feedback loop of MALAT1 on HIF-1A and HIF-2A was discovered in this study (Figure 2H). MALAT1 was reported to increase HIF-1α expression by blocking the ubiquitin-proteasome pathway in arsenite-induced glycolysis (53). Also, a positive feedback loop between MALAT1 and HIF-2α was discovered in arsenite induced hepatocellular carcinomas (54). Our results extend the current understanding regarding the reciprocal regulation between MALAT1 and HIF-1A as well as MALAT1 and HIF-2A.

Initially, MALAT1 was identified as being up-regulated in primary human non-small cell lung cancer cells with heightened metastatic potential (15). Also early in its history, MALAT1 was found to be abundant in neurons and to modulate synaptogenesis by regulating gene expression in cultured hippocampal neurons (55). In one study, MALAT1 was called noncoding nuclear-enriched abundant transcript 2 (NEAT2), indicating its nuclear abundance in several cancer cell lines, and its role in alternative splicing regulation (46). For a long time, MALAT1 was considered to be a nuclear marker in certain cancer cell lines (18, 32, 33), especially cancers with aggressive metastatic tumors (15), and it has been shown to be involved in proliferation and invasion of lung cancer cells (56) and cervical cancer cells (57). However, the results of our nuclear-cytoplasmic RNA fractionation assays indicated that MALAT1 was mainly located in the cytoplasm of MCF-7, MDA-MB-231, A549, and H1299 cells, under either normoxia or hypoxia (Figure 3). These results are consistent with recent studies showing that MALAT1 was located in the cytoplasm in human hepatocellular carcinoma cells, monocytes, and human pulmonary microvascular endothelial cells (29, 30, 35). Therefore, the labeling of MALAT1 as a nuclear marker should be done with the caveat that this status is dependent on the cell type.

LncRNAs and miRNAs can work cooperatively to mediate gene expression via post-transcriptional mechanisms. Since MALAT1 was mainly in the cytoplasm of breast cancer cells, we hypothesized that MALAT1 may serve as a miRNA sponge. In this study, we showed that four hypoxia-responsive miRNAs (miR-3064-5p, miR-3150a-3p, miR-4325, and miR-7855-5p) had negative correlation with the expression MALAT1 (Figure 4). Furthermore, MALAT1 was enriched in RIP assays using antibody against AGO2 (Figure 6A). The results of luciferase reporter assays also indicated that miR-3064-5p regulated MALAT1 directly by binding at 7,837~7,860 bp relative to the transcription start site of MALAT1. However, mutation of this site on MALAT1 did not fully rescue the luciferase activity (Figure 5E), suggesting that miR-3064-5p may target other sites of MALAT1. Other references have also reported that MALAT1 could serve as a miRNA sponge. For example, MALAT1 functioned as a competing endogenous RNA (ceRNA) by sponging miR-3064-5p, which alleviated the suppressive effect on angiogenesis in human hepatocellular carcinoma via the FOXA1/CD24/Src pathway (35). MALAT1 targeted miR-150-5p to exacerbate acute respiratory distress syndrome by upregulating ICAM-1 expression (29). MALAT1 bound miR-23a to suppress inflammation in septic mice (30).

In our experiments, MALAT1 was shown to promote cell proliferation and migration in MFC7 and MDA-MB-231 cells (Figures 6, 7). When MALAT1 was knocked down in MDA-MB-231 cells, the percentage of G1 phase of cell cycle significantly increased, indicating that silencing of MALAT1 resulted in G1 arrest. However, the downstream genes of MALAT1/miRNA-3064-5p that influence the functions of breast cancer cells are still unknown. In the future, we can use predictive tools to investigate the target genes of miRNA-3064-5p and validate these genes experimentally. Also, an animal model is needed to confirm the role of the MALAT1/miR-3064-5p pathway in breast cancer. Since the suppressive role of Malat1 on metastatic ability of breast cancer in mouse has been reported (58), more experiments in animal studies and clinical trials are still warranted to explore the MALAT1 pathway as a therapeutic target for breast cancer.
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Long Non-coding RNA RUNDC3A-AS1 Promotes Lung Metastasis of Thyroid Cancer via Targeting the miR-182-5p/ADAM9
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Long non-coding RNAs (lncRNAs) have been identified as influential indicators in variety of malignancies. Among which, LncRNA RUNDC3A-AS1 is reported to upregulate in thyroid cancer. However, the expression pattern and the pathological function of lncRNA RUNDC3A-AS1 in thyroid cancer is unclear. In this study, we examined the expression levels of lncRNA RUNDC3A-AS1 in the thyroid cancer tissues and cell lines via RT-qPCR analysis. The effects of RUNDC3A-AS1 on thyroid cancer cell metastasis were detected by transwell chamber assay, scratch assay in vitro and lung metastasis model in vivo. The results indicated that RUNDC3A-AS1 was highly expressed in the thyroid cancer tissues and cell lines. Functionally, knockdown of RUNDC3A-AS1 could repress the migration and invasion of thyroid cancer cells in vitro, and inhibit thyroid cancer metastasis to lung in vivo. Mechanistically, RUNDC3A-AS1 served as an inhibitor of miR-182-5p in tumor tissues and cell lines. RUNDC3A-AS1 inhibited the expression of miR-182-5p to increase the expression level of ADAM9, thus further aggravating the malignancy of thyroid cancer. Therefore, the RUNDC3A-AS1/miR-182-5p/ADAM9 axis may be a potential therapeutic target for the treatment of thyroid cancer metastasis.
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INTRODUCTION

Thyroid carcinoma (TC) is the most common endocrine malignancy and its incidence is annually increasing in the world (Yapa et al., 2017; Baloch and LiVolsi, 2018). According to pathological types, thyroid cancer can be classified into papillary thyroid cancer (PTC), follicular thyroid cancer (FTC), and anaplastic thyroid cancer (ATC). Among them, PTC accounts for 75–80% and thus is the predominant thyroid cancer (La Vecchia et al., 2015; Mao and Xing, 2016). At present, chemotherapy, surgical resection and radioactive iodine treatment are the main treatments for thyroid cancer (Applewhite et al., 2016; Cabanillas and Habra, 2016; Kim and Kim, 2016), but undesirable side effects of chemotherapy and thyroid surgery-related complications seriously affect the life quality of patients (Applewhite et al., 2016; Giuffrida et al., 2016). However, the molecular mechanism of thyroid carcinoma pathogenesis is unclear (Zaballos and Santisteban, 2017). Therefore, it is urgent to better understand the molecular mechanism of initiation and progression of thyroid cancer, which may contribute to the diagnosis and treatment of this cancer.

Over the past decades, a large number of non-coding transcripts are transcribed from human genome (Derrien et al., 2012). After annotation of these non-coding transcripts, numerous non-coding RNAs such as microRNAs, long non-coding RNAs (lncRNAs) and pseudogenes have been discovered (Harrow et al., 2012; Pei et al., 2012). Long non-coding RNAs (IncRNAs) are a group of non-coding RNAs composed of >200 nucleotides, which possess multiple biological functions, including the regulation of cell cycle and cellular differentiation (Ponting et al., 2009). Recent studies have revealed that lncRNAs exert an important role in the development and progression of various cancers (Zhang et al., 2016; Huang et al., 2018; Li et al., 2019; Qi et al., 2019). At present, some lncRNAs have been reported expression abnormally in thyroid cancer, such as lncRNA H19, lncRNA LINC00271, and lncRNA HAS2-AS1 (Luo et al., 2017; Wang et al., 2017). Accumulating studies have reported that the thyroid cancer patients with higher RUNDC3A-AS1 can decrease the survival rate (Guo et al., 2019; Lu et al., 2018). Nevertheless, to date, the functional role of this lncRNA in the metastasis of thyroid cancer is unclear.

In this study, we revealed that the key functions of RUNDC3A-AS1 on the migration and invasion of thyroid cancer in vitro and in vivo. We found that RUNDC3A-AS1 was highly expressed in thyroid cancer tissues and cell lines. Knockdown of RUNDC3A-AS1 decreased cell migration and invasion of thyroid cancer and alleviated tumor metastasis to lung through regulation of miR-182-5p/ADAM9 axis. Therefore, the main objective of the study was to decipher the roles of RUNDC3A-AS1-miR-182-5p-ADAM9 pathways in thyroid cancer, thereby providing a novel molecular mechanism correlated with the pathology of thyroid cancer and may provide a new direction for the treatment of thyroid cancer metastasis.



MATERIALS AND METHODS


Collection of Tissue Specimens

All the thyroid cancer tissues and paired peritoneal tissues (n = 30) were obtained from patients (13 males and 17 females) with thyroid cancer diagnosed between May 2018 and October 2019 at the Affiliated Cancer Hospital of Nanjing Medical University and Jiangsu Cancer Hospital and Jiangsu Institute of Cancer Research. The average age of male patients were 43.6 years (range, 36–48 years) and the average age of female patients were 45.2 years (ranges, 38–51 years). The inclusion criteria were as follows: all patients didn’t receive any therapy (radiotherapy or chemotherapy) before surgery, final diagnosis confirmed by routine pathological examination and the age range 30–55 years. All the protocols for the usage of patient samples were approved by the Medical Ethics Committee of the Affiliated Cancer Hospital of Nanjing Medical University and Jiangsu Cancer Hospital and Jiangsu Institute of Cancer Research. Informed consent was signed by all patients who participated in the study. The research was conducted in accordance with the World Medical Association Declaration of Helsinki.



Cell Culture and Treatment

Human normal thyroid cell line Nthy-ori3-1 (derived from human thyroid follicular epithelial normal cells) and human thyroid cancer cell lines (BC-PAP, K1, and TPC-1) were purchased from Chinese Academy of Sciences, Shanghai Institute of Biochemistry and Cell Biology (Shanghai, China). Cells were cultured in Roswell Park Memorial Institute (RPMI, Keygen, Nanjing, China) 1640 complete medium supplemented with 10% fetal bovine serum (FBS), 100 U/mL penicillin and 100 μg/mL streptomycin in an incubator at 37°C with 5% CO2 and saturated humidity. The CO2 cell incubator purchased from Forma Scientific UK. ABI7300 fluorescence quantitative PCR instrument was purchased from Applied Biosystems Inc.



RNA Extraction and RT-qPCR

We used TRIZOL reagent (Thermo Fisher Scientific, United States) to extract total RNA by in cells and tissues. Taqman probes (Thermo Fisher Scientific, United States) were used to quantify miRNAs. Briefly, 1 μg of total RNA was transcribed to cDNA using AMV reverse transcriptase (Takara, Japan) and a RT primer. The reaction conditions were: 16°C for 30 min, 42°C for 30 min, and 85°C for 5 min. RT-q PCR was performed using a Taqman PCR kit on an Applied Biosystems 7300 sequence detection systems (Thermo Fisher Scientific, United States). The reactions were performed in a 96-well plate at 95°C for 10 min, followed by 40 cycles of 95°C for 10 s and 60°C for 1 min. The primer set for each gene is listed below. RUNDC3A-AS1, forward 5’-GAUCAAUACCAAUACGACA-3’, reverse 5’-UUGGAUAUCUAGUUAACUC-3’; miR-182-5p, forward 5’-ACACTCCAGCTGGGTTTGGCAATGGTAGAA CTCAC-3’, reverse 5’-CTCAACTGGTGTCGTGGA-3’; ADAM9, forward 5’-CCCCCAAATTGTGAGACTAAG-3’, reverse 5’-TCC CGTCCCTCAATGCAGTAT-3’; U6 forward 5’-CTCGCTT CGGCAGCACA-3’, reverse 5’-AACGCTTCACGAATTTGCGT-3’; GADPH forward 5’-AATCCCATCACCATCTTC-3’, reverse 5’-AGGCTGTTGTCATACTTC-3’.

U6 and GADPH were used as an internal control. PCR products were electrophoresed on 1.5% agarose gel. The fold change in gene expression was calculated using 2–Δ Δ CT method after normalizing to the expression level of U6 and GADPH.



Cell Counting Kit-8 Assay

The number of viable cells of K1 and TPC-1 was detected by the CCK-8 (Keygen, Nanjing, China). In short, the cells adjusted to the appropriate concentration were inoculated on 96-well plates and treated accordingly. Then, each well was added with CCK-8 solution and incubated for 2 h in the dark. Finally, the optical density at 450 nm was measured.



Clone Formation Assay

The cells were seeded in 6-well plates at a density of 200 cells each well. The transfected cells were kept at 37oC in 5% CO2 for 14 days, and the medium was changed every 2 days. The forming colonies were fixed using 70% ethanol, followed by staining with 0.5% crystal violet. The colony consisting of 50 cells were counted using Image J software (NIH, Bethesda, MD, United States).



Scratch Assay

When cells reached 90% confluence, a single wound was created and phase-contrast images were digitally photographed 24 and 48 h after incubation. The original opening distances of the wound were set as 100%. The opening distances after 24 or 48 h were measured from three areas randomly selected per well, and the distances in three wells of each group were quantified and normalized by the original opening distances. The experiment was performed three times in triplicate, and the percentage of the migration rate was calculated by measuring the length of cell migration and expressed as a percentage compared to the control group. Migration rates = (treatment group cell migration distance/control group migration distance) × 100%.



Transwell Chamber Assay

An 8μm pore size transwell chamber mixed with Matrigel (Keygen, Nanjing, China) was used for transwell chamber assay. Cells were digested and counted. A total of 1 × 106 cells in 100 μL medium supplemented without FBS were plated in the upper chamber and 500 μL medium supplemented with 10% FBS was covered on the bottom chambers as chemo attractant. After 24 h incubation in a humidified incubator, non-migratory cells on the upper membrane surface were carefully removed, and those on the bottom surface were fixed with 4% polyoxymethylene (Sigma, MO, United States) and stained with 0.1% crystal violet (Sigma, MO, United States) for 15 min. Cells were counted by photographing 5 random fields under a microscope (BX53, Olympus, Tokyo, Japan) at 400 × magnification and images were record.



Western Blot Assay

The cells were lysed with RIPA kit (Beyotime, Shanghai, China). Proteins were isolated from the cell lysis buffer and quantified using the BCA protein assay kit (Beyotime, Shanghai, China). After that, Equal amount of protein (30 μg) proteins were separated by 10% SDS-PAGE gel and transferred onto a nitrocellulose membrane by means of wet transfer. Membrane blockade was conducted 5% BSA for 1 h at room temperature and incubated with primary antibodies (1:1,000, Abcam, Cambridge, MA, United Kingdom): rabbit antibodies to Cox-2 (ab15191), MMP-2 (ab97779), MMP-9 (ab38898), E-cadherin (ab40772), N-cadherin (ab18203), Snail + Slug (ab180714), ADAM9 (ab186833), and β-actin (ab8227) overnight at 4°C. The membranes were then incubated with the horseradish peroxidase (HRP)-conjugated goat anti-rabbit secondary antibody to IgG (1:5,000, Abcam, Cambridge, MA, United Kingdom). The results were visualized with an exposure machine, with β-actin regarded as an internal control. The film was scanned, the gray value was measured using the Wes automatic protein blot quantification analysis system, after which the relative ratio was calculated and subsequently compared with the internal reference. The experiment was repeated 3 times in each group.



Dual-Luciferase Reporter Gene Assay

Bioinformatics prediction website was used to ascertain as to whether binding sites existed between RUNDC3A-AS1 and miR-182-5p as well as between miR-182-5p and 3’-untranslated region (3’-UTR) of ADAM9. Next, pmirGLO dual-luciferase miRNA target expression vector (Keygen, Nanjing, China) was performed to construct wild type-RUNDC3A-AS1 (Wt-RUNDC3A-AS1) and mutant type- RUNDC3A-AS1 (Mut-RUNDC3A-AS1) vectors. The binding site between RUNDC3A-AS1 and miR-182-5p was determined by means of dual-luciferase reporter gene assay. A full length ofRUNDC3A-AS1 gene was inserted between the two enzyme sites, XhoI and XbaI. The PCR products were detached by XhoI and XbaI and sub-cloned into thepsiCHECK-2 vector. The cells were seed into a 6-well plate with 1 × 106cells per well and transfected in accordance with the aforementioned method. The successfully transfected cells were collected after a 48 h culture period. The effects ofmiR-182-5p on luciferase activity of 3’-UTR of ADAM9 was detected based on the instructions provided by the dual-luciferase detection kit (Keygen, Nanjing, China). Glomax20/20 luminometer (Yuanpinghao, Beijing, China) was utilized for fluorescence intensity determination. The experiment was repeated 3 times.



Immunocytochemistry

After K1 cells and TPC-1 cells were treated, cells were fixed in 4%paraformaldehyde for 15 min at room temperature. The fixed cells were blocked for1 h with 5% normal goat serum in PBS and incubated with a diluted solution of the primary antibody (1:100, ab71333, Abcam, MA, United States) at 4°C overnight. Cells were then washed in PBS for 3 times and incubated for 1 h with secondary biotin-labeled goat anti-rabbit antibody to immunoglobulin G (1:1,000, ab6721, Abcam, MA, United States). Nuclei were counterstained with 4’, 6-diamidino-2-phenylindole (DAPI) (Beyotime Biotechnology, Shanghai, China). Preparations were then observed with a fluorescent microscope (Leica DM16000B, Germany) and images were record.



Subcellular Fractionation and Localization

Nuclear and cytosolic fractions were separated using the Nuclear and Cytoplasmic Extraction Kit (Beyotime Biotechnology, Shanghai, China). Cells (1 × 107) were harvested, resuspended in 1 mL of Nc-buffer A and 55 μL of Nc-buffer B, and incubated for 20 min on ice. Cells were then centrifuged for 15 min at 1,2000 r, the resulting supernatants (containing the cytoplasmic component) and nuclear pellets were used for RNA extraction. The extracted nuclear and cytoplasmic protein fractions were analyzed by RT-qPCR.



Mouse Xenograft Model

K1 cells stably transfected with sh-lncRNA RUNDC3A-AS1, sh-NC or empty vector in PBS were injected into tail vein (1 × 106 cells/mouse) of adult (6-week-old) BALB/c nude mice. Every group has 6 mice for experiment. The metastasis was observed at 8 weeks after injection. All animals were raised in the Medical Ethics Committee of the Affiliated Cancer Hospital of Nanjing Medical University & Jiangsu Cancer Hospital & Jiangsu Institute of Cancer Research. After the experiment, the mice in each group were euthanized by CO2 asphyxiation to obtain specimens. Half of every tumor was fixed by 4% paraformaldehyde for histomorphological analysis, and half was stored in liquid nitrogen for further study. All of the animal experiments conformed to the Guide for Care and Use of Laboratory Animals, and were approved by the Institutional Committee of Laboratory Animal Experimentation at the Medical Ethics Committee of the Affiliated Cancer Hospital of Nanjing Medical University and Jiangsu Cancer Hospital and Jiangsu Institute of Cancer Research.



Hematoxylin Eosin (HE) Staining Assay

The lung tissues slices were stained with hematoxylin for 5 min, then rinsed for 1 min, and returned to blue by 1% ammonia (30 s). Afterward, slices were flushed with running water (1 min). Furthermore, slices were stained by 0.5% HE (for 1 min), rinsed (for 30 s), made into transparent, and finally mounted with neutral gum.



Masson Staining Assay

Isolated lung tissues were fixed in 4% neutral formalin and embedded in paraffin. Then the sections (5 μm) were stained with Masson trichrome solutions. Images were obtained using a light microscope (BX53, Olympus, Tokyo, Japan).



Statistical Analysis

All experiment data were analyzed using the Statistic Package for Social Science (SPSS) 19.0 statistical software (IBM Corp., Armonk, NY, United States). The experiments were repeated 3 times. Measurement data were expressed as mean ± standard deviation (SD). Comparisons between two groups were analyzed by t-test. Comparisons among multiple groups were analyzed by one-way analysis of variance (ANOVA), and tumor volumes at different time points were compared by repeated measurement ANOVA, followed by Tukey’s post hoc test. A p < 0.05 was considered to be statistically significant.



RESULTS


The Expression Level of RUNDC3A-AS1 Is Upregulated Both in Thyroid Cancer Tissue and Its Cell Lines

To evaluate the potential regulatory roles of RUNDC3A-AS1 in thyroid cancer, we first measured its expression pattern in the 40 pairs of thyroid cancer tissues and normal tissues. RT-qPCR analysis indicated that the expression of RUNDC3A-AS1 was increased in thyroid cancer tissues, when compared with the normal tissues (Figure 1A). Moreover, the level of RUNDC3A-AS1 was elevated with the progression of the stage of thyroid cancer (Figure 1B). Additionally, by employing the TGGA database, we further analyzed the relationship between RUNDC3A-AS1 and thyroid cancer prognosis. The results showed that patients with high RUNDC3A-AS1 expression exhibited significantly lower overall survival rate than patients with low RUNDC3A-AS1 expression (Figure 1C). At last, RT-qPCR analysis was used to examine the expression level of RUNDC3A-AS1 in human normal thyroid cell line Nthy-ori3-1 and thyroid cancer cell lines (BC-PAP, K1, and TPC-1). Compared with Nthy-ori3-1 cell line, the RUNDC3A-AS1 expression in human thyroid cancer cell lines was markedly increased. Of note, since the expression levels of RUNDC3A-AS1 were higher in K1 and TPC-1 cells (Figure 1D), we selected these two cell lines for further investigation. All these results revealed that RUNDC3A-AS1 was positively correlated with thyroid cancer progression.
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FIGURE 1. The expression level of RUNDC3A-AS1 is upregulated both in thyroid cancer tissue and its cell lines. (A) The expression level of lncRNA RUNDC3A-AS1 in tumor and para-carcinoma tissues. **P < 0.01 vs. the normal tissue. (B) The relationship between expression of lncRNA RUNDC3A-AS1 and different TNM stages of thyroid cancer.*P < 0.05, vs. the normal tissue. (C) The relationship between expression of lncRNA RUNDC3A-AS1 and overall survival of thyroid cancer patients in TGGA database. (D) The expression level of lncRNA RUNDC3A-AS1 in normal thyroid cells and thyroid cancer cell lines. **P < 0.01, ***P < 0.005 vs. the Nthy-ori3-1 cell line. The data were presented as mean ± SD and the experiments were repeated 3 times.




Knockdown of RUNDC3A-AS1 Represses Proliferation, Migration, and Invasion of Thyroid Cancer Cells in vitro

In order to evaluate the effect of RUNDC3A-AS1on cell proliferation, migration and invasion, the RUNDC3A-AS1 shRNA was transfected into cells (K1 and TPC-1). The RT-qPCR analysis indicated that the expression level of RUNDC3A-AS1 was significantly decreased in the sh-RUNDC3A-AS1-transfected cells (Figure 2A). The CCK-8 and clone formation assays showed that silencing ROUNDC3A-AS1 markedly inhibited the cell proliferation in K1 and TPC-1 cells (Figures 2B,C). The results of the transwell chamber and wound scratch assays revealed that RUNDC3A-AS1 deficiency inhibited cell migration and invasion both in K1 and TPC-1 cell lines (Figures 2D,E). At the molecular level, the expression levels of Cox-2, MMP-2, and MMP-9 proteins, which were correlated with cell migration and invasion were markedly down-regulated when RUNDC3A-AS1 was knocked down (Figure 2F). In order to verify the function of silencing RUNDC3A-AS1 in cell metastasis, we detected the epithelial-mesenchymal transition (EMT) marker protein molecule epithelial-cadherin (E-cadherin, E-cad), neural cadherin (N-cadherin, N-cad), zinc finger transcription factor Snail and zinc finger transcription factor Snail2 (Slug) expression levels in K1 and TPC-1 cells. The results indicated that the E-cadherin expression was increased while the expression levels of N-cadherin, Snail and Slug were decreased in K1and TPC-1 cells when RUNDC3A-AS1 was knocked down (Figure 2G). Hence, all the above results demonstrated that RUNDC3A-AS1 knockdown could repress migration and invasion of thyroid cancer cells (K1 and TPC-1), which indicated that RUNDC3A-AS1 was a potential essential factor for the migration and invasion of thyroid cancer cells.
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FIGURE 2. Knockdown of RUNDC3A-AS1 represses proliferation, migration and invasion of thyroid cancer cells in vitro. K1 and TPC-1 cells were transfected with either RUNDC3A-AS1 shRNAs or negative control (NC) shRNAs. (A) RT-qPCR analysis of the cell transfection. (B) CCK-8 assay for cell viability. (C) Clone formation assay for cell proliferation. (D) Transwell chamber assay for cell migration and invasion. (E) Cell capacity of migration (scratch test). (F) Western blot analysis of the expression levels of migration related proteins (Cox-2, MMP-2, and MMP-9). (G) Western blot analysis of the expression levels of epithelial mesenchymal transition (EMT) marker proteins (E-cadherin, N-cadherin, Snail, and Slug). **P < 0.01, ***P < 0.005 vs. the sh-NC group. The data were presented as mean ± SD and the experiments were repeated 3 times.




RUNDC3A-AS1 Directly Binds to miR-182-5p and Downregulates the Expression of miR-182-5p

LncRNAs have been demonstrated to serve as competing endogenous RNAs (ceRNAs), which sponge miRNAs to regulate the expression of miRNAs. Firstly, we confirmed that RUNDC3A-AS1 was mainly expressed in the cytoplasm by RT-qPCR through nuclear-plasma separation experiment (Figure 3A). Moreover, to find out the specific miRNA that was regulated by lncRNA RUNDC3A-AS1, we performed bioinformatics analysis1 and dual-luciferase reporter gene assay. The results of bioinformatics analysis suggested that a promising binding site existed between RUNDC3A-AS1 and miR-182-5p (Figure 3B). A recently study reported the overexpression of miR-182-5p in papillary thyroid carcinoma compared to the levels in adjacent normal tissues (Liu et al., 2017). Thus, we first validated that the miR-182-5p expression was significantly increased in the K1 and TPC-1 cells after treating miR-182-5p mimic compared to the NC mimic group (Figure 3C). Furthermore, we investigated whether RUNDC3A-AS1 could directly regulate miR-182-5p expression in the K1 and TPC-1 cells by using luciferase reporter assay. The results revealed that the relative luciferase activity of RUNDC3A-AS1-Wt was obviously decreased by miR-182-5p mimic, whereas no significant reduction was observed in the luciferase activity of RUNDC3A-AS1-Mut (Figure 3D). Additionally, we assessed the level of miR-182-5p in thyroid cancer cells (K1 and TPC-1 cells) transfected with sh-RUNDC3A-AS1. We found that the level of miR-182-5p was increased in response to RUNDC3A-AS1 knockdown (Figure 3E). Meanwhile, we also verified miR-182-5p expression in thyroid cancer tissues and thyroid cancer cell lines. RT-qPCR analysis indicated that the expression of miR-182-5p was decreased in thyroid cancer tissues and thyroid cancer cell lines (Figures 3F,G). In addition, the expression level of RUNDC3A-AS1 in thyroid cancer tissues and thyroid cancer cell lines was negatively correlated with miR-182-5p expression (Figure 3H). Taken together, these data suggested RUNDC3A-AS1 directly bound to miR-182-5p and downregulaed the expression of miR-182-5p.
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FIGURE 3. RUNDC3A-AS1 directly binds to miR-182-5p and downregulates the expression of miR-182-5p. (A) The expression level of RUNDC3A-AS1 in nucleus and cytoplasm was analyzed by RT-qPCR. **P < 0.01 vs. the Cytoplasmic group. (B) The predicted RUNDC3A-AS1 binding sites in the region of miR-182-5p and the corresponding mutant sequence were shown. **P < 0.01 vs. the Cytoplasmic group. (C) The relationship level of miR-182-5p both in K1 and TPC-1 cells after transfected with NC mimic and miR-182-5p mimic, respectively. (D) Relative values of luciferase signal. *P < 0.05, **P < 0.01 vs. the NC mimic group. (E) The expression level of miR-182-5p both in K1 and TPC-1 cells after transfected with sh-NC and RUNDC3A-AS1 shRNAs, respectively. **P < 0.01 vs. the sh-NC group. (F) The expression level of miR-182-5p in tumor and para-carcinoma tissues. *P < 0.05 vs. the normal group. (G) The expression level of miR-182-5p in normal thyroid cells and thyroid cancer cell lines. *P < 0.05, **P < 0.01 vs. the Nthy-ori3-1 cell line. (H) A negative correction between lncRNA RUNDC3A-AS1 and miR-182-5p expression. The data were presented as mean ± SD and the experiments were repeated 3 times.




Overexpression of miR-182-5p Suppresses Migration and Invasion of Thyroid Cancer Cells in vitro

To investigate the function of miR-182-5p on cell migration and invasion, the miR-182-5p mimic was transfected into K1 and TPC-1 cells and transwell chamber assays and wound scratch were performed. The results of transwell chamber assay indicated that the number of migratory cells and invasive cells in the miR-182-5p mimic-treated group was markedly reduced compared with the NC mimic group (Figure 4A). Consistently, the wound scratch assay showed that the wound closure of the distance in the miR-182-5p mimic group was significantly decreased compared to that in the NC mimic group (Figure 4B). At the molecular level, the expression levels of Cox-2, MMP-2, and MMP-9 proteins were markedly downregulated when miR-182-5p was overexpressed (Figure 4C). Collectively, overexpression of miR-182-5p could inhibit cell migration and invasion both in the K1 and TPC-1 cell lines.
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FIGURE 4. Overexpression of miR-182-5p suppresses migration and invasion of thyroid cancer cells in vitro. K1 and TPC-1 cells were transfected with either miR-182-5p mimic or NC mimic. (A) Transwell chamber assay for cell migration and invasion. (B) Cell capacity of migration (scratch test). (C) Western blot analysis of the expression level of migration related proteins (Cox-2, MMP-2, and MMP-9). *P < 0.05, **P < 0.01 vs. the NC mimic group. The data were presented as mean ± SD and the experiments were repeated 3 times.




MiR-182-5p Targets ADAM9 and Causes Post-transcriptional Suppression

In order to explore the potential the molecular mechanism of miR-182-5p, bioinformatics analysis1 was used to predict potential target of miR-182-5p. ADAM9 was considered to be a potential target of miR-182-5p in thyroid cancer because it played an important role in tumor migration, invasion and metastasis (Xiong et al., 2015). As shown in Figure 5A, the 3’-UTR of the ADAM9 contained a putative binding site of miR-182-5p. The regulatory effect of miR-182-5p and ADAM9 was further validated by the dual-luciferase reporter gene assay. The results showed that miR-182-5p mimic was able to inhibit the luciferase activity of ADAM9-Wt compared with mimic-NC. However, no significance changes were observed in the luciferase activity of ADAM9-Mut, indicating that ADAM9 was a direct target of miR-182-5p in the K1 and TPC-1 cells (Figure 5B). Then, we detected the expression of ADAM9 in the K1 and TPC-1 cells through RT-qPCR and western blot. The results revealed that the expression level of ADAM9 markedly decreased in cells transfected with miR-182-5p mimic (Figures 5C,D). In addition, we validated the mRNA expression levels of ADAM9 in thyroid cancer tissues and thyroid cancer cell lines. RT-qPCR analysis indicated that the expression level of ADAM9 was markedly increased in thyroid cancer tissues and thyroid cancer cell lines (Figures 5E,F). Last but not the least, we analyzed the relationship among the expression levels of RUNDC3A-AS1, ADAM9 and miR-182-5p. The results suggested that the expression levels of RUNDC3A-AS1 in thyroid cancer tissues and cell lines were positively correlated with ADAM9 expression (Figure 5G), while the expression levels of miR-182-5p were negatively correlated with ADAM9 expression (Figure 5H). Therefore, ADAM9 was a target gene of miR-182-5p and was negatively regulated by miR-182-5p, while was positively regulated by RUNDC3A-AS1.
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FIGURE 5. MiR-182-5p targets ADAM9 and causes posttranscriptional suppression. (A) The predicted miR-182-5p binding sites in the region of ADAM9 and the corresponding mutant sequence were shown. (B) Relative values of luciferase signal. (C) The expression level of ADAM9 both in K1 and TPC-1 cells after transfected with NC mimic and miR-182-5p mimic, respectively. (D) Western blot analysis of the expression level of ADAM9 protein. *P < 0.05, **P < 0.01 vs. the NC mimic group. (E) The expression level of ADAM9 in tumor and para-carcinoma tissues. **P < 0.01 vs. the normal group. (F) The expression level of ADAM9 in normal thyroid cells and thyroid cancer cell lines. **P < 0.01, ***P < 0.005 vs. the Nthy-ori3-1 cell line. (G) A positive correction between lncRNA RUNDC3A-AS1 and ADAM9 expression. (H) A negative correction between miR-182-5p and ADAM9 expression. The data were presented as mean ± SD and the experiments were repeated 3 times.




LncRNA RUNDC3A-AS1 Promotes Thyroid Cancer Cell Migration and Invasion by Regulating miR-182-5p/ADAM9 Axis

To test whether miR-182-5p/ADAM9 axis was involved in RUNDC3A-AS1 promoted thyroid cancer progression, miR-182-5p inhibitors and ADAM9 shRNAs were transfected into K1 cells in the presence with RUNDC3A-AS1 shRNAs. The efficiency of miR-182-5p inhibition and ADAM9 knockdown in K1 were present in Figure 6A. The expression of miR-182-5p and ADAM9 was reduced compared to NC inhibitor group and sh-NC group, respectively. The transwell chamber and wound scratch assays indicated that miR-182-5p inhibitor could improve the ability of the migration and invasion in the K1 cells with RUNDC3A-AS1 knockdown, while these effects of RUNDC3A-AS1on the migration and invasion were partially antagonized by knockdown of ADAM9 (Figures 6B,C). At the molecular level, the expression levels of Cox-2, MMP-2 and MMP-9 proteins were markedly upregulated when miR-182-5p was inhibited and ADAM9 was knocked down (Figure 6D). Taken together, RUNDC3A-AS1 regulates thyroid cancer cell migration and invasion through miR-182-5p/ADAM9 axis.
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FIGURE 6. LncRNA RUNDC3A-AS1 promotes thyroid cancer cell migration and invasion by regulating miR-182-5p/ADAM9 axis. Either miR-182-5p inhibitor or ADAM9 shRNAs were transfected into the RUNDC3A-AS1 knockdown K1 cells. (A) RT-qPCR was performed to evaluate the efficiency of miR-182-5p inhibitor and ADAM9 knockdown. **P < 0.01 vs. the NC inhibitor group and the sh-NC group, respectively. (B) Transwell chamber assay for cell migration and invasion. (C) Cell capacity of migration (scratch test). (D) Western blot analysis of the expression level of migration related proteins (Cox-2, MMP-2, and MMP-9). **P < 0.01 vs. the sh-NC + NC inhibitor group. #P < 0.05, ##P < 0.01 vs. the miR-182-5p inhibitor + sh-NC group. The data were presented as mean ± SD and the experiments were repeated 3 times.




Knockdown of RUNDC3A-AS1 Inhibits Thyroid Tumor Metastasis to Lung in vivo

Given the inhibitory effects of lncRNA RUNDC3A-AS1 on cell migration and invasion, we next wanted to evaluate the effect of lncRNA RUNDC3A-AS1 on thyroid tumor metastasis in vivo. K1 cells transfected with sh-RUNDC3A-AS1 and sh-NC were injected into athymic nude mice via the tail vein, and the mice were imaged every week. We found that the sh-RUNDC3A-AS1 decreased the lung metastatic incidence of the K1 thyroid tumor (Figure 7A). Moreover, the mice were killed for lung metastatic analyses at 8 weeks of age. The nude mice of knockdown of RUNDC3A-AS1 were demonstrated significantly decreased lung metastatic modules compared with that of empty vector group and sh-NC group (Figure 7B). In addition, to further determine the inhibitory role of sh-RUNDC3A-AS1 in lung metastasis, HE staining and Masson staining analyses were used to observe the histopathological changes in lung tissue. As displayed in Figure 7C, knockdown of RUNDC3A-AS1 could markedly decrease the degree of lung cancer compared to the control group and sh-NC group. Furthermore, masson staining analysis revealed that the degree of pulmonary fibrosis of the knockdown of RUNDC3A-AS1 group was decreased significantly compared with that in control group and sh-NC group (Figure 7D). RT-qPCR detected the expression of RUNDC3A-AS1, miR-182-5p and ADAM9 in metastatic tumors, Figure 7E shown that the miR-182-5p expression was upregulated and ADAM9 was downregulated when RUNDC3A was blocked in vivo. In conclusion, lncRNA RUNDC3A-AS1 could promote thyroid tumor metastasis to lung in vivo.
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FIGURE 7. Knockdown of RUNDC3A-AS1 inhibits thyroid tumor metastasis to lung in vivo. K1 cells transfected with sh-RUNDC3A-AS1 and sh-NC were injected into athymic nude mice via the tail vein. (A) The incidence of lung metastasis in K1 thyroid tumor. (B) The images of lung metastasis of sh-NC and sh-RUNDC3A-AS1 groups by stereo fluorescence microscope and lung metastasis analysis of sh-NC and sh-RUNDC3A-AS1 groups. (C) Hematoxylin eosin (HE) staining assay. (D) Masson staining assay. (E) RT-qPCR detected the expression of RUNDC3A-AS1, miR-182-5p, and ADAM9 in indicated groups. ***P < 0.001 vs. the sh-NC group.




DISCUSSION

Previous studies have shown that thyroid cancer is the most common endocrine malignancy in the world (Yapa et al., 2017; Baloch and LiVolsi, 2018). Over the past few decades, studies have revealed that multiple lncRNAs are abnormally expressed in thyroid cancer (Luo et al., 2017; Wang et al., 2017; Lu et al., 2018; Guo et al., 2019). Therefore, dissecting the role of lncRNAs in thyroid cancer progression is important for the identification of thyroid cancer clinical treatment. In this study, we found that the expression level of lncRNA RUNDC3A-AS1 was upregulated both in thyroid cancer tissue and cell lines. Knockdown of lncRNA RUNDC3A-AS1 could repress the migration and invasion of thyroid cancer cells in vitro and inhibit lung metastasis of thyroid cancer in vivo.

Studies have shown that miRNA have become inhibitory or carcinogenic in tumorigenesis and the expression of lncRNAs can regulate the activities of miRNAs (Jiang et al., 2015; Li et al., 2017). It is now increasingly acknowledged that lncRNAs regulate development and progression of thyroid cancer via sponging an array of downstream miRNAs (Luo et al., 2017; Wang et al., 2017). Therefore, taking in-depth study of these miRNAs provides new opportunities for developing effective techniques to prevent and treat the thyroid cancer. The downstream miRNA-182-5p in our study was significantly down-regulated in many tumors, such as hepatocellular carcinoma (Cao et al., 2018), non-small-cell lung cancer (Yang et al., 2019), renal cancer (Wang et al., 2020), gastric cancer (Sun et al., 2018), and bladder cancer (Wang et al., 2019). In this study, we found that miR-182-5p was a target miRNA of RUNDC3A-AS1. Accordingly, the expression level of miR-182-5p was down-regulated and negatively correlated with the RUNDC3A-AS1 in thyroid cancer tissues and cell lines. Luciferase assays revealed that miR-182-5p could bind to RUNDC3A-AS1 and decrease its luciferase activity in the K1 and TPC-1 cell lines, thus antagonized the effect of RUNDC3A-AS1 on the thyroid cancer cell progression. Meanwhile, overexpression of miR-182-5p could inhibit cell migration and invasion both in K1 and TPC-1 cell lines. These results indicated that RUNDC3A-AS1 could directly bind to miR-182-5p and downregulate the expression of miR-182-5p to promote thyroid cancer cell migration and invasion.

On the other hand, miR-182-5p has been proved to be a tumor suppressor, which is related with tumor cell proliferation, migration, invasion, and apoptosis (Cao et al., 2018; Sun et al., 2018; Wang et al., 2019, 2020; Yang et al., 2019). Therefore, screening out the gene target of miR-182-5p in the thyroid cancer is of great interest. In this study, given that ADAM9 is a famous oncogene in various tumors (Chiu et al., 2017; Hua et al., 2018; Liu et al., 2018; Guo et al., 2019), we demonstrated the ADAM9 was a target gene of miR-182-5p by bioinformatics and luciferase activity analyses. At the same time, the expression of ADAM9 was negatively regulated by miR-182-5p and positively regulated by RUNDC3A-AS1. More importantly, knockdown of ADAM9 reversed the neutralization effect of miR-182-5p on the RUNDC3A-AS1 knockdown-induced inhibition of thyroid cancer cell migration and invasion. Therefore, RUNDC3A-AS1 might enhance ADAM9 expression by sequestering the miR-182-5p in thyroid cancer.

In the present study, we demonstrated that the expression level of RUNDC3A-AS1 was upregulated in thyroid cancer tissues and cell lines. Moreover, knockdown of RUNDC3A-AS1 could inhibit thyroid cancer cell migration and invasion in vitro and repress lung metastasis of thyroid cancer in vivo. In addition, we found that miR-182-5p was down-regulated in thyroid cancer tissues and cell lines, and overexpression of miR-182-5p could repress thyroid cancer cell migration and invasion. Mechanistically, the effect of RUNDC3A-AS1 on the thyroid cancer was partially mediated by miR-182-5p/ADAM9 axis. Therefore, the RUNDC3A-AS1/miR-182-5p/ADAM9 axis may serve as novel biomarkers or potential targets for the treatment of thyroid cancer metastasis.
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Recent studies have demonstrated that long non-coding RNAs (lncRNAs) are implicated in the regulation of tumor cell ferroptosis. However, the prognostic value of ferroptosis-related lncRNAs has never been comprehensively explored in glioma. In this study, the transcriptomic data and clinical information of glioma patients were downloaded from TCGA, CGGA and Rembrandt databases. We identified 24 prognostic ferroptosis-related lncRNAs, 15 of which (SNAI3-AS1, GDNF-AS1, WDFY3-AS2, CPB2-AS1, WAC-AS1, SLC25A21-AS1, ARHGEF26-AS1, LINC00641, LINC00844, MIR155HG, MIR22HG, PVT1, SNHG18, PAXIP1-AS2, and SBF2-AS1) were used to construct a ferroptosis-related lncRNAs signature (FRLS) according to the least absolute shrinkage and selection operator (LASSO) regression. The validity of this FRLS was verified in training (TCGA) and validation (CGGA and Rembrandt) cohorts, respectively. The Kaplan-Meier curves revealed a significant distinction of overall survival (OS) between the high- and low-risk groups. The receiver operating characteristic (ROC) curves exhibited robust prognostic capacity of this FRLS. A nomogram with improved accuracy for predicting OS was established based on independent prognostic factors (FRLS, age, and WHO grade). Besides, patients in the high-risk group had higher immune, stroma, and ESTIMATE scores, lower tumor purity, higher infiltration of immunosuppressive cells, and higher expression of immune checkpoints. Patients in the low-risk group benefited significantly from radiotherapy, while no survival benefit of radiotherapy was observed for those in the high-risk group. In conclusion, we identified the prognostic ferroptosis-related lncRNAs in glioma, and constructed a prognostic signature which was associated with the immune landscape of glioma microenvironment and radiotherapy response.
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INTRODUCTION

Glioma is the most common primary malignancy in central nervous system, constituting approximately 80.1% of all primary malignant brain tumors (Ostrom et al., 2020). The survival rate of glioma patients is known to decrease with increased World Health Organization (WHO) grade (Louis et al., 2016). Glioblastoma (GBM; WHO grade IV), the most malignant type of glioma, has a dismal prognosis with a median overall survival (OS) of approximately 8 months and a 5-year survival rate of 7.2%, regardless of the treatment received (Ostrom et al., 2020). It has become a disturbing issue for neurosurgeons and oncologists that the prognosis of most patients with glioma has not improved significantly using existing therapeutic options (Ding et al., 2017). A major clinical challenge is the high heterogeneity of glioma, which leads to the inconsistencies in therapeutic response and prognosis (van den Bent et al., 2009). Hence, identifying novel biomarkers for the prediction of therapeutic response and prognosis is of great clinical significance for glioma patients.

Ferroptosis, a novel type of programmed cell death (PCD), differs from apoptosis and autophagy in its unique mechanism that iron-dependent accumulation of reactive oxygen species (ROS) and irresistible lipid peroxidation result in the cell death (Dixon et al., 2012; Cao and Dixon, 2016). Recently, increasing evidences have verified that ferroptosis correlates with progression and therapeutic response of glioma (Lang et al., 2019; Tang R. et al., 2020; Xu Y. et al., 2020). The dysregulation of ferroptosis-related genes (for example, GPX4, SLC7A11, and ACSL4) was found capable of protecting glioma cells from ferroptosis (Wang et al., 2018; Cheng et al., 2020; Zhang et al., 2020). Erastin, a ferroptosis inducer, has been reported to have temozolomide (TMZ)-sensitizing effect on glioma cells (Chen et al., 2015). Therefore, we hypothesized that ferroptosis-related biomarkers hold immense potential toward the prediction of therapeutic response and prognosis in glioma patients.

The long non-coding RNAs (lncRNAs), defined as a subclass of non-coding RNAs with a length of >200 nucleotides (Alexander et al., 2010), have been shown to involve in a broad array of tumor biological behavior (Fatica and Bozzoni, 2014). Recent studies indicated that dysregulation of specific lncRNAs was inextricably linked with the ferroptosis process of malignant tumors (Yan et al., 2015; Wu et al., 2020). It was reported that upregulation of lncRNA LINC00336 could inhibit ferroptosis in lung cancer (Wang M. et al., 2019). Another study revealed that upregulation of lncRNA LINC00618 promote vincristine-induced ferroptosis in human leukemia (Wang et al., 2020). However, the role of lncRNAs in ferroptosis process of glioma remains obscure. The value of ferroptosis-related lncRNAs as prognostic biomarkers for glioma patients has never been systematically evaluated.

Here, owe to the great advances of genome sequencing technology and bioinformatics, we systematically evaluated the identified ferroptosis-related lncRNAs in glioma by integrating The Cancer Genome Atlas (TCGA), Chinese Glioma Genome Atlas (CGGA), and Rembrandt databases. A prognostic ferroptosis-related lncRNAs signature (FRLS) based on 15 ferroptosis-related lncRNAs was constructed for glioma patients and its correlations with immune landscape and the efficacy of chemoradiotherapy were also investigated. We aimed to provide a new strategy for the prediction of prognosis and treatment efficacy in glioma patients.



MATERIALS AND METHODS


Patient Data Collection

The RNA-seq transcriptome data and clinical information of glioma patients were extracted from TCGA1, CGGA2, and Rembrandt3 databases. Patients with missing survival data or OS <30 days, or without definitive histopathological diagnosis were excluded. Eventually, a total of 1,904 glioma patients were included in the subsequent analyses. The TCGA dataset (n = 611) served as a training cohort. The CGGA dataset (n = 966) and the Rembrandt dataset (n = 327) were used as validation cohorts. The RNA-seq transcriptome data of TCGA and CGGA datasets were downloaded in the format of fragments per kilobase of exon model per million mapped reads (FPKM) normalized, whereas that of Rembrandt dataset was normalized microarray format. The clinicopathological characteristics of all included patients were summarized in Table 1.


TABLE 1. Characteristics of glioma patients in training and validation cohorts.
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Identification of Prognostic Ferroptosis-Related lncRNAs

A total of 60 ferroptosis-related genes were collected according to the published studies (Stockwell et al., 2017; Hassannia et al., 2019; Liang et al., 2020; Liu H.J. et al., 2020). Based on the lncRNA annotation file of Genome Reference Consortium Human Build 38 (GRCh38) downloaded from the GENCODE website4, we extracted the expression data of 14,142 lncRNAs in the TCGA dataset and 1,005 lncRNAs in the CGGA dataset. Pearson correlation analysis between the ferroptosis-related genes and lncRNAs was first implemented to identify the ferroptosis-related lncRNAs (| R| > 0.5 and p < 0.001) in the TCGA and CGGA cohorts, respectively. Univariate Cox regression analysis was subsequently performed for prognostic identification (p < 0.05). The prognostic ferroptosis-related lncRNAs shared by two cohorts were considered as eligible.



Construction and Validation of the Prognostic FRLS

The prognostic ferroptosis-related lncRNAs were incorporated into the LASSO regression, which was performed within the TCGA cohort by using the R package “glmnet” (Friedman et al., 2010). The prognostic FRLS was consequently constructed by selecting the optimal penalty parameter λ correlated with the minimum 10-fold cross-validation. The calculation formula of risk score is shown below:

Risk score=[image: image]

where xi d Coefi present the expression level of each selected lncRNA and corresponding coefficient, respectively. The median risk score was used as the cut-off value for the high/low-risk grouping of patients. The Kaplan-Meier curve with log-rank test was generated by using the R package “survminer” for the comparison of OS between the high- and low-risk groups. The ROC curve analysis was utilized to evaluate the prediction accuracy of FRLS via the R package “timeROC.” All the validations were performed simultaneously in the training and validation cohorts.



Establishment and Evaluation of a Nomogram

By employing the R package “rms,” “regplot,” and “Hmisc,” a nomogram was established based on the independent prognostic factors in the TCGA cohort, which were determined through univariate and multivariate Cox regression analyses. The availability of this nomogram was evaluated by the C-index (Harrell et al., 1996) and calibration curve. The ROC analysis was also performed to assess the accuracy of the nomogram for OS prediction.



Functional Enrichment Analysis

Based on the expression levels of 60 ferroptosis-related genes, PCA was performed using the R package “scatterplot3d” to explore the potential differences in ferroptosis sensitivity between the high- and low-risk groups. The DEGs between the high- and low-risk groups were identified (| log2FC| > 2 and adjusted p < 0.05), and functionally annotated by the Gene Ontology (GO) and the Kyoto Encyclopedia of genes and Genomes (KEGG) pathway analyses via the R package “clusterProfiler,” “org.Hs.eg.db,” and “enrichplot.”



Evaluation of the Immune Landscape

The immune scores and stromal scores of glioma patients were calculated using the ESTIMATE algorithm via the R package “estimate” (Yoshihara et al., 2013). The abundance of 22 immune cells was calculated through CIBERSORT algorithm with 1,000 permutations (Newman et al., 2015). Patients with CIBERSORT p ≥ 0.05 were excluded from the subsequent analysis. We evaluated the differences between the high- and low-risk groups in the abundance of 22 immune cells and the expression levels of immune-related molecules. Besides, we applied Pearson correlation analysis to calculate the correlation between risk scores and the expression levels of immune cell markers, which were well elucidated by previous studies (Danaher et al., 2017; Tan et al., 2020).



Tissue Samples and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR)

All tissue samples were collected from the Neurosurgery Department of Wuhan Union Hospital, which was approved by the Medical Ethics Committee of the hospital. We acquired the informed consent from each involved patient. A total of 10 glioma tissue samples (4 WHO grade II, 2 WHO grade III, and 4 GBM) were obtained from glioma patients who underwent tumor resection between October 2020 and February 2021. Six non-tumor brain tissues were obtained from patients with brain tissue resection due to craniocerebral injury from May 2020 to February 2021. The locations of tissues were summarized in Supplementary Table 1. Fresh tumor and non-tumor tissues were snap frozen in liquid nitrogen. Total RNA was extracted from tissues using RNAiso Plus (Takara 9109). Referring to the manufacturer instruction, cDNA was synthesized by reverse transcription using reverse transcription kit (Takara RR036A). The qRT-PCR analysis was further performed on the LightCycler 480 Real-Time PCR system using TB Green Premix Ex TaqTM II (Takara RR820A). All expression data was normalized to GAPDH as an internal control using the 2–ΔΔCt method. All primers used were chemically synthesized by Sangon Biotech (Sangon Biotech, Shanghai, China). The primer sequences were listed in Supplementary Table 2.



Statistical Analysis

The preprocessing of RNA-seq transcriptome data was performed using PERL programming language (version 5.32.0). The R software (version 4.0.2) were applied for all statistical analyses and graph visualization. The Chi-square test was executed for the comparison of categorical variables between the high- and low-risk groups. The Student’s t-test or one-way ANOVA test was utilized to compare the continuous variables with normal distribution (including risk score, immune score, stromal score, ESTIMATE score and tumor purity) between two groups or more than two groups. The Wilcox test was performed to determine the differences between the high- and low-risk groups in the abundance of 22 immune cells, the expression level of immune checkpoints and ferroptosis-related lncRNAs. The non-parametric test was used to compare the expression level of selected ferroptosis-related lncRNAs between glioma tissues and non-tumor brain tissues. Two-tailed p < 0.05 was considered statistically significant.




RESULTS


Identification of Prognostic Ferroptosis-Related lncRNAs in Glioma Patients

A complete flow diagram of the research process was illustrated in Figure 1A. After performing the match between the ENSEMBL ID and the lncRNA annotation file, we obtained 14,142 and 1,005 lncRNAs in TCGA and CGGA datasets, respectively. Besides, 60 ferroptosis-related genes were sorted out according to the published literature. A ferroptosis-related lncRNA would be identified if it was significantly correlated with one or more ferroptosis-related genes (| R| > 0.5 and p < 0.001). We obtained 427 and 288 ferroptosis-related lncRNAs in TCGA and CGGA datasets, respectively. Combined with Univariate Cox regression analyses, we screened out 24 prognostic ferroptosis-related lncRNAs shared by two datasets. The co-expression relationship between the 24 lncRNAs and 60 ferroptosis-related genes was shown in Figure 1B. Among these 24 lncRNAs, 16 were protective factors and 8 were risky factors for prognosis.
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FIGURE 1. (A) The flow diagram of the research process. (B) The correlation between 60 ferroptosis-related genes and 24 prognostic ferroptosis-related lncRNAs in the TCGA cohort. The ferroptosis-related lncRNAs with green font are protective factors for survival and the ferroptosis-related lncRNAs with red font are risk factors for survival. *p < 0.05, **p < 0.01, and ***p < 0.001.




Construction and Validation of the Prognostic FRLS

These 24 ferroptosis-related lncRNAs were incorporated into the least absolute shrinkage and selection operator (LASSO) regression in the TCGA cohort. As a result, 15 ferroptosis-related lncRNAs stood out for the construction of the prognostic FRLS, including SNAI3-AS1, GDNF-AS1, WDFY3-AS2, CPB2-AS1, WAC-AS1, SLC25A21-AS1, ARHGEF26-AS1, LINC00641, LINC00844, MIR155HG, MIR22HG, PVT1, SNHG18, PAXIP1-AS2, and SBF2-AS1 (Figures 2A–C). The survival analyses of these 15 ferroptosis-related lncRNAs were illustrated in Supplementary Figure 1. Then, the risk score for each glioma patient was calculated by summing the product of the expression level of each selected ferroptosis-related lncRNA and corresponding coefficient. Then, glioma patients were stratified into the high- and low-risk groups using the median risk score as the cut-off value. In the TCGA cohort, the Kaplan-Meier curve suggested that the OS of patients in the low-risk group was significantly longer than that of patients in the high-risk group (p < 0.001; Figure 2D). The distribution plot of the risk score and survival status showed that the higher the risk score, the more deaths of glioma patients (Figure 2G). A satisfactory prediction performance of FRLS was confirmed by the area under the receiver operating characteristic (ROC) curve (AUC) for 1-, 3,- and 5-year OS (AUC = 0.869, 0.914, and 0.879, respectively; Figure 2J).


[image: image]

FIGURE 2. Construction and validation of the prognostic ferroptosis-related lncRNAs signature (FRLS). (A,B) The least absolute shrinkage and selection operator (LASSO) regression was performed with the minimum criteria. (C) LASSO coefficients of 15 selected ferroptosis-related lncRNAs. (D–F) The Kaplan-Meier curves for survival in the TCGA, CGGA and Rembrandt cohorts. (G–I) The distribution plots of the risk score and survival status in the TCGA, CGGA and Rembrandt cohorts. (J–L) The receiver operating characteristic (ROC) curve analyses of the prognostic FRLS in predicting 1-, 3-, and 5-year overall survival (OS) in the TCGA, CGGA, and Rembrandt cohorts.


To determine whether the prognostic significance of FRLS remained in other populations, the same analyses were performed in the CGGA cohort and the Rembrandt cohort. In accord with the findings in the TCGA cohort, patients in the low-risk group had better survival outcomes than patients in the high-risk group (Figures 2E,F,H,I). The AUCs for 1-, 3-, and 5-year OS in the CGGA cohort were 0.755, 0.802, and 0.798, respectively (Figure 2K), and in the Rembrandt cohort were 0.699, 0.746, and 0.713, respectively (Figure 2L). All results agreed that the prognostic FRLS could accurately and stably predict the survival outcome of glioma patients.



Correlation Analysis Between the Prognostic FRLS and Clinicopathological Characteristics

In the TCGA cohort, the risky lncRNAs involved in the construction of FRLS were up-regulated in the high-risk group and the protective lncRNAs were up-regulated in the low-risk group (Figure 3A). As the WHO grade increased, we observed significant increase in the expression levels of risky lncRNAs, whereas decrease in the expression levels of protective lncRNAs (Supplementary Figures 2A,B). Moreover, significant differences were observed between the two risk subgroups with respect to age, 2016 WHO classification, grade, IDH status, 1p19q codeletion and MGMT promoter status (Supplementary Tables 3–5). We also compared the levels of risk score between patients stratified by various clinicopathological characteristics. In the TCGA cohort, glioma patients with the clinicopathological characteristics of age >50 years, more malignant type of 2016 WHO classification, higher grade, IDH wild type, and MGMT promoter unmethylated showed significantly higher levels of risk score, while no risk score differences were observed between patients satisfied by gender and 1p19q codeletion (Figures 3B–H). Interestingly, the risk score of glioma patients in the CGGA cohort was elevated not only in the age >50 years, more malignant type of 2016 WHO classification, higher grade, IDH wild type, and MGMT promoter unmethylated subgroups, but also in the male and 1p19q non-codel patients (Supplementary Figures 3A–G). In the Rembrandt cohort, the clinicopathological characteristics of age >50 years and higher grade were associated with higher levels of risk score, whereas no significantly association between risk score and gender was recognized (Supplementary Figures 3H–J). To determine whether the clinicopathological characteristics would weaken the prediction accuracy of the prognostic FRLS, we performed subgroup survival analyses in three cohorts. The results showed that patients with high-risk score had worse survival outcomes than those with low-risk score in all subgroups, except for the grade IV subgroup in the TCGA cohort (Supplementary Figures 4A–C).
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FIGURE 3. Correlation analysis between the prognostic FRLS and clinicopathological characteristics in the TCGA cohort. (A) A heatmap showing the distribution of clinicopathological characteristics and expression levels of 15 selected ferroptosis-related lncRNAs in the high- and low-risk groups. (B–H) Different levels of risk scores in glioma patients stratified by age, gender, 2016 WHO classification, grade, IDH status, 1p19q codeletion and MGMT promoter status. A, astrocytoma; AA, anaplastic astrocytoma; O, oligodendroglioma; AO, anaplastic oligodendroglioma; GBM, glioblastoma; NOS, not otherwise specified. *p < 0.05, **p < 0.01, ***p < 0.001, and ns No significance.




Establishment and Evaluation of a Nomogram Based on Independent Prognostic Factors for OS

The OS-related factors identified by univariate Cox regression analyses were subsequently analyzed using multivariate Cox regression. In the TCGA, CGGA, and Rembrandt cohorts, the FLRS-based risk score was always an independent prognostic factor after adjusted for other clinicopathological characteristics (Table 2 and Supplementary Table 6). Subsequently, we established a nomogram using these independent prognostic factors (Age, Grade, and Risk score) in the TCGA cohort (Figure 4A). The internal evaluation was initially performed. The concordance index (C-index) was 0.853 and the calibration plots demonstrated an excellent match between the actual and nomogram-predicted probability of 1-, 3-, and 5-year OS (Figures 4B–D). This nomogram exhibited the highest accuracy in predicting 1-, 3-, and 5-year OS (AUC = 0.890, 0.941, and 0.902, respectively) in comparison to other independent prognostic factors (Figures 4E–G). In the same way, the external evaluation of this nomogram was conducted in the CGGA cohort. The C-index was 0.841 and the calibration plots illustrated a satisfactory match between the actual and nomogram-predicted probability of 1-, 3-, and 5-year OS (Supplementary Figures 5A–C). Additionally, the accuracy of this nomogram in predicting 1-, 3-, and 5-year OS remained highest (AUC = 0.771, 0.833, and 0.828, respectively, Supplementary Figures 5D–F). It was of great significance to clinical practice that the nomogram had the potential to act as a quantitative instrument to predict the survival outcomes for glioma patients.


TABLE 2. Univariate and multivariate Cox analyses in the TCGA, CGGA and Rembrant cohorts.
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FIGURE 4. Establishment and evaluation of a nomogram in the TCGA cohort. (A) Nomogram based on FRLS, age and WHO grade. (B–D) Calibration curves showing the concordance between predicted and observed 1-, 3-, and 5-year overall survival (OS). (E–G) The receiver operating characteristic (ROC) curve analyses of the nomogram in predicting 1-, 3-, and 5-year OS. *p < 0.05, and ***p < 0.001.




Functional Enrichment Analyses

Based on the expression value of 60 ferroptosis-related genes, we first ran Principal Component Analyses (PCA) in the TCGA and CGGA cohorts. The prominent and stable distribution differences were observed between the high- and low-risk subgroups in both cohorts (Figures 5A,B). These may reflect, at least in part, the differences in the ferroptosis sensitivity between the two risk subgroups. We further performed functional enrichment analyses to characterize the biological functions of differentially expressed genes (DEGs) between the two risk subgroups. A total of 5,932 and 1,140 DEGs were identified in the TCGA cohort and CGGA cohort, respectively. Expectedly, the GO analyses in both cohorts revealed significant enrichment of iron transport-related functions, including regulation of ion transmembrane transport, ion channel complex, ion channel activity, and metal ion transmembrane transporter activity (Figures 5C,E). Interestingly, the DEGs were also enriched in several immune-related biological processes, for instances, regulation of lymphocyte activation, T cell activation and regulation of immune effector process (Figures 5C,E). Then, the KEGG pathway analyses similarly exhibited the significant enrichment of immune-related pathways in both cohorts, including cytokine-cytokine receptor interaction and chemokine signaling pathway (Figures 5D,F).


[image: image]

FIGURE 5. Principal component analyses (PCA) and representative results of functional enrichment analyses in the TCGA and CGGA cohorts. (A,B) PCA showing the distribution differences between the high- and low-risk groups. (C,D) Go analysis and KEGG analysis in the TCGA cohort. (E,F) Go analysis and KEGG analysis in the CGGA cohort. The dashed line boxes highlighted the immune-related biological processes or pathways. The solid line boxes highlighted the iron transport-related functions.




Correlation of the Prognostic FRLS With the Immune Landscape of Glioma Microenvironment

Given the results that the DEGs were enriched in the immune-related functions, we further investigated the correlation of the prognostic FRLS with the immune landscape of glioma microenvironment. In the TCGA cohort, the high-risk group showed significantly higher immune, stroma and ESTIMATE scores and lower tumor purity than the low-risk group (Figures 6A–D). Moreover, different extent of immune cell infiltrations was observed in the high-risk group with lower abundance of activated NK cells, monocytes, activated mast cells, and eosinophils, but higher abundance of naive B cells, memory B cells, CD8 + T cells, CD4 + memory activated T cells, regulatory T cells, gamma delta T cells, M0-type macrophages, M1-type macrophages, M2-type macrophages, and neutrophils (Figure 6E). Correlation analyses of the risk score with immune cell markers provided a more reliable confirmation of the differences between the two risk subgroups in the abundance of several immune cells (Supplementary Figures 6A–H). In addition, the immune checkpoints (PD-1, PD-L1, LAG-3, and B7-H3) and macrophage associated molecules (CCL2, CCR2, CXCR4, and CSF1) were up-regulated in the high-risk group (Figure 6F). These differential analyses between the two risk subgroups were carried out similarly in the CGGA cohort, and largely consistent findings were observed (Supplementary Figures 7A–F).
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FIGURE 6. Correlation of the prognostic FRLS with the immune landscape of glioma microenvironment in the TCGA cohort. (A–D) Comparison of immune scores, stromal scores, ESTIMATE scores and tumor purity between the high- and low-risk groups. (E) The abundance of 22 immune cells in the high- and low-risk groups. A total of 394 patients with CIBERSORT p ≥ 0.05 were excluded. (F) The expression levels of immune checkpoints and macrophage associated molecules in the high- and low-risk groups. ***p < 0.001.




Risk Stratification and the Efficacy of Chemoradiotherapy

The correlation between the prognostic FRLS and the efficacy of chemoradiotherapy was investigated. In both CGGA and TCGA cohorts, the FRLS-based risk stratification was not correlated with the efficacy of TMZ treatment (Supplementary Figures 8, 9). Conversely, the survival benefit of radiotherapy was significant for patients in the low-risk group, while no significant survival benefit of radiotherapy was observed for those in the high-risk group (Figure 7A and Supplementary Figure 10A). Further analyses were performed in the subgroups stratified by two features, WHO grades and MGMT promoter status, which have reference significance for the choice of clinical treatment options. In the CGGA cohort, there were no significant survival differences between WHO grade II patients with or without radiotherapy in both high- and low-risk groups (Figure 7B). For the subgroups of WHO grade III, GBM, MGMT promoter unmethylated and MGMT promoter methylated, the survival benefit of radiotherapy remained significant in the low-risk group, and no survival benefit of radiotherapy was observed for those in the high-risk group (Figures 7C–F). In the TCGA cohort, similar results were noted in the subgroups of WHO grade III and MGMT promoter methylated, but not in the subgroups of WHO grade II and MGMT promoter unmethylated (Supplementary Figures 10B–E). The subgroup analysis was not conducted in GBM patients due to the limitation of available data. Accordingly, patients in the low-risk group were more likely to obtain a survival benefit from radiotherapy than those in the high-risk group.
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FIGURE 7. The correlation between FRLS-based risk stratification and the efficacy of radiotherapy in the CGGA cohort. (A) The Kaplan-Meier curves for patients with or without radiotherapy in the high- and low-risk groups. (B–F) The Kaplan-Meier curves for WHO grade II (B), WHO grade III (C), GBM (D), MGMT promoter unmethylated (E), and MGMT promoter methylated (F) patients with or without radiotherapy in the high- and low-risk groups.




Validation of the Expression Levels of Selected Ferroptosis-Related lncRNAs

We selected eight ferroptosis-related lncRNAs for validation, whose LASSO coefficients ranked top four among protective lncRNAs and risky lncRNAs, respectively. By using RT-qPCR assay, we detected their expression levels in 6 non-tumor brain tissues and 10 glioma tissues (4 WHO grade II, 2 WHO grade III and 4 GBM). Compared with non-tumor brain tissues, the expression levels of SNAI3-AS1, GDNF-AS1, WDFY3-AS2, and CPB2-AS1 showed an overall downward trend (Figure 8A), and the expression level of SBF2-AS1, PAXIP1-AS2, SNHG18, and PVT1 showed an overall upward trend in glioma tissues (Figure 8B). Except for WDFY3-AS2, the difference in expression levels of these lncRNAs was also significant between WHO grade II-III and GBM tissues.
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FIGURE 8. Validation of the expression levels of selected ferroptosis-related lncRNAs in in 6 non-tumor brain tissues and 10 glioma tissues. (A) Expression analysis of 4 protective lncRNAs (SNAI3-AS1, GDNF-AS1, WDFY3-AS2, and CPB2-AS1). (B) Expression analysis of 4 risky lncRNAs (SBF2-AS1, PAXIP1-AS2, SNHG18, and PVT1). *p < 0.05, **p < 0.01, ***p < 0.001, and ns No significance.





DISCUSSION

Induction of PCD was considered as the most promising antitumor mechanism. Ferroptosis, a non-apoptotic form of PCD, has recently emerged as a topic of intensive research in the field of tumorigenesis and therapies. It has been reported that ferroptosis-related biomarkers are robust predictors of prognosis and antitumor efficacy for cancers (Shi et al., 2019; Liang et al., 2020; Tang B. et al., 2020). Nevertheless, previous studies only focused on the ferroptosis-related genes encoding proteins involving in the regulation of ferroptosis. Considering the increasing evidences that lncRNAs play a key role in ferroptosis process through epigenetic regulation, we believe it is necessary to comprehensively evaluate the prognostic significance of ferroptosis-related lncRNAs in glioma. In addition, the high heterogeneities among different types of gliomas lead to inconsistencies in the therapeutic response and prognosis of patients. But considerable commonalities in malignant biological behaviors also exist among different types of gliomas due to their shared origin from nerve epithelium-derived cells. We believed it was valuable and feasible to explore common biomarkers which could overcome the heterogeneities among different types of gliomas. Hence, we enrolled all types of gliomas in this study but didn’t focused on a particular type.

In this study, we identified 24 prognostic ferroptosis-related lncRNAs, 15 of which were selected to construct the prognostic FRLS. No matter for training cohort (TCGA) or validation cohorts (CGGA and Rembrandt), the FRLS showed robust capacity in predicting survival outcomes of glioma patients. Combining the prognostic FRLS with other independent prognostic factors (age and grade), a nomogram was established with improved predictive capacity of OS. PCA and functional enrichment analyses revealed the potential differences in in ferroptosis sensitivity between high- and low-risk groups. Immune-related biological processes and pathways were also observed in functional enrichment analyses. We further uncovered the differential immune landscape between the two risk subgroups by comparing the immune and stromal scores, abundance of immune cells, and expression levels of immunoregulatory molecules. Moreover, the FRLS-based risk stratification may herald the difference in efficacy of radiotherapy.

It is self-evident that the epigenetic dysregulation has been implicated in the PCD evasion of tumor cells. As an important component of epigenetics, lncRNAs have been intensively studied regarding its role in the regulation of classical PCD, such as apoptosis and autophagy (Rossi and Antonangeli, 2014; Sun, 2018; Bermúdez et al., 2019; Talebian et al., 2020; Wei et al., 2020; Zhang et al., 2020). Recently, the mysterious veil of lncRNAs in the ferroptosis process of tumors has been gradually uncovered. For example, Mao et al. (2018) demonstrated that a cytosolic lncRNA P53RRA promotes ferroptosis in lung cancer cells via activating p53 pathway. However, what we know about the role of lncRNAs in ferroptosis is just a tip of the iceberg. To our knowledge, signature based on ferroptosis-related lncRNAs has not yet been reported. In this study, the FRLS contained 15 ferroptosis-related lncRNAs, several of which have been confirmed to be correlated with tumor progression. For example, SNAI3-AS1 promotes PEG10-mediated proliferation and metastasis by acting as a sponge for miR-27-3p and miR-34a-5p in hepatocellular carcinoma (Liu J. et al., 2020). WDFY3-AS2 suppresses cell proliferation, migration, invasion, and epithelial-to-mesenchymal transition (EMT) via miR-18a/RORA axis in ovarian cancer (Zhou et al., 2020). MIR22HG acts as a critical inducer of the Wnt/β-catenin signal pathway to facilitate proliferation and invasion in GBM (Sun et al., 2020). However, reports on how these 15 lncRNAs participate in ferroptosis process have been even rarer. Only the lncRNA PVT1 has been reported to regulate the balance of iron metabolism in hepatocellular carcinoma via PVT1/miR-150/HIG2 axis (Xu et al., 2018), and regulate ferroptosis in acute ischemic stroke (AIS) through miR-214-mediated TFR1 and p53 expression (Lu et al., 2020). Our study investigated the prognostic value of these ferroptosis-related lncRNAs in glioma. Future in-depth experimental researches are warranted to explore their potential regulatory effects on the ferroptosis process.

Ferroptosis is also considered as immunogenic cell death, characterized by the release of damage associated molecular patterns (DAMPs) from dying tumor cells (Tang et al., 2019; Wen et al., 2019; Wan et al., 2020). Efimova et al. (2020) demonstrated that early ferroptotic glioma GL261 cells could promote the phenotypic maturation of bone-marrow derived dendritic cells (BMDCs) via the release of DAMPs, including ATP and HMGB1, and induce efficient antitumor immunity. In our study, the DEGs between different risk subgroups were enriched in many immune-related biological processes and pathways. Further analyses found that the high-risk group exhibited higher immune scores, higher abundance of immunosuppressive cells (Tregs, M2-type macrophages), and higher expression levels of immune checkpoints and macrophage associated molecules. In contrast, tumor killer cells (activated NK cells) showed a higher abundance in the low-risk group. These results suggested that the FRLS was correlated, to some extent, with the immune landscape of glioma microenvironment. However, the potential molecular mechanisms connecting the ferroptosis and glioma immunity remain to be further investigated. On the other hand, several studies have begun to explore the feasibility and effectiveness of combined cancer immunotherapy with ferroptosis inducers (Wang W. et al., 2019; Tang R. et al., 2020; Xu J. et al., 2020). Wang et al. first reported that CD8 + T cells activated by checkpoint blockade could enhance ferroptosis-specific lipid peroxidation in tumor cells through the release of interferon gamma (IFNγ) to downregulate the expression of SLC3A2 and SLC7A11 (Wang W. et al., 2019). In our study, patients in the high-risk group showed relatively higher expression levels of immune checkpoints. For these patients, targeting tumor-specific ferroptosis pathways, maybe some lncRNAs, is a promising regimen in combination with checkpoint blockade.

Currently, resistance to radiotherapy and TMZ treatment is an intractable problem in the management of glioma patients. Accumulating studies suggested that ferroptosis inducers are promising in the field of oncotherapy for their radiosensitizing and chemosensitizing effects. Chen et al. reported that erastin, a ferroptosis inducer, could improve the sensitivity of glioma cells to TMZ (Chen et al., 2015). Ye et al. revealed that ferroptosis inducers enhanced the efficacy of radiotherapy in human patient-derived models of glioma (Ye et al., 2020). In our study, the FRLS-based risk stratification was not correlated with the efficacy of TMZ treatment. There seems no difference in the survival of patients with or without TMZ treatment. The main reason might be that patients without TMZ treatment received other types of chemotherapy, such as PCV treatment. Interestingly, the FRLS-based risk stratification was correlated with the efficacy of radiotherapy. Patients in the low-risk group were more likely to obtain a survival benefit from radiotherapy than those in the high-risk group. This finding may promote the choice of individually therapeutic strategies.

Indubitably, some limitations must be addressed in this study. Firstly, these three cohorts had diverse degrees of deficiency in clinical information and the sample size of Rembrandt cohort was relatively small, resulting in insufficient validation of partial results. Secondly, the available samples for qRT-PCR were not sufficient and were not from the same zone in brain. More tissue samples will be needed in further work to make the results more solid. Thirdly, the FRLS was constructed and validated with retrospective data from public databases. Using prospective data to assess its clinical utility would be more convincing. Finally, the molecular mechanism has not been characterized, further experiments are essential to explore the interactions between the lncRNAs and ferroptosis-related genes.

To sum up, this study fills the gap of FRLS in prognostic prediction of glioma. The prognostic FRLS constructed in our study exhibited robust capacity in predicting survival outcomes of glioma patients, and was correlated with immune landscape of glioma microenvironment. The FRLS-based risk stratification was indicative of different efficacy of radiotherapy to a certain extent. We hope that these findings will offer some useful insights for subsequent studies and clinical practice.
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While functional studies of long noncoding RNAs (lncRNAs) have mostly focused on how they influence disease diagnosis and prognosis, the pharmacogenomic relevance of lncRNAs remains largely unknown. Here, we test the hypothesis that the expression of a lncRNA, grow arrest-specific 5 (GAS5) can be a biomarker for docetaxel response in castration resistant prostate cancer (CRPC) using both prostate cancer (PCa) cell lines and CRPC patient datasets. Our results suggest that lower GAS5 expression is associated with docetaxel resistance in both PCa cell lines and CRPC patients. Further experiments also suggest that GAS5 is downregulated in docetaxel resistant CRPC cell lines, which reinforces its potential as a biomarker for docetaxel response. To examine the underlying biological mechanisms, we transiently knockdown GAS5 expression in PCa cell lines and then subject the cells to docetaxel treatment overtime. We did not observe a decrease in docetaxel induced growth inhibition or apoptosis in the siRNA treated cells. The findings suggest that there is no direct causal relationship between change in GAS5 expression and docetaxel response. Subsequently, we explored the indirect regulation among GAS5, ATP binding cassette subfamily B member 1 (ABCB1), and docetaxel sensitivity. We showed that transient knockdown GAS5 did not lead to significant changes in ABCB1 expression. Therefore, we rule out the hypothesis that GAS5 directly down regulate ABCB1 that lead to docetaxel sensitivity. In conclusion, our work suggests that GAS5 can serve as a predictive biomarker for docetaxel response in CRPC; however, the exact mechanism behind the observed correlation remain to be elucidated.
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Introduction

Long noncoding RNAs (lncRNAs) are defined as transcripts greater than 200 nucleotides with no protein-coding capacities. Constituting the majority of the non-coding transcriptome (1), lncRNAs are shown to be involved in essential biological processes at both transcriptional and posttranscriptional levels including but not limited to chromosome silencing, RNA processing, and protein-RNA interactions (2, 3). Most recently, emerging evidence has shown that certain lncRNAs play important roles in human cancers by functioning as either oncogenes or tumor suppressor genes (4–6).

The growth arrest-specific arrest 5 (GAS5) lncRNA was originally identified by Schneider et al. as being preferentially expressed in grow-arrested cells (7). Later studies have suggested GAS5 as a tumor suppressor gene in various types of cancer through inhibiting proliferation, invasion and promoting apoptosis (8–11). In addition to its potential suppressor role in tumor growth, GAS5 has also been shown to be associated with the response of several anticancer agents such as docetaxel, doxorubicin, and tamoxifen (12–14). A recent lncRNA study that systematically surveyed the pharmacologic role of lncRNAs shows that the expression of GAS5 correlates with the sensitivity of over 100 anti-cancer drugs in a collection of pan-cancer cell lines (15). This work suggests that GAS5 may be a master biomarker for the response to chemotherapeutics in various cancer types.

Prostate cancer (PCa) is the most commonly diagnosed cancer in men, and it consists of about 8% of the total cancer deaths in male population in the US (16). 10- 50% of all PCa patients will advance to castration resistant prostate cancer (CRPC) within three years of diagnosis and CRPC accounts for nearly all PCa mortality (17). For CRPC patients, docetaxel is recommended clinically as the first-line treatment (18). Unfortunately, patients’ response to docetaxel varies and there is no clinically actionable biomarker to predict its efficacy in CRPC patients (19).

In this study, we set out to examine the value of GAS5 expression in predicting docetaxel response in CRPC. Furthermore, after confirming the correlative nature of GAS5 expression and docetaxel response, we explore the potential underlying biology based on a hypothesis that GAS5 achieves its docetaxel sensitizing role by affecting ABCB1, whose expression level was shown to be upregulated in CRPC in previous studies (20, 21).



Materials and Methods


Data Acquisition

The transcriptome profiles (in the form of RPKM) of cancer cell lines were obtained from the Cancer Cell Line Encyclopedia (CCLE, https://portals.broadinstitute.org/ccle/data, release date 01/02/2019). In vitro drug response data were obtained from the Cancer Therapeutics Response Portal (CTRPv2, https://ocg.cancer.gov/programs/ctd2/data-portal/, CTRPv2.1_2016). Transcriptome profiles and in vitro drug response data were also obtained from an independent high throughput cancer cell line drug screening dataset: Genomics of Drug Sensitivity in Cancer (GDSC) (https://www.cancerrxgene.org/) as the training dataset for docetaxel sensitivity imputations in PCa patients. In addition, a total of 3 PCa clinical studies were evaluated including 1) The Cancer Genome Atlas (TCGA) prostate cancer, with RNA-seq data (in the form of FPKM) and clinical phenotypes obtained from the University of California, Santa Cruz Xena browser (https://xenabrowser.net/datapages/, Release 18.0); 2) The Prostate Cancer Medically Optimized Genome-Enhanced Therapy (PROMOTE) trial, with RNA-seq data (in the form of RPKM) clinical phenotypes obtained from dbGaP (https://www.ncbi.nlm.nih.gov/gap/), study ID: phs001141.v1.p1; 3) Stand Up To Cancer (SU2C) prostate cancer study, with RNA-seq data (in the form of RPKM) and clinical phenotypes obtained from cBioPortal (https://www.cbioportal.org/). Gene expression data were normalized using the log2(FPKM + 1) or log2(RPKM + 1) method.



Treatment Response of Docetaxel in PCa Cell Lines and PCa Patients

To evaluate the relationship between GAS5 expression and docetaxel sensitivity, we first obtained GAS5 expression from RNAseq data in CCLE, PROMOTE, and SU2C. The docetaxel response data were generated from both in vitro and in vivo sources. For in vitro assessment, the area under the docetaxel dose-response curve (AUC) parameter from all cancer cell lines was obtained from CTRPv2. To assess the docetaxel response in PCa patients, we imputed docetaxel drug sensitivity score (DSS) using “pRRophetic” package, a computational tool that has been shown to accurately impute patient tumor response to various anti-cancer agents (22). More specifically, in this study, we built the relationship matrix using the transcriptome and measured docetaxel response data from GDSC before imputing docetaxel sensitivity score in PCa patients. We used GDSC instead of CPRPv2 as the training dataset is for the reason that the docetaxel concentration range screened in GDSC is more clinically relevant than that in CTRPv2. Pearson’s correlation coefficient was calculated between the GAS5 expression and docetaxel response as represented by either measured docetaxel AUC in cancer cell lines or docetaxel DSS in PCa patients.



Expression Correlation Between GAS5 and ABCB1

Again, the expression levels of GAS5 and ABCB1 were obtained from both cancer cell lines (CCLE) and PCa patients (TCGA-PRAD, PROMOTE, SU2C) RNA-seq data. Pearson’s correlation coefficient was calculated between the expression of GAS5 and ABCB1 in cancer cell lines and PCa patients.



Cell Culture and Reagents

We obtained the human PCa cell line DU145 from ATCC (https://www.atcc.org/) and another PCa cell line, R1D567 from the Dehm laboratory (23). Both cell lines were cultured in RPMI 1640 medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) (Gibco, Thermo Fisher Scientific). Cells were maintained in a humidified atmosphere of 5% CO2 at 37°C and were observed periodically to confirm morphology.



Docetaxel Resistant Cell Lines Development

Docetaxel resistant prostate cancer cell lines were established over 3 months by chronically exposing the parent cell lines to stepwise increasing concentrations of docetaxel. In brief, the cell lines were initially exposed to docetaxel at a concentration of 2×IC50 of the respective parent cell lines for 72 hours. Then, they were cultured under the regular medium and continuously monitored under the microscope until colonies formed. The cell lines were resuspended into a new T25 flask and the treatment cycle was repeated with the same concentration of docetaxel when the cell lines reached 50% confluency. As cells displayed resistance to docetaxel, the concentration was subsequently increased to 3×IC50, 4×IC50, and the treatment cycle was repeated as described above. The resistance was determined by the decrease of cell death during exposure to docetaxel. Control cells were maintained under the same percentage of the vehicle (DMSO) as resistant cell lines. All cell lines were within a passage number of 20.



Knock Down GAS5 through siRNA

R1D567 cells were plated in 6-well plates under a seeding density of 2 × 105 cells/well. Cells were reversely transfected with Lincode GAS5 Control Pool (Human) using DharmaFECT reagent 2 according to the manufacturer-supplied protocol. Transfection reagent was removed after 48 hours due to potential cytotoxicity. The final siRNA concentration was 25 nM and the final concentration of DharmaFECT reagent 2 was 0.1%. Four different siRNAs were employed for GAS5 knockdown (catalog ID: D-001310-1): GAUGGAGUCUCAUGGCACA, UGGAUGACUUGCUUGGGUA, AGGUAUGGAGAGUCGGCUU, AGGCAGACCUGUUAUCCUA. Scramble control was transfected with negative control siRNA (catalog ID: D-001320-10): UGGUUUACAUGUCGACUAA, UGGUUUACAUGUUGUGUGA, UGGUUUACAUGUUUUCUGA,UGGUUUACAUGUUUUCCUA.



Real-Time Reverse Transcriptase PCR

We obtained total RNA from cultured cells using the Quick-RNA MiniPrep Plus Kit (Zymo Research, Irvine, CA). The NanoDrop ND-8000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA) was used for RNA quantification. cDNA was synthase using The High Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, Waltham, MA). The Sso-Advanced Universal SYBR Green SuperMix (Bio-Rad, Hercules, CA) and the 7500 Real-Time PCR System (Applied Biosystems, Foster City, CA) were used to conduct real-time PCR analyses under manufacturer’s protocol. The PCR primers used to amplify target gene/lncRNA and housekeeping genes are as follows: ABCB1 Forward 5’ – GATGCTGGTGTTTGGAGAAATG, ABCB1 Reverse 5’ - GCCTATCTCCTGTCGCATTATAG, GAS5 Forward 5’ – TGGATGACTTGCTTGGGTAAG, GAS5 Reverse 5’ – TAACAGGTCTGCCTGCATTT, GAPDH Forward 5’- GAACATCATCCCTGCCTCTAC -3’, GAPDH Reverse 5’- CCTGCTTCACCACCTTCTT -3’. All results were normalized with the expression of GAPDH. Expression results were quantified using the ΔΔCt method relative to the scramble control.



Determine Docetaxel Response Through Growth Inhibition and Apoptosis Assay After GAS5 Knockdown

R1D567 cells were trypsinized, harvested, counterstained with Hoechst 33342 Fluorescent Stain (Thermo Scientific, Pierce Biotechnology, Rockford, IL) and resuspended in full growth media to 1x105 cells per mL prior to plating and reverse transfection with siRNAs as previously described. Cells were plated in 96-well microplates (Thermo Scientific) using a seeding density of 1x104 cells per well and allowed to attach and transfect with appropriate siRNA for 48 hours. Following incubation, cells were treated with different concentrations of docetaxel ranging from 1nM to 16nM. Apoptosis was kinetically measured over 72 hours using the CellEvent™ Caspase-3/7 Green Detection Reagent (Invitrogen, Life Technologies, Carlsbad, CA) following manufacturer’s protocol. Cell culture plates were transferred by the BioSpa 8 to a Cytation™ 1 Cell Imaging Multi-Mode Reader (BioTek Instruments, Winooski, VT) every six hours, and images were captured in the DAPI, GFP, and brightfield channels. Automatic background flattening parameters were used to remove background fluorescence from the GFP and DAPI channels. Object masking thresholds were then set to identify each cell for counting. Total cell counts per well were obtained using the DAPI fluorescence intensity > 2000 as threshold. Apoptotic cell count was obtained as a subpopulation of the total cell count using the GFP fluorescence intensity > 2000 as threshold. Results are reported as a mean and standard deviation of two independent biological experiments, each containing three technical replicates for each experimental condition.

Cell viability after docetaxel treatment was also measured after knocking down GAS5 with siRNAs as previously described. R1D567 (5x103 cells per well) and DU145 cells (3x103 cells per well) were plated in 96-well microplates (Thermo Scientific) and allowed to attach and transfect with appropriate siRNA for 24 hours. Cells were then exposed to various concentrations of docetaxel for 72 hours. Cell viability was measured using WST-1 assay [(Roche Applied. Science, Penzberg, Upper Bavaria, Germany) following the manufacturer’s protocol. Absorbance at the 450nm wavelength was assessed using the Synergy HTX Multi-Mode Plate Reader (BioTek, Winooski, VT)].



Statistical Analysis and Software

All imputations, predictions, and statistical analyses were performed in the R statistical computing environment. The drug sensitivity curves were plotted and analyzed to obtain the IC50 values using GraphPad Prism 7.0. A p value of < 0.05 was considered statistically significant.




Results


GAS5 as a Biomarker for Docetaxel Sensitivity in CRPC

Using the existing in vitro docetaxel sensitivity screening dataset (CTRPv2) and cancer cell line RNA-seq dataset (CCLE), we first assessed the correlation between the expression of GAS5 and the measured docetaxel sensitivity across 811 cancer cell lines. As expected, a significant negative correlation of GAS5 expression and the AUC of docetaxel has been observed, with higher docetaxel sensitivity in higher GAS5 expressed cells (Pearson correlation coefficient r = -0.3, P < 2.2 x 10-16) (Figure 1A). The same directional effect was also observed in a small collection of 6 PCa cell lines available in CTRPv2 (Pearson correlation coefficient r = -0.65, P = 0.16) (Figure 1B). To evaluate the GAS5 and docetaxel response relationship in CRPC patients, we obtained the GAS5 expression from two independent CRPC patient datasets: SU2C and PROMOTE. In both studies, higher expression levels of GAS5 correlated with higher docetaxel sensitivity (as indicated with higher imputed docetaxel response) in prostate cancer patients (SU2C: Pearson correlation coefficient r = -0.31, P = 0.0046, PROMOTE: Pearson correlation coefficient r = -0.48, P < 1.9 x 10-6 (Figures 1C, D). These results from both cancer cell lines and PCa patients suggest the potential of GAS5 expression as a predictive biomarker for docetaxel sensitivity in prostate cancer.




Figure 1 | Higher GAS5 expression was associated with higher docetaxel sensitivity in cancer cell lines and CRPC patients. Lower imputed docetaxel sensitivity score indicates higher sensitivity in CRPC patients. (A) Scatter plot showing docetaxel response (AUC) (Y-axis) and GAS5 expression in 811 cancer cell lines in CTRPv2. (B) Scatter plot showing docetaxel response (AUC) (Y-axis) and GAS5 expression in 6 PCa cell lines. Name of the cell line was identified above the corresponding point. (C) Scatter plot showing imputed docetaxel sensitivity score (Y-axis) and measured GAS5 expression in 117 CRPC patients in SU2C clinical study. (D) Scatter plot showing imputed docetaxel sensitivity score (Y-axis) and measured GAS5 expression in 91 CRPC patients in PROMOTE trial.





Docetaxel Resistant Prostate Cancer Cell Lines Exhibit Decreased GAS5 Expression

Two PCa cell lines (DU145 and R1D567) were used as the CRPC models for the experimental validation. DU145 is widely used as a CRPC cell line model as it is insensitive to anti-hormonal treatment. R1D567 is a genetically engineered cell line derived from a R1AD1 prostate cancer cell line, which was isolated from a CRPC patient. The exons 5-7 were deleted from the androgen receptor gene in R1AD1 using TALEN to establish R1D567. As a result, R1D567 cells are androgen independence (23). We established docetaxel resistant cell lines (DU145R and R1D567R) by chronically exposing parent cell lines to increasing concentrations of docetaxel. The resulting resistant cell lines have the following features: DU145R tolerates 2 × IC50 (2 x 6 nM) docetaxel treatment and R1D567R tolerates 4 × IC50 (4 x 3 nM) docetaxel. GAS5 expression was measured in both docetaxel resistant cell lines and their corresponding DMSO treated control cell lines. In DU145R, GAS5 was downregulated by nearly 40% compared to the DU145 control cell line (P = 0.0068) (Figure 2A). Similarly, compared to the parent R1D567 DMSO treated cell line, GAS5 was significantly downregulated by over 50% in R1D567R (P = 0.0001) (Figure 2B). These results provided additional support for the role of GAS5 in docetaxel sensitivity in CRPC.




Figure 2 | Docetaxel resistant PCa cell lines exhibit lower GAS5 expression when compared to parent docetaxel sensitive PCa cell lines. The expression was measured using real-time RT-PCR and was normalized to GAPDH expression. (A) Comparison of relative GAS5 expression levels in R1D567 parental line (R1D567P, black bar) and docetaxel resistant line (R1D567R, grey bar). (B) Comparison of relative GAS5 expression levels in DU145 parental line (DU145P, black bar) and docetaxel resistant line (DU145R, grey bar). **P < 0.01, ***P < 0.001.





Transient GAS5 Knockdown Did Not Decrease Percentage Apoptosis or Increase Percentage of Viable Cells After Docetaxel Treatment

To evaluate whether there is a causal relationship between GAS5 expression level and docetaxel sensitivity in CRPC, we transiently knocked down GAS5 using siRNA pool in R1D567 before treating the cells with different concentrations of docetaxel. According to qPCR results, GAS5 knockdown efficacy was greater than 75% at 48h, 72h, and 96h (Supplementary Figure 1). Then, we assessed cell proliferation in both GAS5 knockdown and controlled R1D567 cells. If lower GAS5 expression led to docetaxel resistance, we would observe a higher proliferation rate in GAS5 knockdown group. However, our results showed that there was no difference in cell proliferation between the two groups (Supplementary Figure 2). Since docetaxel exerts its cytotoxic effect mainly through inducing cell apoptosis, we then investigated whether knocking down GAS5 would change percentage apoptosis under docetaxel treatment. We did not observe a decrease in percentage apoptosis under docetaxel treatment after knocking down GAS5 (Supplementary Figure 3). In fact, we found a slight but significant increase in percentage apoptosis in the siRNA treated group after exposing to 2-4nM of docetaxel. The cell proliferation and apoptosis results together suggest that there is no short-term causal relationship between GAS5 expression and docetaxel sensitivity.



GAS5 Expression Negatively Correlated With ABCB1 Expression in PCa Patients

Overexpression of ABCB1 is known to be associated with docetaxel resistance in CRPC cell lines, and knockdown of ABCB1 has been shown to be able to re-sensitized resistant cell lines to docetaxel (20). Given that ABCB1 expression is functionally associated with docetaxel resistance in CRPC, we sought to determine if there is a link between the expression of GAS5 and ABCB1. In TCGA-PRAD, the expression of ABCB1 was found to be negatively correlated with GAS5 expression (Pearson correlation coefficient r = -0.36, P < 2.2 x 10-16) (Figure 3A). In addition, the same directional correlations were observed in CRPC patients in SU2C and PROMOTE datasets (SU2C Pearson correlation coefficient r = -0.31, P = 0.0067, PROMOTE Pearson correlation coefficient r = -0.15, P = 0.16) (Figures 3B, C).




Figure 3 | Validation of the correlation between the expression of GAS5 and the expression of ABCB1 in PCa patient datasets. (A) Scatter plot showing the expression level of ABCB1 (Y-axis) and the expression level of GAS5 in PCa patients in TCGA. (B) Scatter plot showing the expression level of ABCB1 (Y-axis) and the expression level of GAS5 in PCa patients in SU2C. (C) Scatter plot showing the expression level of ABCB1 (Y-axis) and the expression level of GAS5 in PCa patients in PRMOTE.





ABCB1 Was Found to Be Upregulated in Both Docetaxel Resistant PCa Cell Lines and Predicted Poor Docetaxel Responders

Docetaxel is a well-established substrate of ABCB1. We measured ABCB1 expression level in both docetaxel resistant and control cell lines. In DU145R, ABCB1 was significantly upregulated compared to the corresponding DMSO treated control cell line (P = 0.0031) (Figure 4A). Similarly, although not statistically significant, upregulation of ABCB1 was also observed in R1D567R compared to the control (P = 0.1) (Figure 4B). Furthermore, we observed a negative correlation between ABCB1 expression and imputed docetaxel sensitivity in two CRPC trials. In SU2C, higher ABCB1 expression was found to be correlated with lower predicted docetaxel sensitivity (Pearson correlation coefficient r = 0.37, P = 2.3 x 10-5) (Figure 5A). Similar direction was also found in PROMOTE trial (Pearson correlation coefficient r = 0.11, P = 0.29) (Figure 5B).




Figure 4 | In vitro validation of ABCB1 dysregulation in docetaxel response in CRPC cell lines. The expression was measured using real-time RT-PCR and was normalized to GAPDH expression. (A) Comparison of relative ABCB1 expression levels in DU145 parental line (black bar) and docetaxel resistant line (grey bar). (B) Comparison of relative ABCB1 expression levels in R1D567 parental line (black bar) and docetaxel resistant line (grey bar). **P < 0.01, n.s., not significant.






Figure 5 | Higher measured ABCB1 expression was correlated with higher predicted docetaxel sensitivity score (indicating lower sensitivity to docetaxel) in two CRPC trials. (A) Scatter plot showing the predicted docetaxel sensitivity score (Y-axis) and the expression level of ABCB1 (X-axis) in PCa patients in SU2C trial. (B) Scatter plot showing the predicted docetaxel sensitivity score (Y-axis) and the expression level of ABCB1 (X-axis) in PCa patients in PROMOTE trial.





Transient GAS5 Knockdown Did Not Change ABCB1 Expression in CRPC Cell Lines

Since we did not observe a direct effect of GAS5 knockdown to docetaxel response, we hypothesized that GAS5 may indirectly affect docetaxel response through its regulation on ABCB1 gene. We performed GAS5 knockdown experiments in R1D567 using a pooled siRNA targeting GAS5. The expression level of ABCB1 was measured 48h, 72h, and 96h after GAS5 knockdown. We expected that knocking down GAS5 would result in ABCB1 upregulation. However, qPCR results showed that the expression level of ABCB1 was not significantly changed after GAS5 being knocked down (Supplementary Figure 4).




Discussion

Despite the significant advances in cancer treatment, CRPC remains a deadly disease. Docetaxel is a first-line therapy for CRPC. However, the response to this key therapy varies largely between individuals (24). Currently, with additional treatment options becoming available for CRPC patients such as radium 223, sipuleucel, and cabazitaxel, there is an urgent need to identify actionable biomarkers to predict docetaxel sensitivity in CRPC so the patients can be triaged to different therapies if he is not going to respond to docetaxel therapy. In this study, we leveraged existing in vitro and in vivo data for hypothesis generation and performed experimental validation to identify the role of GAS5, a lncRNA, as a predictive biomarker for docetaxel response in CRPC.

As a well-established tumor suppressor gene, GAS5 is shown to exert growth arrest effects in different types of cancer. Luo et al. demonstrated that GAS5 enhances the promoter activity of cyclin-dependent kinase inhibitor 1B (P27Kip1), a regulator of cell cycle, by enhancing the binding of E2F1 to P27Kip1 promotor in prostate cancer (10). Moreover, GAS5 was shown to inhibit pancreatic cancer cell proliferation by inhibiting the transcriptional activity of glucocorticoid receptor (GR) in CD133+ population which is often attributed to tumor metastasis and recurrence (25). Besides acting as a tumor suppressor, GAS5 was also found to confer pharmacogenomic significance in various types of cancer. Yacqub-Usman et al. showed that in androgen-dependent prostate cancer, mTOR inhibitors induced GAS5 upregulation and knocking down GAS5 resulted in resistance to mTOR inhibitors (26). Similarly, Li et al. demonstrated that GAS5 downregulation led to trastuzumab resistance in breast cancer, and the resistance could be alleviated by lapatinib which inhibits PI3K/Akt/mTOR pathway and eventually upregulates GAS5 (27). In this study, we focused on the role of GAS5 in docetaxel response in CRPC. The initial analysis in CTRP dataset suggested that more GAS5 expression was associated with high docetaxel sensitivity in cancer cell lines. Then, after establishing docetaxel resistant cell line models by chronically exposing two CRPC cell lines (DU145 and R1D567) to docetaxel, we found that GAS5 was downregulated by nearly 50% in both docetaxel resistant cell line models. These findings support the predictive value of GAS5 as a docetaxel response biomarker in CRPC.

Beyond the in vitro findings, we also investigated whether the association between GAS5 expression and docetaxel sensitivity can be recapitulated in CRPC patients. By utilizing both RNAseq data and predicted docetaxel sensitivity score, we further demonstrated that higher GAS5 expression correlated with higher predicted docetaxel sensitivity in CRPC patients through analysis of two independent clinical studies (PROMOTE and SU2C). Notably, even if some of the patients in PROMOTE and SU2C received docetaxel as one of their treatments, the RNAseq was obtained before they physically got the drug. Therefore, the predictive role of GAS5 becomes more valuable and clinically actionable since the docetaxel sensitivity can be predicted before the treatment starts.

To test the hypothesis that GAS5 expression is a direct cause of docetaxel response in CRPC, we performed GAS5 knockdown in R1D567 and then the cellular sensitivity to docetaxel (measured through cellular growth inhibition and cell apoptosis after docetaxel exposure) were compared between the GAS5 knockdown and control groups. We found that transient knockdown of GAS5 did not result in docetaxel resistance within 72 hours. This finding is in conflict with a previously reported in vitro study, in which short-term knockdown of GAS5 diminished the cell-killing effects of docetaxel in prostate cancer cells (12). Further examination revealed that the cell line model utilized in the previous study was 22Rv1, a hormone sensitive PCa cell line (28). Therefore, the discrepancy in the observation may be in part due to the model system employed. Our results suggest that there is no direct causal relationship between GAS5 expression and docetaxel response in CRPC cell lines.

We then hypothesized that GAS5 can indirectly affect docetaxel resistance by influencing other coding genes and subsequently lead to docetaxel resistance. To test this hypothesis, we first chose to examine a potential intermediate gene, ABCB1. This gene encodes a major transporter, P-glycoprotein (P-gp), that pumps out foreign substances in an ATP-dependent manner. Our rationale to focus on this gene is that ABCB1 has been known to be related to chemoresistance in many different types of cancer (29–31). Recent studies have shown that ABCB1 could potentially modulate docetaxel resistance in prostate cancer (20, 21). Indeed, we confirmed these literature findings upon examining the correlation between ABCB1 gene expression and imputed docetaxel response scores in both clinical studies. In addition, we found that the expression of ABCB1 was increased in both DU145R and R1D567R docetaxel resistant cell lines. We also observed a negative correlation between the expression of GAS5 and ABCB1 in CRPC patients in both PROMOTE and SU2C trials. These findings suggest that there may be a link either directly or indirectly between GAS5 and ABCB1.

To investigate whether there is a direct interaction between GAS5 and ABCB1, we performed GAS5 knockdown experiments in R1D567 to explore whether transient knockdown of GAS5 would lead to ABCB1 overexpression. To this end, we observed no ABCB1 expression change at 48h, 72h, and 96h after GAS5 knockdown. These results are in contrast to our observations in docetaxel resistant cell models, which were established through chronic docetaxel exposure (months as compared to the siRNA experiments which only go up to 96 h). In the docetaxel resistant cell lines, we found significant decrease in GAS5 expression and significant increase in ABCB1 expression. Taken together, these results suggest that the expression of GAS5 did not directly affect ABCB1 expression. Therefore, we speculate that there is an indirect relationship between GAS5 and ABCB1; and that it will take time for the impact of GAS5 expression to show both at the ABCB1 expression level and for docetaxel response. This theory has support from a study by Xiao Lin et al, in which the authors suggest that the expression and function of lncRNAs may be time-dependent (32).

There are several limitations to our study. First of all, instead of the measured docetaxel response in prostate cancer patients, we utilized the docetaxel sensitivity score imputed using patients’ RNAseq data to perform the correlation between GAS5 expression and docetaxel response. The reasons behind this decision are 1. The lack of recorded docetaxel response in CRPC patients with measured tumor RNA data; 2. multiple treatment modalities leads to difficulty in attributing survival outcome to any specific treatment agents. It is worth noting that the drug sensitivity imputation model employed in this study has been proven to be able to capture a large proportion of response variability in different clinical trials (22). A second limitation of our study is that, utilizing transient GAS5 knockdown by siRNA, we were unable to track the long-term effects of GAS5 dysregulation in CRPC cell lines. Even though we observe dysregulation of both GAS5 and ABCB1 in DU145R and R1D567R and their correlation in PCa patients, our experimental findings suggest that there is no direct regulatory relationship between GAS5 expression and docetaxel sensitivity nor with ABCB1 expression. Therefore, the exact mechanism behind the GAS5 expression and docetaxel sensitivity correlation is yet to be elucidated.

In summary, we have identified that a lncRNA, GAS5, can potentially serve as a predictive biomarker for docetaxel sensitivity in CRPC. Our findings were validated in both PCa cell lines and PCa patient data. Given the urgent clinical need for biomarkers to predict docetaxel sensitivity in CRPC, we expect future work in this area to compare performance of various new biomarkers, including ours and to explore the underlying biological mechanisms to fully appreciate GAS5 as a biomarker for docetaxel response and promote its clinical application.
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The aim of this study was to construct a new immune-associated long non-coding RNA (lncRNA) signature to predict the prognosis of Ewing sarcoma (ES) and explore its molecular mechanisms. We downloaded transcriptome and clinical prognosis data from the Gene Expression Omnibus (GSE17679, which included 88 ES samples and 18 matched normal skeletal muscle samples), and used it as a training set to identify immune-related lncRNAs with different expression levels in ES. Univariable Cox regression was used to screen immune-related lncRNAs related to ES prognosis, and an immune-related lncRNA signature was constructed based on machine learning iterative lasso regression. An external verification set was used to confirm the predictive ability of the signature. Clinical feature subgroup analysis was used to explore whether the signature was an independent prognostic factor. In addition, CIBERSORT was used to explore immune cell infiltration in the high- and low-risk groups, and to analyze the correlations between the lncRNA signature and immune cell levels. Gene set enrichment and variation analyses were used to explore the possible regulatory mechanisms of the immune-related lncRNAs in ES. We also analyzed the expression of 17 common immunotherapy targets in the high- and low-risk groups to identify any that may be regulated by immune-related lncRNAs. We screened 35 immune-related lncRNAs by univariate Cox regression. Based on this, an immune-related 11-lncRNA signature was generated by machine learning iterative lasso regression. Analysis of the external validation set confirmed its high predictive ability. DPP10 antisense RNA 3 was negatively correlated with resting dendritic cell, neutrophil, and γδ T cell infiltration, and long intergenic non-protein coding RNA 1398 was positively correlated with resting dendritic cells and M2 macrophages. These lncRNAs may affect ES prognosis by regulating GSE17721_CTRL_VS_PAM3CSK4_12H_BMDC_UP, GSE2770_IL4_ACT_VS_ACT_CD4_TCELL_48H_UP, GSE29615_CTRL_VS_DAY3_ LAIV_IFLU_VACCINE_PBMC_UP, complement signaling, interleukin 2-signal transducer and activator of transcription 5 signaling, and protein secretion. The immune-related 11-lncRNA signature may also have regulatory effects on the immunotherapy targets CD40 molecule, CD70 molecule, and CD276 molecule. In conclusion, we constructed a new immune-related 11-lncRNA signature that can stratify the prognoses of patients with ES.
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INTRODUCTION

Ewing sarcoma (ES) is one of the most common malignant tumors in children, young adults, and adults (Grünewald et al., 2018). In the past two decades, there has been great progress in ES treatment, through surgery, radiotherapy, and intensive chemotherapy (Pappo and Dirksen, 2018), and patient prognosis has significantly improved. The current 5-year survival rate of patients with local ES is >70%; however, the 5-year survival rate of patients with metastatic or recurrent ES tumors remains at only 20–30% (Burdach and Jürgens, 2002; Iwamoto, 2007). Unfortunately, breakthroughs in the treatment of recurrent and metastatic ES have been difficult to achieve. The precise classification of patients with different prognoses is crucial for precise ES treatment. ES prognosis is closely related to immune factors. For example, CD8+ T cells can kill ES cells by specifically recognizing the ET-derived antigens enhancer of zeste 2 polycomb repressive complex 2 subunit 666 and chondromodulin 319 (Thiel et al., 2011; Blaeschke et al., 2016). Natural killer (NK) cells do not recognize specific tumor antigens to cause an immune response, but exert a direct killing effect on ES cells. Studies have shown that allogeneic transplantation of NK cells has a more pronounced killing effect on tumors than autologous NK cells (Ljunggren and Malmberg, 2007; Verhoeven et al., 2008). In addition, macrophages, mast cells, antigen presenting cells, and dendritic cells are also involved in the molecular mechanisms of ES (Dagher et al., 2002; Lau et al., 2007; Inagaki et al., 2016; Fedorova et al., 2019); however, their specific roles remain unclear. Studies have shown that interleukin (IL)-6, IL-10, and killer cell lectin like receptor K1 regulate the ES tumor microenvironment and are closely related to its prognosis (Hempel et al., 1997; Berghuis et al., 2012; Lissat et al., 2015). Therefore, immune-related prediction signatures may provide accurate guidance for ES treatment.

The discovery of the first long non-coding RNA (lncRNA) (Rinn et al., 2007) sparked an entire field of research regarding their effects and molecular mechanisms in disease. LncRNAs can regulate gene expression through signals, decoys, guides, and scaffolds (Ingolia et al., 2011). Increasing studies have shown that lncRNAs can not only regulate immune responses, but also play important roles in the molecular mechanisms controlling tumors, and are closely related to their prognosis (Peng et al., 2017; Ma et al., 2018; Mowel et al., 2018). According to Marques Howarth et al. (2014), the lncRNA Ewing sarcoma associated transcript 1 (EWSAT1) is a downstream target of EWS RNA binding protein 1 (EWSR1), and the proliferation of ES cells can be inhibited by inhibiting EWSAT1 expression. Immune-associated lncRNAs can be used as prognostic biomarkers for glioblastoma multiforme, breast cancer, and bladder cancer (Zhou et al., 2018; Cao et al., 2020; Zhang Y. et al., 2020). However, due to the lack of research on lncRNAs involved in the molecular mechanisms of ES, an immune-related lncRNA prognosis signature has not been reported. In this study, we have identified lncRNAs strongly related to ES prognosis and used machine learning iterative lasso regression to generate and validate an immune-related 11-lncRNA signature that can predict ES prognosis. We also explored its correlations with immune cell infiltration, to provide accurate and reliable guidance for clinical individualized treatment.



MATERIALS AND METHODS


ES Source Data and Identification of Differentially Expressed Immune-Related lncRNAs

Transcriptome data and corresponding clinical data from the GSE17679 dataset were downloaded from the Gene Expression Omnibus1. The dataset includes 88 ES samples and 18 matched healthy skeletal muscle samples, and was used as the training set. The immune scores of the 88 ES samples were calculated using the ESTIMATE algorithm (Yoshihara et al., 2013, https://bioinformatics.mdanderson.org/public-software/estimate/), and they were divided into high and low immune infiltration groups accordingly. The Stromal scores, ESTIMATE scores, and tumor purity levels of the two groups were evaluated. The limma package was used to compare the transcriptome data between the groups to identify immune-related lncRNAs, and differential expression analysis was performed between the ES samples and healthy skeletal muscle samples to identify differentially expressed lncRNAs. The intersection of immune-related lncRNAs and differentially expressed lncRNAs is regarded as immune-related and differentially expressed lncRNAs. Transcriptome and clinical data from 58 cases of ES were downloaded from the International Cancer Genome Consortium database for use as an external validation set.



Construction of an Optimal Immune-Related lncRNA Predictive Signature

A conditional probability survival graph can describe the survival of patients at different time stages in detail (Latenstein et al., 2020). In this study, 88 patients with ES were used to construct a predictive model, and the conditional survival rate was determined using a conditional probability survival curve. Univariate Cox regression was used to identify lncRNAs associated with ES prognosis. The screening criterion was p < 0.05. Lasso regression (Frost and Amos, 2017) is mainly used for the supervised learning of high-dimensional data. Each iteration of the regression produces a gene combination related to prognosis. We conducted 500 lasso regressions on candidate lncRNAs, and considered the lncRNA combination with the largest area under curve (AUC) of the receiver operating characteristic (ROC) as the optimal lncRNA signature (Sveen et al., 2012). We also evaluated the optimal prognosis ability of the lncRNA signature, in terms of overall survival time and lncRNA expression according to risk score.



Verification of the Optimal Immune-Related lncRNA Predictive Signature

To evaluate the reliability of the immune-related lncRNA signature, we evaluated its prognostic value using the external validation set, and calculated the AUC after 3, 5, and 8 years. We also compared the prognostic value of the immune-related lncRNA signature with established ES prognostic biomarkers (BIK, EGFR, CD44, and LGR5) using the external validation set.

Age, gender, and metastasis are common factors affecting ES. To detect whether the optimal immune-associated lncRNA signature was an independent prognostic factor, Kaplan-Meier survival analysis was used to compare the survival of the high and low-risk groups based on these clinical characteristics. Time-dependent AUC analysis can evaluate the consistency indices of different models based on that of the survival model, and was used to verify the accuracy of the lncRNA signature in predicting ES prognosis (compared with individual clinical characteristics and the lncRNA signature and clinical characteristics combined).



Analysis of Correlations Between lncRNAs in the Optimal Signature and Immune Cells

CIBERSORT (Newman et al., 2019) is an online tool for immune cell subtype deconvolution based on the principle of linear support vector regression. It can use transcriptome data to evaluate the infiltration of 22 types of immune cells. We used CIBERSORT to analyze immune cell infiltration in the high- and low-risk groups. PCA clustering was performed on the filtered data to detect differences between the groups, and the ggplot2 package was used for visualization. The corrplot, ggplot2, and igraph packages were used in R to visualize the correlations, infiltration differences, and interactions, respectively, between 22 kinds of immune cells. Kaplan-Meier analysis was used to explore relationships between immune cell infiltration and ES prognosis. To explore correlations between the lncRNA signature and prognosis-related immune cell infiltration, Pearson correlation analysis was performed and the ggplot2 package was used for visualization.



Exploration of Immune Checkpoints and Related Pathways

CD27 molecule, CD40, CD70, TNF receptor superfamily member 14, CD276, V-set domain containing T cell activation inhibitor 1, indoleamine 2,3-dioxygenase 1, programmed cell death 1, CD274 molecule, programmed cell death 1 ligand 2, hepatitis A virus cellular receptor 2, T cell immunoreceptor with Ig and ITIM domains, cytotoxic T-lymphocyte associated protein 4, CD86 molecule, inducible T cell co-stimulator, lymphocyte activating 3, and CD58 molecule are the most common immune checkpoint markers used in tumor research. We explored the expression of these common immune checkpoints in the high- and low-risk groups.

To explore the enrichment of important pathways in the high-risk group, we conducted gene set enrichment analysis (GSEA; Subramanian et al., 2005) and gene set variation analysis (GSVA; Hänzelmann et al., 2013). GSEA was performed in GSEA 4.0.3 using “h.all.v7.1.symbols.gmt” and “c7.all.v7.1.symbols.gmt” as reference gene sets. Nominal p-values < 0.05 and false discovery rates < 0.05 were considered significant. GSVA was performed on the “h.all.v7.1 symbols.gmt” gene set using the cluster profiler and gsva packages.



RESULTS


Identification of Differentially Expressed Immune-Related lncRNAs

The tumor purity of the samples were evaluated using the time-of-life method. According to their immune scores, the 88 ES samples were divided into high and low immune cell infiltration groups (n = 44 each; Figure 1A). The ESTIMATE scores (p < 0.001) and the Stromal scores (p < 0.001) was higher in high immune cell infiltration group, while tumor purity (p < 0.001) was lower (Figures 1A–D). Principal component analysis (PCA; Supplementary Figures 1A–D) revealed dramatic differences between the two groups. We obtained 262 immune-related lncRNAs by differential expression analysis of the high and low immune infiltration groups, and 884 differentially expressed lncRNAs in the 88 ES samples compared to the 18 matched healthy skeletal muscle samples. The intersection of these groups of lncRNAs yielded 171 immune-related and differentially expressed lncRNAs (Supplementary Figure 1E).
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FIGURE 1. Classification of 88 ES samples based on immune score. (A) Box plot of the immune scores of the high- and low-risk groups. (B) Box plot of stromal scores. (C) Box plot of ESTIMATE scores. (D) Box diagram of tumor purity.




Construction of an Immune-Related lncRNA Prognostic Signature

The annual conditional survival probability increased with the overall survival time (Figure 2). From a 49% chance of survival immediately post-resection, the probability of 5-year survival 1, 2, 3, and 4 years after resection increased by 58, 72, 84, and 100%, respectively. The probability of surviving the next year decreased from 84% to 81% after 1 year, and then increased to 84 and 89% at 3 and 5 years, respectively. The univariate Cox regression model identified 35 correlations between immune-related differentially expressed lncRNAs and patient prognosis (Figure 3). Prognosis-related lncRNAs were cross-validated via 500 lasso regressions to reveal an optimal immune-related lncRNA prognostic model consisting of 11 lncRNAs (Figure 4A). Receiver operating characteristic (ROC) analysis was used to further evaluate the predictive performance of the immune-related lncRNA prognostic signature. The results show that it has good performance in predicting ES prognosis (AUC = 0.819; Figure 4B). When the patients were divided into high- and low-risk groups according to their risk scores, Kaplan-Meier survival analysis showed that ES prognosis was significantly worse in the high-risk group (log-rank p < 0.001, Figure 4C). Both the risk scores and the number of deaths in the high-risk group were significantly higher than those of the low-risk group (Figure 4D). Of the 11 immune-related lncRNAs, ARHGAP26 antisense RNA 1 (ARHGAP26-AS1), FUT8 antisense RNA 1 (FUT8-AS1), FOXC1 upstream transcript (FOXCUT), and chromosome 5 putative open reading frame 64 (C5orf64) were highly expressed in the high-risk group, while NAV2 antisense RNA 2 (NAV2-AS2), long intergenic non-protein coding RNA (LINC)00408, SEC24B antisense RNA 1 (SEC24B-AS1), LINC01343, LINC01398, LINC01197, and DPP10 antisense RNA 3 (DPP10-AS3) were lowly expressed in the high-risk group (Figure 4D).
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FIGURE 2. Conditional survival estimates over time. Each column represents a survival period, and each row represents the percentage to reach a certain survival time from that point (in years).
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FIGURE 3. Univariate Cox regression analysis of immune-related differentially expressed lncRNAs.
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FIGURE 4. Construction and evaluation of the optimal immune-related lncRNA signature. (A) Line chart of the AUC of different immune-related lncRNA signature models. (B) ROC curve of the immune-related 11-lncRNA signature. (C) Kaplan-Meier analysis of the signature. Survival was compared using the log-rank test. (D) Evaluation of the 11-lncRNA signature based on risk factors in the high- and low-risk groups, the RFS, and gene expression in the signature.




Verification of the Optimal Immune-Related lncRNA Signature

To verify the reliability of the optimal immune lncRNA signature, we evaluated its predictive value in 58 ES samples in the external validation set through ROC analysis. The immune-related lncRNA signature had obvious prognostic value after 3 (AUC = 0.71), 5 (AUC = 0.68), and 8 years (AUC = 0.75; Figure 5A). Compared with prognostic biomarkers such as BCL2 interacting killer (BIK), epidermal growth factor receptor (EGFR), CD44 molecule (Indian blood group) (CD44), and leucine rich repeat containing G protein-coupled receptor 5 (LGR5), the lncRNA signature had better prognostic value (Figure 5B).
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FIGURE 5. Verification of the optimal immune-related 11-lncRNA signature. (A) 3-, 5-, and 8-year ROC curves of the 11-lncRNA signature in the external verification set. (B) Comparison of the 11-lncRNA signature and common prognostic biomarkers of ES.




Evaluation of the Immune-Related lncRNA Signature as an Independent ES Prognostic Factor and Its Prediction Accuracy

To assess whether the immune-related lncRNA signature acts is a prognostic factor independent of clinical characteristics (age, sex, and metastasis), Kaplan-Meier survival analysis was performed in different subgroups of the high- and low-risk groups. Prognosis was poor in all subgroups of the high-risk group (p < 0.05, Figure 6), suggesting that the signature is independent of age, sex, and metastasis. The lncRNA signature was more accurate in predicting ES prognosis than age, sex, age + sex, and age + sex + lncRNA signature models (Figure 7).
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FIGURE 6. Survival analysis of the immune-related 11-lncRNA signature with different clinical characteristics.
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FIGURE 7. Time-dependent ROC curve. Concordance index (cindex) shows measure of concordance of predictor with survival of patients. The minimum threshold for cindex to be considered effective is 0.6.




Correlations Between the Immune-Related lncRNA Prognostic Signature and Immune Cell Subtype Infiltration

Principal component analysis of the high- and low-risk groups revealed differences in immune cell infiltration (Figure 8A). Correlation analysis showed that plasma cells were positively correlated with M1 macrophages and resting mast cells, but negatively correlated with M2 macrophages. activated T cells CD4 memory were positively correlated with γδ T cells and negatively correlated with M0 macrophages (Figure 8B). M2 macrophages, resting NK cells, and activated NK cells had the strongest interactions with other immune cells, while monocytes, naïve B cells, and resting dendritic cells had the weakest interactions (Figure 8C). Memory B cells and activated NK cells showed higher infiltration in the high-risk group compared to the low-risk group (Figure 8D). Infiltration of regulatory T cells (Tregs; p = 0.001) and activated CD4 memory T cells (p = 0.001) indicated good ES prognosis, while infiltration by activated dendritic cells (p = 0.009), M2 macrophages (p = 0.001), monocytes (p < 0.001), resting mast cells (p < 0.001), and γδ T cells (p < 0.001) indicated poor prognosis (Figure 9A). DPP10-AS3 was positively correlated with resting dendritic cell, neutrophil, and γδ T cell infiltration, while LINC01398 was negatively correlated with resting dendritic cell and M2 macrophage infiltration (Figure 9B).
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FIGURE 8. Immune cell infiltration in ES. (A) PCA analysis of immune cell infiltration in ES samples and healthy skeletal muscle samples. (B) Correlation heat maps of 22 immune cell types. The size of each colored circle represents the related p-value; the color represents the strength of the correlation (blue and red indicate positive and negative correlations, respectively, with darker colors indicating stronger correlations). (C) Interaction network between 22 immune cell types. The circle size represents the strength of the interaction. (D) Violin chart showing differences in the infiltration of 22 immune cell types in the ES and healthy skeletal muscle groups.
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FIGURE 9. Correlation analysis between the immune-related 11-lncRNA signature and prognosis-related immune cells. (A) Kaplan-Meier survival analysis of immune cell infiltration and ES prognosis. (B) Heat map of correlations between the 11-lncRNA signature and prognostic immune cells. The ordinate is the gene name, the abscissa is the immune cell type, and the color represents the correlation coefficient; ∗p < 0.05, ∗∗p < 0.01.




Signature-Related Pathways and Immune Checkpoint Markers

The results of gene set enrichment analysis (GSEA) are shown in Figures 10A,B. Pathways enriched in the high-risk group included GSE17721_CTRL_VS_PAM3CSK4_12H_BMDC_UP, GSE2770_IL4_ACT_VS_ACT_CD4_TCELL_48H_UP, GSE29615_CTRL_VS_DAY3_LAIV_STAT_VACCEMENT, REMARK_MARKINHALL_COM_PLTION, REMARK_COM_PL_COM, REMARK_COMP_UP, and REMARK_COMP_PROG. Gene set variation analysis (GSVA) revealed activation of IL2-signal transducer and activator of transcription 5, protein secretion, complement, and phosphoinositide 3-kinase (PI3K)-Akt-mammalian target of rapamycin signaling in the high-risk group (Figure 10C).
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FIGURE 10. GSEA and GSVA analyses. (A) GSEA analysis based on h.all.v7.1.symbols.gmt. (B) GSEA analysis based on c7.all.v7.1.symbols.gmt. (C) GSVA analysis.


Among common immune checkpoint markers, the levels of CD40 molecule (CD40; p = 0.01) and CD70 molecule (CD70; p = 0.019) were higher in the high-risk group, while CD276 molecule (CD276; p = 0.019) was higher in the low-risk group (Figure 11).
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FIGURE 11. Immune checkpoint expression in the high and low risk groups. (A–C) Expression of (A) CD40, (B) CD70, and (C) CD276.




DISCUSSION

Increasing studies have shown that lncRNAs play important roles in the occurrence and development of various tumors. LncRNAs are not only involved in tumor regulatory mechanisms, but their levels are also closely related to patient prognosis. For example, the lncRNA CBR3 antisense RNA 1 can not only promote the occurrence of osteosarcoma by regulating the proliferation, migration, invasion, and apoptosis of osteosarcoma cells, but is also an independent prognostic factor of the disease (Zhang et al., 2018). This study aimed to identify an optimal immune-related lncRNA signature to predict the prognosis of ES. After screening for prognosis-related lncRNAs, the 11-lncRNA signature was constructed using a machine learning-iterative lasso regression model. Compared with the traditional stepwise regression method for constructing prognostic signatures, this method is based on the penalized lasso regression method, and combines lncRNAs with strong prognostic correlations to obtain optimal lncRNA signatures (Friedman et al., 2010; Goeman, 2010). This method not only considers the prognostic information of each lncRNA, but also removes redundant prognostic information, maximizing the prognostic value of the lncRNA signature. We also used bioinformatic methods to explore relationships between the lncRNA signature and prognosis-related immune cells, and explored the potential regulatory mechanisms involved, providing new research avenues in the study of immune-related lncRNAs in ES.

We identified 11 differentially expressed immune-related lncRNAs: ARHGAP26-AS1, FUT8-AS1, FOXCUT, C5orf64, NAV2-AS2, LINC00408, SEC24B-AS1, LINC01343, LINC01398, LINC01197, and DPP10-AS3. NAV2-AS2 and SEC24B-AS1 are prognostic biomarkers for lung adenocarcinoma (He and Zuo, 2019) and non-small cell lung cancer (Yang et al., 2020), respectively. Zhang X. et al. (2020) showed that FOXCUT promotes the metastasis and proliferation of colorectal cancer by activating the forkhead box C1/PI3K/Akt pathway. In addition, FOXCUT plays important roles in the molecular mechanisms of breast cancer, nasopharyngeal carcinoma, gastric adenocarcinoma, and esophageal squamous cell carcinoma, and can be used as a prognostic biomarker of esophageal squamous cell carcinoma (Pan et al., 2014; Liu et al., 2015; Xu et al., 2017; Zhao and Shen, 2019). The relationships between the 11 lncRNAs and ES are currently unclear, and biological studies will be required to explore their roles in its molecular mechanisms. Our results demonstrate that the immune-related 11-lncRNA signature has a higher prognostic value than other known prognostic biomarkers and is not affected by clinical characteristics. Therefore, the signature has strong prognostic evaluation value. However, large-scale experimental verification will be required before it can be accurately and reliably used in the clinic.

To evaluate immune cell infiltration in ES, we applied the deconvolution method to analyze ES expression data and found that memory B cells and activated NK cells had higher infiltration in the high-risk group than in the low-risk group, and that Tregs, activated CD4 memory T cells, activated dendritic cells, M2 macrophages, monocytes, resting mast cells, and γδ T cells were significantly related to ES prognosis. The killing effects of NK cells on ES cells have been experimentally verified (Verhoeven et al., 2008). Osteosarcoma displays mast cell infiltration (Inagaki et al., 2016); however, their infiltration of ES is currently unclear. The infiltration of tumor-associated macrophages and mast cells indicates poor ES prognosis (Pollard, 2004; Fujiwara et al., 2011), consistent with our results. In immunodeficient mice, γδ T cells can mediate the cytotoxicity of antibody-dependent ES cells with high expression of GD2 (Fisher et al., 2016). Guo et al. (2008) reported that dendritic cells have strong inhibitory effects on the proliferation of subcutaneous ES cells in mice. The roles of memory B cells, activated CD4 memory T cells, and Tregs in the occurrence and development of ES have not been reported. We also found that DPP10-AS3 was negatively correlated with resting dendritic cell, neutrophil, and γδ T cell infiltration, and LINC01398 was positively correlated with resting dendritic cell and M2 macrophage infiltration. However, the relationships between these lncRNAs and these prognostic-related immune cell types remain unclear, and will require further biological experimentation.

In GSEA and GSVA, GSE17721_CTRL_VS_PAM3CSK4_12H _BMDC_UP, GSE2770_IL4_ACT_VS_ACT_CD4_TCELL_48H_ UP, GSE29615_CTRL_VS_DAY3_LAIV_IFLU_VACCINE_ PBMC_UPLING, HSTATALLMARK_COMPLEMENT2_HALL MARK_MARK_UP_HALL_MARK_COMPLTION, and HSTAT ALL_COMPLTION_HALLMARK_COMPLTION_HALLMARK _COMPLTION were significantly enriched in the high risk group compared to the low-risk group. The complement system plays an important role in ES pathogenesis. For example, complement C5 is activated in ES and is positively correlated with better prognosis (Savola et al., 2011). In addition, a decrease in extracellular matrix protein secretion is related to loss of ES cell invasion ability (Javelaud et al., 2002). Therefore, the lncRNAs included in the signature may affect ES prognosis in part by regulating the complement system and the secretion of extracellular matrix proteins. The expression of the EWSR1-WT1, a fusion protein containing sections of EWSR1 and WT1 transcription factor, in proliferative small round cell tumors can induce the expression of IL-2 and IL-15, which are related to the proliferation of these tumor cells (Wong et al., 2002). However, the role of the IL-2-STAT5 signaling pathway in the pathogenesis of ES has not yet been reported. The specific role of protein secretion in ES pathogenesis also remains unclear, and further research is needed. Further study of these pathways will elucidate the immune regulatory mechanisms of ES.

Among common immune checkpoint markers, the levels of CD40, CD70, and CD276 differed between the high- and low-risk groups. Lollini et al. (1998) analyzed the expression of CD40 in 12 human osteosarcoma cell lines, six ES lines, and five rhabdomyosarcoma lines by flow cytometry. CD40 was highly expressed in osteosarcoma and ES, and was closely related to ES prognosis. CD70 is a therapeutic target for osteosarcoma (Pahl et al., 2015); however, its role in ES pathogenesis is currently unclear. CD276 is an immunotherapy target for peritoneal cancer, glioma, and central nervous tumors (Picarda et al., 2016), and its role in ES is also unclear. Our results show that the 11-lncRNA signature is closely related to these therapeutic targets. However, the specific regulatory relationships between the signature and CD40, CD70, and CD276 will require biological experimentation.

In summary, this study reports the first immune-related lncRNA signature related to ES prognosis. The gene signature is closely related to the infiltration of a variety of immune cell types, and reveals pathways and immune checkpoints that may be regulated by the 11 lncRNAs comprising it.
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Purpose

Long non-coding RNAs (lncRNAs) play an important role in the occurrence and development of bladder cancer, but the underlying molecular mechanisms remain largely unknown. In this study, we found that LINC00467 was significantly highly expressed in bladder cancer through bioinformatic analysis. The present study aimed to explore the role of LINC00467 in bladder cancer and its possible underlying molecular mechanisms.



Methods

The expression of LINC00467 was obtained from GEO (GSE31189), the TCGA database, and qRT-PCR. The role of LINC00467 in bladder cancer was assessed both in vitro and in vivo. RIP, RNA pulldown, and CO-IP were used to demonstrate the potential mechanism by which LINC00467 regulates the progression of bladder cancer.



Results

Through the analysis of GEO (GSE133624) and the TCGA database, it was found that LINC00467 was highly expressed in bladder cancer tissues and that the expression of LINC00467 was significantly negatively correlated with patient prognosis. Cell and animal experiments suggest that LINC00467 promotes the proliferation and invasion of bladder cancer cells. On the one hand, LINC00467 can directly bind to NF-kb-p65 mRNA to stabilize its expression. On the other hand, LINC00467 can directly bind to NF-kb-p65 to promote its translocation into the nucleus to activate the NF-κB signaling pathway, which promotes the progression of bladder cancer.



Conclusions

LINC00467 is highly expressed in bladder cancer and can promote the progression of bladder cancer by regulating the NF-κB signaling pathway. Therefore, targeting LINC00467 is very likely to provide a new strategy for the treatment of bladder cancer and for improving patient prognosis.





Keywords: LINC00467, NF-kb, proliferation, invasion, bladder cancer



Introduction

Bladder cancer is one of the most common tumors of the genitourinary system, and it mainly occurs in men. There are approximately 549,000 new cases and 200,000 deaths worldwide every year (1). According to its clinical characteristics, bladder cancer can be divided into non-muscle-invasive bladder cancer (NMIBC) and muscle-invasive bladder cancer (MIBC). NMIBC is mainly treated by transurethral resection, intravesical BCG infusion, or bladder infusion chemotherapy. Due to its rapid progression and high recurrence rate, MIBC is mainly treated with radical cystectomy and neoadjuvant chemotherapy (2). Therefore, exploring new molecular markers and therapeutic targets for improving the clinical efficacy of treatment in patients with bladder cancer is important.

Nuclear factor-kb (NF-kb) is a family of transcription factors composed of five different DNA-binding proteins: P50, P52, P65, RELB, and c-Rel (3). In the resting state, they usually form homodimers or heterodimers in the cytoplasm and bind to the IkB protein (inhibitor of NF-κB). Activation of the NF-κB signaling pathway depends on the activation of IκB kinases (IKK). The activation of IKK complexes phosphorylates IkB proteins, triggering their degradation via the proteasome (3). The influence of NF-κB on tumor progression is mainly related to its classical pathway. In the classical pathway of NF-κB, tumor necrosis factor (TNF), IL-1, lipopolysaccharide (LPS), and other substances activate IKK. Activated IKK can induce phosphorylation of IkB protein and depolymerize it from the P50/P65 complex. The released P50/P65 complex is further activated after various post-translational modifications, translocates to the nucleus, binds to its target genes, and promotes the transcription of target genes that regulate cell proliferation, apoptosis, metastasis, invasion, and other biological processes (4, 5). Therefore, the NF-κB signaling pathway is closely related to the occurrence and development of tumors.

In recent years, many studies have found that long non-coding RNAs (lncRNAs) play an important role in the progression of bladder cancer. Long non-coding RNAs (lncRNAs) are transcripts longer than 200 nucleotides that do not encode or encode short peptides. They can participate in the regulation of various physiological and pathological processes, such as cell proliferation, apoptosis, invasion, metastasis, and autophagy (6, 7). Studies have shown that lncRNAs can directly participate in the regulation of the NF-κB signaling pathway activation process, which affects the phenotype of tumor cells. For example, in breast cancer, the lncRNA NKILA induced by the NF-κB signaling pathway can bind to the NF-kb/IkB complex and mask the phosphorylation site of IkB, which inhibits IKK-induced phosphorylation of IkB and activation of NF-κB, thereby inhibiting the metastasis of breast cancer cells (6). In addition, in prostate cancer, lncRNA DRAIC can bind to IKK and reduce its kinase activity on IkB, which inhibits the activation of NF-κB, thereby inhibiting the proliferation and metastasis of prostate cancer cells (8).

In this study, we analyzed the GEO and TCGA databases and found that LINC00467 was significantly highly expressed in bladder cancer tissue and that the expression of LINC00467 was significantly negatively correlated with the patient’s disease-free survival, which indicates that LINC00467 may be closely related to the recurrence and metastasis of bladder cancer patients. Further studies have shown that LINC00467 can not only directly bind NF-kb-p65 mRNA to stabilize its expression, but can also directly bind to NF-kb-p65 to promote nuclear translocation of NF-kb-p65. This activates the NFKB signaling pathway, thereby promoting tumor cell proliferation and invasion. Our findings are very likely to provide new targets and strategies for the treatment of bladder cancer.



Materials and Methods


Bioinformatics Analysis

The expression profiles of lncRNAs in human bladder cancer tissues were collected from GEO (GSE133624), TANRIC (http://bioinformatics.mdanderson.org/main/TAN RIC : Overview) (9) and GEPIA (http://gepia.cancer-pku.cn/) (10) which was used for patient survival analysis and correlation prediction. catRAPID (http://service.Tartaglialab.com/page/catrapid_group) (11) was used to predict RNA-protein binding. IntaRNA2.0 (http://rna.informatik.uni-freiburg.de/IntaRNA/Input.jsp) (12) was used to predict lncRNA-mRNA binding.



Tissues and Cell Lines

All human BUC specimens were collected from patients at Third Xiangya Hospital (2016-2018), and all patients were diagnosed by histopathology and radical cystectomy. These clinical specimens were previously approved by the patient and approved by the ethics committee for research purposes. Six pairs of BUC tissue samples and corresponding adjacent non-tumor tissue samples were stored at -80°C immediately after radical cystectomy and used for qRT-PCR and/or Western blotting. Human bladder cancer T24 and RT4 cells were purchased from ATCC (Rockville, MD, USA). The cells were cultured in DMEM (Invitrogen) bovine serum (FBS) (Gibco) in a humidified atmosphere at 37°C with 5% CO2 supplemented with 10% fetal.



Cell Transfection

siRNA, overexpression plasmid of LINC00467, and negative controls were purchased from RiboBio (Guangzhou, China). Lipofectamine 3000 (Invitrogen, Carlsbad, CA, USA) was used following the instructions for plasmid transfection as previously described (13). Transfection efficiency was determined Supplementary Files 2A–C. The LINC00467 siRNA were purchased from Ribobio (Guangzhou, China). The following siRNA sequences were used: Forward 5-GAUGCUCUGUAAACCACAUTT-3; Reverse 5-AUGUGGUUUACAGAGCAUCTT-3.



Quantitative Real Time PCR

Total RNA was extracted from the cells using TRIzol (Invitrogen), and the purity of the RNA was assessed spectrophotometrically (A260/A280>1.8). Approximately 1μg of total RNA was reverse transcribed into cDNA using an MMLV reverse transcriptase reagent (Promega, Madison, WI, USA). According to the manufacturer’s instructions, real-time qRT-PCR was used to detect LINC00467 and NF-kb-p65 mRNA expression using a SYBR Green PCR Master Mix on an ABI 7500 sequence detection system (Life Technologies). All experiments were performed in triplicate using β-actin or U1 as internal controls. Relative expression levels were calculated using the 2-ΔΔCt method. The following primer sequences were used: LINC00467-F: 5-TCGTCTTCAGGAAGCCAGAC-3; R: 5- TGGAAATCAAAAGGGTCAGC-3; NF-kb-p65 -F: 5-ATGTGGAGATCATTGAGCAGC-3; R: 5-CCTGGTCCTGTGTAGCCATT-3; β-actin -F: 5-CATGTACGTTGCTA TCCAGGC-3; R: 5-CTCCTTAATGTCACGCACGAT-3; U1 -F: 5- GGGAGATACCATGATCACGAAGGT-3; R: 5- CCACAAATTATGCAGTCGAGTTTCCC-3.



Wound-Healing Assays

Approximately 5 × 105 cells/mL were plated in 6-well plates, and the plates were observed for monolayers that had covered >90% of the bottom of the well or had covered it completely on the second day after plating. Next, a 10-μL pipette tip was used to scratch a straight mark down the middle of the monolayer. After creating the wound, the 10% FBS–containing medium was replaced with medium containing a 1% FBS concentration, and photos taken at 0 h were used as the control. The plates were then placed in a 5% CO2 incubator at 37°C, and photos were captured after 48 h.



MTT Assays

Exponentially growing cells were inoculated in 96-well plates at 1 × 104 cells per well (100 μL medium) and incubated for 24 h (37°C, 5% CO2). MTT (50 μl of MTT (Sigma Chemicals, St. Louis, MO, USA; 5 mg/ml in PBS) was then added to each well, and the cells were cultured for an additional 4 h. Subsequently, the supernatant was aspirated, and 150 μl of DMSO was added to each well to dissolve the crystals. Cell proliferation was estimated using a microplate reader at a wavelength of 570 nm.



Clone Formation Assays

The monolayer culture cells in the logarithmic growth phase were trypsinized and counted, and 1000 cells per well were inoculated into culture dishes (60 mm) and kept at 37°C with 5% CO2 and saturated humidity for 2–3 weeks. The cells were fixed with 1 ml of paraformaldehyde for 30 min, and the fixed cells were stained with hematoxylin and counted under a microscope. The clone was counted if the cell number of the clone was increased to 50.



Transwell Assays

After transfection for 24 h, bladder cancer cells were collected and washed with PBS as well as serum-free DMEM. The upper chamber of the Transwell was pre-coated with Matrigel (0.2μg/μl, diluted in DMEM medium, Corning, USA), and 600 μl DMEM containing 20% FBS was added to the lower transwell chamber. A 200 μl (5×104 cells/mL) cell suspension of DMEN without FBS was plated into the upper chamber. The cells were incubated at 37°C for 48 h. Cells that had invaded across the membrane were fixed with 75% methanol for 30 min and stained with 0.5% crystal violet for 60 min. Stained cells were counted in 10 random microscopic fields per membrane (microscope: DMB5-2231P1, DMB HK Ltd., Hong Kong, China).



Western Blotting

Western blotting was performed as described previously (14, 15). Tissues and cells were washed with PBS and then lysed on ice for 30 min with RIPA lysis buffer containing 10% protease inhibitor cocktail (Roche), and protein concentration was determined using a BCA Protein Assay Kit (Thermo Scientific). Subsequently, the cell lysate containing 20-40 μg of protein was separated with a 10% SDS-polyacrylamide gel and transferred to a PVDF membrane, and the membrane was blocked in 5% skim milk powder (formed in PBS) and incubated with anti-NF-kb-p65 (Abcam/ab16502;1:1000), anti-IKBαb (Cst/#4812;1:1000), anti-IKBβ (Abcam/ab7547;1:1000), anti-Histone H3 (CST,#4499;1:1000), and anti-β-actin (Ptgcn/66009-1-Ig;1:2000) overnight at 4°C followed by addition of secondary antibody. The secondary antibody was discarded, and the band was imaged via ECL and quantified using the optical density analysis software Quantity One (Bio-Rad). GAPDH was used as an internal reference to standardize the expression of other proteins.



Xenograft Mouse Model

Female nude mice (5-week-old, 17.9 ± 0.82 g) were purchased from Shanghai Laboratory Animal Center (SLAC, Shanghai, China). All animal experimental procedures were performed in accordance with the guidelines defined by the ethics committee and ethics committee approval. The RT4 cells were transfected with siRNA targeting LINC00467, overexpression plasmids, or vector plasmids. Stably transfected bladder cancer cells were collected during logarithmic growth phase. Then, the bladder cancer cells were washed and resuspended in PBS to achieve a cell concentration of 1 × 107 cells/ml. A 200 μL cell suspension was subcutaneously implanted into the right armpit of nude mice (the nude mice were divided randomly into three groups of 12), and macroscopic tumors were grown in the mice. The size of the tumor was calculated by measuring its length (L) and width (W) every 3 days. The nude mice were sacrificed after 25 days, and tumor volumes were measured according to the formula V = 1/2 (L × W2). All experiments were approved by the Ethics Committee of the Third Xiangya Hospital of Central South University.



Immunohistochemistry

After paraffin-embedded tissue was sliced, dewaxed, hydrated, and antigen-repaired, with additional blockage of endogenous peroxidase, anti-Ki67 (Genetex, GTX 16667) was added, and the samples were refrigerated at 4°C overnight. Polymer enhancer was added dropwise for 20 min at room temperature, and a biotin-labeled secondary antibody was added dropwise. The samples were then incubated at room temperature for 30 min. DAB was used as the color body while hematoxylin was used as the color former. Finally, a conventional dehydrated and transparent neutral gum seal was used. The degree of immunostaining of the paraffin-embedded sections was assessed and scored by two independent pathologists who were blinded to the histopathological features and patient data. The score was determined by combining the proportion of positively stained tumor cells and staining intensity. Specific scoring rules were based on previous research.



Fluorescence In Situ Hybridization

Fluorescence in situ hybridization (FISH) was performed to detect the localization and expression of LINC00467 in BUC cells. The blue DAPI and red FISH probes were purchased from RiboBio (Guangzhou, China). The subcellular localization of LINC00467 was detected using a FISH kit (RiboBio, Guangzhou, China) according to the manufacturer’s instructions.



Immunoprecipitation (IP)

The RIP assay was performed using an EZ-Magna RIP kit (Millipore, MA, USA). Briefly, 1×107 cells were harvested and lysed with RIP lysis buffer with one freeze-thaw cycle. The cell extract was co-immunoprecipitated using anti-HuR (Proteintech, 11910-1-AP), and the retrieved RNA was subjected to qRT-PCR analysis. Rabbit IgG was used as the NC, and purified RNA was then analyzed by qRT-PCR using RIP Primers specific for the U1 snRNA.



CO-IP

CO-IP was performed as described previously (16). Adherent cells were taken from the 10 cm cell culture dish, the cell culture medium was aspirated and washed once with PBS, the cells were lysed with 1 ml IP buffer and mixed with 2 μg anti-NF-kb-p65 at 4°C, and then incubated overnight for rotation. Twenty µL of fully resuspended, Protein A+G Agarose was added, and the sample was shaken slowly for 2 h at 4°C. After centrifugation at 2500 rpm for 5 min, the supernatant was carefully aspirated and the IP complex was placed 5 times in IP buffer as well as 20 µl of 1X SDS-PAGE electrophoresis loading buffer Vortex. The pellet was resuspended and the sample from the bottom of the tube was centrifugated by instantaneous high-speed centrifugation.



Stability and α-Amanitin Treatment

We inoculated LINC00467 siRNA, siRNA NC, and LINC00467 and T24/RT4 cells overexpressing the blank plasmid into 6-well plates. Cells were treated with 50 μg/ml of α-amanita toxin after 24 h, and cells were harvested for RNA purification and RT-PCR after 6, 12, 18, 24, and 48 h of treatment. We collected three independent samples for each data point, and all samples had untreated and untransfected matched samples for RNA purification and data analysis.



Statistical Analysis

GraphPad Prism 8.02 was used for all statistical analyses, and all experiments were repeated three times. Data are expressed as mean ± SD. Significant differences between the two groups were performed using Student’s t-tests, while significant differences between groups were analyzed using a one-way ANOVA followed by a Dunnett’s test. A p value <0.05 was considered to be a significant difference.




Results


LINC00467 Is Highly Expressed in Bladder Cancer and Is Correlated With Poor Prognosis

TANRIC (n=271) and GSE133624 (n=55) suggest that LINC00467 expression is increased in bladder cancer tissues compared with paired adjacent normal tissues (Figures 1A, B). To verify the results of bioinformatics analysis, we detected the expression of LINC00467 in six pairs of bladder cancer tissues and paired adjacent normal tissues, which confirmed that LINC00467 was significantly upregulated in bladder cancer tissues (Figure 1C). Further analysis of the GEPIA database showed that LINC00467 expression was negatively correlated with the disease-free survival of patients with bladder cancer (Figure 1D).




Figure 1 | LIN00467 is highly expressed in bladder cancer and is negatively correlated with prognosis. (A, B) TCGA database and GSE133624 showed LINC00467 expression is increased in bladder cancer tissues compared with paired adjacent normal tissues. (C) The q-PCR method was used to detect the expression of LINC00467 in 6 pairs of bladder cancer tissues and paired adjacent normal tissues. (D) The GEPIA database showed that LINC00467 was negatively correlated with the disease-free survival of patients with bladder cancer **P < 0.01, ***P < 0.001.





LINC00467 Promotes Proliferation and Invasion in Bladder Cancer

To explore the biological functions of LINC00467 in bladder cancer cells, T24 and RT4 cell lines were used to knockdown or overexpress LINC00467. We found that LINC00467 promoted the proliferation of bladder cancer cells using the MTT assay and colony forming assay (Figures 2A, B) and showed that LINC00467 accelerated the migration and invasion of bladder cancer cells using migration and invasion assays (Figures 2C, D).




Figure 2 | LINC00467 can promote the proliferation and invasion of bladder cancer in vitro. (A, B) MTT and cell clone formation experiments respectively detect the proliferation ability. (C, D) Wound-healing assays (×200) and transwell experiments (×200) respectively detect the migration and invasion ability. *P < 0.05, **P < 0.01, ***P < 0.001.





LINC00467 Can Bind to NF-kb-p65 mRNA and Increase Its Stability

To determine the molecular mechanism by which LINC00467 promotes bladder cancer cell proliferation and invasion, we analyzed its localization in cells and found that LINC00467 is located both inside the nucleus and the cytoplasm. (Figure 3A). Subsequently, we found the LINC00467 co-expressed mRNAs on the Co-LncRNA website and performed functional enrichment analysis using Metascape. The results showed that LINC00467 is very likely to interact with the NF-κB signaling pathway (Figure 3B). Therefore, we analyzed the correlation between LINC00467 and NF-kb-p65 mRNA through the GEPIA website and found that LINC00467 and NF-kb-p65 mRNA expression were positively correlated in bladder cancer (Figure 3C). Bioinformatics analysis showed that LINC00467 harbors the binding sequences for NF-kb-p65 mRNA on the IntaRNA 2.0 website (Figure 3D). To verify our hypothesis, we performed RIP experiments and showed that overexpression of LINC00467 reduced the binding of AGO2 to NF-kb-p65 mRNA, which indicated that LINC00467 is very likely to directly bind to NF-kb-p65 mRNA (Figure 3E). Therefore, we knocked out LINC00467 in the bladder cancer cell line T24/RT4 and found that the expression of NF-kb-p65 mRNA decreased, while the expression of NF-kb-p65 mRNA increased after overexpression of LINC00467 (Figures 3F, G). This indicates that LINC00467 is very likely to stabilize the expression of NF-kb-p65 mRNA. Therefore, we performed RNA stability experiments and showed that LINC00467 silencing markedly shortened the half-life of NF-kb-p65 mRNA, whereas LINC00467 overexpression markedly increased the half-life of NF-kb-p65 mRNA (Figures 3H, I). In summary, LINC00467 directly binds to NF-kb-p65 mRNA and increases its stability.




Figure 3 | LINC00467 can bind to NF-kb-p65 mRNA and increase its stability. (A) The cytoplasm and nuclear RNA of RT4/T24 cells were extracted, and the expression of LINC00467 and NF-kb-p65 mRNA was detected by q-PCR. (B) The metascape website shows that LINC00467 interacts with the NF-κB signaling pathway. (C) The GEPIA website showed that LINC00467 and NF-kb-p65 mRNA expression were positively correlated in bladder cancer. (D) The IntaRNA 2.0 website showed that there may be binding sites between LINC00467 and NF-kb-p65 mRNA. (E) RIP assay showed that LINC00467 binds to NF-kb-p65 mRNA. (F, G) q-PCR to detect NF-kb-p65 mRNA expression after knockdown or overexpression of LINC00467. (H, I) RNA stability experiments show that the stability of NF-κb-p65 mRNA decreases after knocking out LINC00467. *P < 0.05, **P < 0.01, ***P < 0.001.





LINC00467 Can Bind to NF-kb-p65 to Increase Its Translocation Into the Nucleus

To further study the mechanism of the interaction between LINC00467 and NF-kb-p65, we found that LINC00467 probably combined with NF-kb-p65 through the catRAPID website (Figure 4A). We found that LINC00467 and NF-kb-p65 colocalized in the cell through immunofluorescence colocalization experiments (Figure 4B). The binding relationship between LINC00467 and NF-kb-p65 was detected by both RNA pull-down experiments and RIP experiments (Figures 4C, D). To investigate whether LINC00467 affects the stability of NF-kb-p65, LINC00467 was knocked down and cycloheximide (CHX) was used to inhibit de novo protein synthesis in T24 and RT4 cells. Western blot analysis showed that the stability of NF-kb-p65 was decreased in the LINC00467 knockdown group compared to the NC group (Figure 4E and Supplementary Material 1A). In addition, we also found that LINC00467 overexpression increased NF-kb-p65 expression and decreased the binding of IKBα to NF-kb-p65 through COIP experiments. However, LINC00467 silencing had the opposite effect. Therefore, we propose that LINC00467 can dissociate IKBα from the NF-kb-p65/IKBα complex, after which NF-kb-p65 translocates from the cytoplasm into the nucleus to exert its function (Figure 4F). Therefore, we transfected si-LINC00467 or a LINC00467 overexpression plasmid into T24/RT4 cells to analyze the effect of LINC00467 on nuclear translocation of NF-kb-p65. We found that LINC00467 overexpression increased the expression of p-NF-kb-p65 in the nucleus and cytoplasm. The expression of NF-kb-p65 and p-NF-kb-p65 was significantly increased by LINC00467 overexpression and CAPE treatment effectively inhibited p-NF-kb-p65 expression in the nucleus, but it had no significant effect on the expression of NF-kb-p65, indicating that LINC00467 can increase the translocation of NF-kb-p65 into the nucleus (Figure 4G and Supplementary Material 1B). In summary, LIN00467 can bind to NF-kb-p65 and increase its translocation into the nucleus.




Figure 4 | LINC00467 can bind to NF-kb-p65 to increase its stability and promote its translocation into the nucleus. (A) The catRAPID website shows that LINC00467 can bind to NF-kb-p65. (B) Fluorescence in situ hybridization results show that LINC00467 co-localizes with NF-kb-p65. (C) RNA pull-down experiments show that LINC00467 can bind to the NF-kb-p65/IKBα complex. (D) The RIP experiment confirmed that LINC00467 can bind to NF-kb-p65. (E) Protein stability experiments showed that LINC00467 knockdown decreased the protein stability of NF-kb-p65. (F) CO-IP method uses NF-kb-p65 as the precipitated antibody to precipitate the cell lysate to detect the expression levels of NF-kb-p65, IKBα, and IKBβ after overexpression and knockdown of LINC00467. (G) WB method detects the expression levels of nuclear p-NF-kb-p65 and cytoplasmic NF-kb-p65 after knockdown or overexpression of LINC00467.





LINC00467 Can Regulate the Proliferation and Invasion of Bladder Cancer Through the NF-kb Signaling Pathway

The NF-κB signaling pathway can promote tumor proliferation and invasion in a variety of ways, and thus plays an important role in the occurrence and development of bladder cancer. LINC00467 can increase the stability of NF-kb-p65 and promote its translocation into the nucleus. Therefore, we propose that LINC00467 regulates the proliferation and invasion of bladder cancer through the NF-κB signaling pathway. Compared to the negative control group, in the LINC00467 overexpression + CAPE group, the proliferation ability of bladder cancer cells was markedly reduced; however, opposite results were obtained in the LINC00467 overexpression group (Figures 5A, B). Similarly, the results of both the wound-healing assays and transwell assays showed that bladder cancer cells in the LINC00467 overexpression + CAPE group had lower migration and invasion ability than the control group, while the migration and invasion of bladder cancer cells was accelerated in the LINC00467 overexpression group (Figures 5C, D). In summary, LINC00467 regulates the proliferation and invasion of bladder cancer through the NF-κB signaling pathway.




Figure 5 | LINC00467 can regulate the proliferation and invasion of bladder cancer through the NF-kb signaling pathway. (A, B) MTT and cell clone formation experiments detected the proliferation ability. (C, D) Wound-healing assays(×200) and Transwell assays(×200) detected the ability of migration and invasion. *P < 0.05, **P < 0.01, ***P < 0.001.





LINC00467 Can Promote the Proliferation of Bladder Cancer In Vivo

We further explored whether LINC00467 promoted the proliferation of bladder cancer cells in vivo. We found that subcutaneous tumors in nude mice formed from the LINC00467 knockdown group grew dramatically slower and smaller than those from control cells, while the opposite results were obtained in the LINC00467 overexpression group (Figures 6A, B). Immunohistochemistry (IHC) showed that tumor sections from LINC00467 overexpression mice exhibited strong Ki67 staining signals, whereas tumor sections displayed weak Ki67 expression in the LINC00467 knockdown group (Figure 6C). In addition, we detected the expression levels of NF-kb-p65 in tumor tissues from the mock group, LINC00467 knockdown group, and LINC00467 overexpression group. The results showed that the expression level of NF-kb-p65 was increased significantly in the LINC00467 overexpression group, while the LINC00467 knockdown group showed an opposite effect (Figure 6D and Supplementary Material 1C). In conclusion, our study demonstrated that LINC00467 promotes the proliferation of bladder cancer through the NF-κB signaling pathway.




Figure 6 | LINC00467 can promote the proliferation of bladder cancer in vivo. (A, B) Subcutaneous tumor formation experiments in nude mice showed that the LINC00467 knockdown group grew slower and smaller than those from control cells, while the opposite results were obtained in the LINC00467 overexpression group. (C) Immunohistochemical analysis of Ki67 protein expression (D) WB detects the expression levels of NF-kb-p65. *P < 0.05.






Discussion

In recent years, the role of non-coding RNAs in tumors has attracted increasing attention. Many studies have shown that lncRNAs play an important role in the occurrence and development of tumors. In our previous studies, we found that LINC00467 can promote the invasion and metastasis of lung adenocarcinoma (13), but its role in bladder cancer needs to be further elucidated. We first discovered that LINC00467 is highly expressed in bladder cancer using the TCGA and GEO databases. We found that LINC00467 plays a critical role in promoting the proliferation and invasion of bladder cancer in vivo and in vitro, suggesting that LINC00467 is likely to function as an oncogene in bladder cancer. These results were consistent with those of previous studies. Therefore, this study provides a critical new target for the treatment of bladder cancer. The mechanism by which lncRNAs affect physiological and pathological processes in organisms is very complicated. Currently, the widely recognized mechanism models of lncRNAs include signals, decoys, guides, and scaffolds (17). For example, in the process of DNA damage induction, the “signaling” lncRNAs, PANDA, are induced by P53 to interact with the transcription factor NF-YA to inhibit the expression of pro-apoptotic genes (18). The decoying lncRNAs affect the expression of their target genes by competitively binding to transcription factors and nuclear receptors, as well as their corresponding DNA sequences in the cell nucleus. For example, lncRNA Gas5 forms a motif that competitively binds to the DNA binding domain of the glucocorticoid receptor, thus inhibiting the expression of the glucocorticoid receptor (19). The decoying lncRNAs can also combine with miRNA through the mechanism of ceRNAs to affect the regulation of miRNAs on target genes (20). The “guiding” lncRNAs regulate transcription by binding to transcription-related proteins and transporting them to specific genomic DNA regions. For example, HOTAIR affects the metastasis and invasion of tumor cells by binding to PRC2 (21). The “scaffold” lncRNAs such as HOTAIR and ANRIL simultaneously bind to a variety of related regulatory proteins through different binding sites to form a complex, which can simultaneously affect downstream gene expression through multiple mechanisms (22–24). In summary, lncRNAs mainly function by interacting with various proteins. Studies have shown that lncRNAs can regulate the activation of the NF-κB signaling pathway by interacting with NF-kb-p65 (25). In this study, we found that there are binding sites between LINC00467 and NF-kb-p65 through catRAPID website analysis. The FISH experiment verified that LINC00467 and NF-kb-p65 were colocalized in the cell. Next, we performed RNA pull-down and RIP experiments, which showed that LINC00467 can bind to NF-kb-p65. To explore the relationship between LINC00467 and NF-kb-p65, we performed WB experiments, which showed that LINC00467 knockdown significantly reduced the expression of NF-kb-p65 while LINC00467 overexpression increased the expression of NF-kb-p65. Therefore, LINC00467 and NF-kb-p65 expression was positively correlated in bladder cancer. We know that the activation of the NF-kb signaling pathway often involves the nuclear translocation of NF-kb-p65, so we suspect that LINC00467 is very likely to promote the translocation of NF-kb-p65 into the nucleus by directly binding to NF-kb-p65, thereby activating the NF-κB signaling pathway. Therefore, we found that LINC00467 overexpression increased NF-kb-p65 expression and decreased the binding of IKBα to NF-kb-p65 through COIP experiments. However, LINC00467 silencing had the opposite effect. We overexpressed LINC00467 and then used CAPE to inhibit the activation of NF-kb-p65. The results showed that LINC00467 overexpression increased the expression of p-NF-kb-p65 in the nucleus. However, the expression levels of p-NF-kb-p65 decreased significantly when the NF-kb-p65 phosphorylation inhibitor CAPE was added. However, CAPE had no significant effect on the expression of NF-kb-p65 in the cytoplasm. In summary, our research shows that LINC00467 can directly bind to NF-kb-p65, promote the translocation of NF-kb-p65 into the nucleus, and activate the NF-κB signaling pathway.

Studies have found that lncRNAs can also play a role by directly binding to mRNA. Therefore, we analyzed the online data of GEPIA and IntaRNA 2.0, found that LINC00467 and NF-kb-p65 mRNA expression were positively correlated, and that LINC00467 and NF-kb-p65 mRNA were likely to have binding sites. We further verified the interaction between LINC00467 and NF-kb-p65 mRNA through RIP experiments. Next, we found that LINC00467 silencing markedly shortened the half-life of NF-kb-p65 mRNA, whereas LINC00467 overexpression markedly increased the half-life of NF-kb-p65 mRNA. Thus, our experiments show that LINC00467 can combine with NF-kb-p65 mRNA and increase its stability. Therefore, our research further improved our understanding of the molecular mechanism by which lncRNAs regulate the NF-κB signaling pathway.

LINC00467 is highly expressed in bladder cancer tissues and can function as an oncogene. LINC00467 can activate the NF-κB signaling pathway to promote the occurrence and development of bladder cancer, and can be used as a potential target for bladder cancer treatment, thus providing new ideas for targeted therapy of bladder cancer.
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Supplementary Figure 1 | (A) The quantification data of protein stability experiments. (B) The quantification data of the expression levels of nuclear p-NF-kb-p65 and cytoplasmic NF-kb-p65 after knockdown or overexpression of LINC00467. (C) The quantification data of the expression levels of NF-kb-p65 in subcutaneous tumor formation experiments.

Supplementary Figure 2 | (A) Representative microscopy picture of transfection efficiency. (B) The levels of the LINC00467 in four BC cell lines examined by qPCR. (C) The levels of the LINC00467 examined by qPCR after knocked-down.
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Long non-coding RNAs (lncRNAs) have been found to participate in multiple genetic pathways in cancer. Also, mitochondria-associated lncRNAs have been discovered to modulate mitochondrial function and metabolism. Previously, we identified oxygen-responsive lncRNAs in MCF-7 breast cancer cells under different oxygen concentrations. Among them, a novel mitochondria-encoded lncRNA, mitochondrial oxygen-responsive transcript 1 (MTORT1), was chosen for further investigation. Nuclear, cytoplasmic, and mitochondrial fractionation assays were performed to evaluate the endogenous expression levels of MTORT1 in breast cancer cells. In vitro proliferation and migration assays were conducted to investigate the functions of MTORT1 in breast cancer cells by knockdown of MTORT1. RNA immunoprecipitation and luciferase reporter assays were used to examine the physical binding between MTORT1 and microRNAs. Our results showed that MTORT1 had low endogenous expression levels in breast cancer cells and was mainly located in the mitochondria. Knockdown of MTORT1 enhanced cell proliferation and migration, implying a tumor suppressor role of this novel mitochondrial lncRNA. MTORT1 served as sponge of miR-26a-5p to up-regulate its target genes, CREB1 and STK4. Our findings shed some light on the characterization, function, and regulatory mechanism of the novel hypoxia-induced mitochondrial lncRNA MTORT1, which functions as a microRNA sponge and may inhibit breast cancer progression. These data suggest that MTORT1 may be a candidate for therapeutic targeting of breast cancer progression.
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Introduction

Solid tumors often acquire a state of limited oxygen and nutrients during tumor progression because of rapid tumor growth and poor vascular distribution. To adapt to the decreased oxygen availability, a series of genomic pathways are activated, mainly by hypoxia inducible factors (HIFs) (1). Signaling pathways of the genes induced by HIF-1 include epithelial-mesenchymal transition, apoptosis, angiogenesis, glycolysis, and others (2–4). The activation of these signaling pathways allows tumor cells to accommodate their hypoxic microenvironment, promoting malignant progression, and is partially responsible for their resistance to chemotherapy and radiation therapy (5, 6). Although hypoxia is an essential factor in cancer progression, its regulatory mechanisms are still not clear.

Cancer cells have been observed to undergo an increase in glycolysis and lactate production in the presence of high oxygen (7, 8). The impairment of aerobic respiration and a reliance on glycolytic metabolism in cancer cells might help cancer cells live in low oxygen conditions, like hypoxia. The model of aerobic glycolysis incorporates the biosynthesis of molecules and organelles to replicate new cells, because the intermediates of the glycolytic pathway are used in various biosynthetic pathways, such as nucleoside and amino acid generation (9). However, cancer cells still maintain a dynamic equilibrium between glycolysis and oxidative phosphorylation (10, 11). The cooperation of glycolysis and oxidative phosphorylation gives cancer cells more metabolic flexibility to survive in changing environments, like hypoxia, and can cause chemoresistance during chemotherapy (12). In addition, mitochondria are involved in other adaptive mechanisms, such as apoptosis, homeostasis, and innate immunity (12, 13). Although mitochondria play a central role in multiple functions in tumor progression, the mitochondria-related mechanisms remain unclear.

Non-coding RNAs, which have limited potential to translate, have been proposed in recent years to cause diseases such as cancer, due to their dysregulated expression (14). Among the non-coding RNAs, the RNA transcripts with lengths greater than 200 nucleotides are classified as long non-coding RNAs (lncRNAs). Expression of lncRNA has been found to be tissue-specific and is implicated in a variety of pathways, including tumorigenesis, cell cycle control, apoptosis, and migration (15, 16). Numerous studies have revealed different functions of lncRNA. For instance, lncRNAs act as microRNA (miRNA) sponges by interacting with the miRNAs to regulate post-transcriptional degradation of their mRNA targets. LncRNAs can also bind to transcription factors and prevent or assist with their location on the promoter of their target DNA. LncRNAs also modulate pre-mRNA splicing (17, 18).

In mitochondria, lncRNAs can be either mitochondria-encoded (mtlncRNAs) or nucleus-encoded (19). Three mtlncRNAs, lncND5, lncND6, and lncCyt b, are complementary to the mitochondrial genes ND5, ND6, and Cyt b, respectively (20). The function of these mtlncRNAs is to form duplexes with their respective complementary mRNAs to stabilize them or regulate their expression (21). In addition, the sense noncoding mitochondrial RNAs (SncmtRNAs) and anti-sense noncoding mitochondrial RNAs (ASncmtRNAs) are located in both the mitochondria and the nucleus, and are known as retrograde signals communicating between mitochondria and nucleus (21, 22). The discovery of mtlncRNAs suggested the complexity of molecular regulation in cells. However, the effects of mtlncRNAs in tumors are not fully understood.

Previously, our lab identified a set of oxygen-responsive lncRNAs in MCF-7 breast cancer cells (23), but many of their functions were unknown. The purpose of this study was to investigate the functional role and regulatory mechanism of a novel mtlncRNA, mitochondrial oxygen-responsive transcript 1 (MTORT1). We found that MTORT1 could inhibit the proliferation and migration of breast cancer cells, and could serve as a miRNA sponge to up-regulate the nucleus-encoded genes, CREB1 and STK4, by binding to miR-26a-5p.



Materials and Methods


Cell Culture and Treatments

Breast cancer cells (MCF-7, ZR-75-30, MDA-MB-231) and embryonic cells (HEK293T) were cultured in Dulbecco’s Modified Eagle Medium (DMEM) (GIBCO, Carlsbad, CA, USA) with 10% fetal bovine serum (FBS) (HyClone, Logan, UT, USA) and 1% penicillin-streptomycin-amphotericin solution (PS) (GIBCO). Human mammary epithelial cells (MCF-10A) were cultured in DMEM/Nutrient Mixture F-12 (GIBCO) with 5% horse serum, 20 ng/ml epidermal growth factor, 0.5 mg/ml hydrocortisone (Sigma, Saint Louis, MO, USA), 100 ng/ml cholera toxin (Sigma), 10 μg/ml insulin (Sigma), and 1% PS. The cells were incubated at 37°C in a humidified incubator with 5% CO2. To identify oxygen-responsive lncRNA, MCF-7 and MDA-MB-231 cells were cultured in a hypoxic chamber (InVivO2-200, Ruskinn Technology, Bridgend, UK) filled with 0.5% O2, 5% CO2 and 94.5% N2 for 24 h. After incubation under hypoxia, cells were moved to a humidified incubator with 21% O2 and 5% CO2 for 24 h to mimic re-oxygenation. In addition, MCF-7 cells were treated with 200 μM cobalt (II) chloride (CoCl2) (Sigma) to mimic hypoxic conditions.



Cell Line Authentication

Cell experiments were performed on cells that were passaged less than 20 times and were routinely tested for mycoplasma using PCR Mycoplasma Detection Kit (ABM Inc., Vancouver, Canada). The cell lines were purchased from and authenticated by the Bioresource Collection and Research Center, Food Industry Research and Development Institute (Hsinchu, Taiwan).



RNA Interference

To knock down MTORT1 expression, cells were transfected with three small interfering RNAs (siRNAs) (CCAUGAAUAUUGUACGGUATT, GCAAUCAACCCUCAACUAUTT, CCACCAUCCUCCGUGAAAUTT) (BIOTOOLS, New Taipei City, Taiwan) or the control siRNA (UUCUCCGAACGUGUCACGUTT) using Lipofectamine RNAiMAX (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s protocol. MCF-7 cells were seeded in 12-well plates at a density of 7 × 104 cells/well and transfected with siRNA for 48 h; MDA-MB-231 were seeded 1.5 × 105 cells in 6-wells and transfected with siRNA for 24 h. MTORT1 expression were checked by quantitative Reverse-Transcription-PCR (RT-PCR).



RNA Extraction, Reverse Transcription and Quantitative RT-PCR

Total RNA was extracted using NucleoZOL reagent (Machery-Nagel, Düren, Germany) according to the manufacturer’s protocol, and reverse-transcribed to complementary DNA (cDNA) by High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA). MiRNA was reverse-transcribed using SuperScript IV Reverse Transcriptase (Invitrogen) with the primers from Table 1. Complementary DNA acted as a template to measure gene expression by quantitative PCR with OmicsGreen qPCR MasterMix (OmicsBio, New Taipei City, Taiwan) with the primers in Table 1, performed on a StepOnePlus Real-Time PCR System (Thermo Fisher). Each reaction was done in triplicate, and the relative gene expression was normalized to 18S rRNA or U6 using the 2-ΔΔCt method.


Table 1 | The primers for reverse transcription and quantitative RT-PCR.





Isolation of Mitochondrial, Cytoplasmic, and Nuclear Fractions

To determine the subcellular distribution of MTORT1, mitochondrial, cytoplasmic, and nuclear fractions were separated using a Cell Fractionation Kit (Abcam, Cambridge, England) according to the manufacturer’s instructions. In brief, 3.3 × 106 cells were harvested by centrifugation at 300 × g for 3 min and resuspended in 1 ml 1× buffer A containing 0.0625% detergent I. After incubation for 10 min on a rotator at room temperature, samples were centrifuged at 5,000 × g for 1 min at 4°C. The supernatant was the cytosolic fraction. The pellets were resuspended in 1 ml 1× buffer A containing 2% detergent II and incubated for 15 min on a rotator at room temperature. Samples were centrifuged again at 5,000 × g for 1 min at 4°C. The supernatant was the mitochondrial fraction, and the pellet was the nuclear fraction. The RNA of these fractions was extracted using a HiYield™ Total RNA extraction kit (ArrowTec) according to the manufacturer’s instructions, reverse-transcribed, and measured by quantitative RT-PCR. The protein of these fractions was measured by western blotting.



Microarray Analysis

Total RNA from cells transfected with 100 nM siRNA against MTORT1 was amplified by an Illumina™ TotalPrep™ RNA Amplification Kit (Ambion) to revere-transcribe it to cDNA with a T7 promoter. When converting the single-stranded cDNA into a double-stranded cDNA, the second strand of cDNA was synthesized using DNA polymerase while the RNA was simultaneously degraded by RNase H. In vitro transcription was then conducted using the double-stranded cDNA as a template and T7 RNA polymerase to synthesize multiple copies of biotinylated complementary RNA (cRNA). After the cRNA was hybridized to Illumina Human HT-12 v4 BeadChips (Illumina) at 58°C for 16 h, the BeadChip was washed and stained with streptavidin-Cy3 dye. The intensity of the fluorescence across the surface of the chip was detected by the Illumina BeadArray Reader, and the results were analyzed using BeadStudio v3.1 software. After scanning, the intensity data from the BeadChips were analyzed using the commercial software Partek (Partek, St. Charles, MO, USA). The probe intensities were normalized by a quantile algorithm based on the intensity distribution across all chips. The gene expression profiles were evaluated by principal component analysis. The visual representation of expression profiles was generated by hierarchical clustering analysis using the Genesis 1.7.7 program (Graz University of Technology, Graz, Austria). Gene-gene interaction networks, biological functions, and pathways of these differentially expressed genes were analyzed by Ingenuity Pathway Analysis (Ingenuity Systems Inc., Redwood City, CA, USA). Microarray data from this study have been submitted to the GEO (Gene Expression Omnibus) database (accession number GSE157060).



RNA Immunoprecipitation (RIP)

To determine the interaction between MTORT1 and Argonaute 2 (AGO2), the Magna RIP Kit (Millipore) was used according to the manufacturer’s instructions. A total of 2 × 107 cells was harvested with 0.05% trypsin-EDTA (GIBCO) and lysed in 100 μl RIP lysis buffer containing a proteinase inhibitor cocktail and RNase inhibitor (Millipore). The lysate was centrifuged at 13,000 × g for 10 min. Then, the supernatant was added to 900 μl RIP immunoprecipitation buffer with 2 μg anti-AGO2 antibodies (Boster Biological Technology, Pleasanton, CA, USA) that were pre-bound on magnetic beads for overnight agitation at 4°C. Ten percent of the supernatant was saved as input. Beads were washed 6 times with RIP wash buffer and treated with proteinase K at 55 °C for 30 min. RNA was extracted using NucleoZOL reagent (Machery-Nagel) and reverse-transcribed, and the relative gene expression level was measured by quantitative RT-PCR.



Luciferase Reporter Assay

To determine the binding effect of miR-26a-5p on MTORT1, HEK293T cells were seeded in 24-well plates at a density of 4 × 104 cells/well and co-transfected with 50 ng pMIR-REPORT-MTORT1 or pMIR-REPORT-MTORT1 mutant, 0.025 nmol miR-26a-5p mimics (GE Healthcare Dharmacon, Lafayette, CO, USA), and 1 ng Renilla luciferase plasmid (pGL4.74 [hRluc/TK]) using jetPRIME (Polyplus-transfection, Illkirch, France). In addition, miRNA mimic cel-miR-67 (5’ - UCACAACCUCCUAGAAAGAGUAGA – 3’) (GE Healthcare Dharmacon) was used as the negative control. After 48 h, cells were lysed in 100 μl cell lysis buffer (92.8 mM K2HPO4, 9.2 mM KH2PO4 and 0.2% Triton X-100 in ddH2O), and the luciferase activity was measured using the Dual-Glo luciferase reporter assay system (Promega, Fitchburg, WI, USA).



MTT Assay

MCF-7 and MDA-MB-231 cells were seeded in 6-well plates at a density of 1.5 × 105 cells/well. MCF-7 cells were transfected with siRNA for 48 h and MDA-MB-231 cells for 24 h. Then, MCF-7 and MDA-MB-231 cells were passaged and seeded in 96-well plates at a density of 5,000 cells/well. One hundred µl 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (EMD Biosciences, San Diego, CA, USA) were added to each well and incubated for 1 h at 6, 24, 48, 72, and 96 hours after seeding. The absorbance was then measured using an enzyme-linked immunosorbent assay (ELISA) reader (Thermo Scientific) at 570 nm. The cell proliferation rate was normalized to the absorbance measured at 6 h.



Wound Healing Assay

MCF-7 and MDA-MB-231 cells were seeded in 6-well plates at a density of 1.5 × 105 cells/well. MCF-7 cells were transfected with siRNA for 48 h and MDA-MB-231 cells for 24 h. Then, MCF-7 cells were passaged and seeded in the well of an Ibidi Culture-Insert (Ibidi, Martinsried, Germany) at a density of 2.5 × 104 cells/well, and MDA-MB-231 cells were seeded at a density of 4 × 104 cells/well. After cells were incubated overnight, the culture-inserts were removed gently with sterile tweezers to create a cell-free gap. The gap area was imaged by microscope at 0, 12, and 24 h and quantified using ImageJ 1.51 software (24).



Colony Formation Assay

MCF-7 and MDA-MB-231 cells were seeded in 6-well plates at a density of 1.5 × 105 cells/well. MCF-7 cells were transfected with siRNA for 48 h and MDA-MB-231 cells for 24 h. Then, MCF-7 and MDA-MB-231 cells were passaged and seeded in 6-well plates at a density of 500 cells/well. After incubation for 2 weeks, cells were fixed with 800 μl fixing solution containing 75% methanol and 25% acetate (Sigma) and stained with 0.1% crystal violet (Sigma). Colonies with cell numbers greater than 50 were calculated and quantified using ImageJ 1.51 software.



Statistical Analysis

All results are presented as the means ± SDs from at least 3 independent experiments. All data were analyzed by Student’s t test to assess the differences between each group.




Results

Previously, our lab used next generation sequencing (NGS) technology to identify differentially expressed lncRNAs in breast cancer MCF-7 cells under normoxic, hypoxic, and re-oxygenated conditions (23). The expression data can be downloaded from Gene Expression Omnibus (GEO, GSE84167). Among the hypoxia responsive lncRNAs, one RNA transcript, NONHSAT135851.2 (http://www.noncode.org/show_rna.php?id=NONHSAT135851&version=2&utd=1#) according to the nomenclature in the NONCODE database (25), was significantly up-regulated under hypoxia and down-regulated under re-oxygenation. Because NONHSAT135851.2 was located in the human mitochondrial genome and had different expression levels under different oxygen concentrations, we renamed it mitochondrial oxygen responsive transcript 1 (MTORT1), which it is called hereafter.

First, we separated the mitochondrial, cytoplasmic, and nuclear fractions to determine the subcellular distribution of MTORT1 under normoxia (Figure 1A) or hypoxia (Figure 1B) in MCF-7 cells. As expected, the data showed that MTORT1 is mainly located in mitochondria. Next, we determined the endogenous expression of MTORT1 in breast cancer cells, including MCF-7 (luminal A), ZR-75-30 (luminal B) and MDA-MB-231 (triple negative) cells, and MCF-10A breast epithelial cells. The results showed that the expression of MTORT1 was lower in the breast cancer cells than in MCF-10A cells (Figure 1C), implying that MTORT1 might function as a tumor suppressor. Next, to validate that MTORT1 is a hypoxia-inducible lncRNA, quantitative RT-PCR was performed, resulting in similar changes in expression during hypoxia and re-oxygenation in MCF-7 and MDA-MB-231 cells (Figure 1D). In hypoxia mimic conditions, when cells were treated with CoCl2 under normoxia, the relative expression levels of MTORT1 were also up-regulated in MCF-7 and MDA-MB-231 cells (Figure 1E). Furthermore, we overexpressed HIF1A mutant and HIF2A mutant, which are resistant to O2-regulated prolyl hydroxylation in the oxygen-dependent degradation domain, and therefore resistant to VHL-mediated ubiquitination and degradation, to examine their effects on MTORT1 expression. HIF1A and HIF2A mRNA were successfully overexpressed under normoxia, and the relative expression levels of MTORT1 were also up-regulated in MCF-7 cells overexpressing the HIF-1α P402A/P564A mutant (Figure 1F) or the HIF-2α P405A/P531A mutant (Figure 1G). These results demonstrated that the mitochondrial lncRNA MTORT1 is an oxygen-responsive lncRNA that is up-regulated under hypoxia and down-regulated under re-oxygenation in breast cancer cells.




Figure 1 | The mitochondrial lncRNA MTORT1 is up-regulated under hypoxia and down-regulated under re-oxygenation in breast cancer cells. (A, B) The subcellular distribution of MTORT1 in MCF-7 cells under normoxia (A) or hypoxia (B). Relative abundance of RNA was measured by quantitative RT-PCR and normalized to total RNA. GAPDH, a cytosolic marker; U6, a nuclear marker; 16S, a mitochondrial marker. (C) Relative endogenous expression levels of MTORT1 in breast cancer cells, including MCF-7, ZR-75-30, and MDA-MB-231 cells, and MCF-10A breast epithelial cells. The expression levels were measured by quantitative RT-PCR and normalized to 18S rRNA. The relative expression levels in each cell line were compared with MCF-10A. (D) Relative expression levels of MTORT1 in MCF-7 and MDA-MB-231 cells under different oxygen concentrations were measured by quantitative RT-PCR and normalized to 18S rRNA. The relative expression levels of each condition were compared with the normoxic group. (E) Relative expression levels of MTORT1 in MCF-7 and MDA-MB-231 cells treated with 200 μM CoCl2 for 24 h. (F) Relative expression levels of HIF-1A and MTORT1 in MCF-7 cells overexpressing HIF-1α P402A/P564A mutant, which is resistant to VHL-mediated ubiquitination and degradation. (G) Relative expression of HIF-2A and MTORT1 in MCF-7 cells overexpressing HIF-2α P405A/P531A mutant, which is resistant to VHL-mediated ubiquitination and degradation. The results are means ± SDs (n = 3). *P < 0.05.



Since MTORT1 was a novel lncRNA, in order to investigate its function, the genes affected downstream of MTORT1 were identified using microarrays. Total RNA was extracted from MCF-7 cells treated with siRNA against MTORT1 under normoxia. Differentially expressed genes were identified by Illumina Human HT−12 v4 Bead Chips. As shown in Figure 2A, MTORT1 RNA levels were successfully knocked down in MCF-7 cells. To illustrate the differing expression profiles between MTORT1-knockdown and control cells, principal component analysis was performed after quantile normalization. As shown in Figure 2B, the distribution between MTORT1-knockdown samples (red spots) and the controls (blue spots) was separate, indicating different expression profiles.




Figure 2 | Identification of MTORT1-downstream genes by microarray analysis. (A) Relative expression levels of MTORT1 in MCF-7 cells treated with siRNA against MTORT1. Expression levels were measured by quantitative RT-PCR and normalized to 18S rRNA. *P < 0.05. (B) Principal component (PC) analysis of MTORT1 knockdown (KD) cells. PCs were plotted by the expression profiles of differentially expressed probes after quantile normalization. Each dot represents a sample. (C) Volcano plot of differentially expressed genes in MTORT1 knockdown cells. Red points: up-regulated genes in MTORT1 knockdown cells; green points: down-regulated genes; gray points: non-significant genes. (D) Heatmap and hierarchical cluster analysis of MTORT1-downstream genes. The labeled genes were validated by quantitative RT-PCR. Red color: up-regulated genes in MTORT1 knockdown cells; green color: down-regulated genes; black color, non-significant genes. (E) The top five canonical pathways that MTORT1-downstream genes were enriched in, according to Ingenuity Pathway Analysis. (F) Representative network of MTORT1-downstream genes involved in cellular development, cellular growth, and proliferation. Red shapes represent genes that were up-regulated in MTORT1 knockdown cells; green shapes represent down-regulated genes.



To determine differential gene expression, MTORT1-knockdown and control cells were examined by Student’s t test, and the criteria for MTORT1-downstream genes was fold change > 1.5 (log2 Fold change > 0.58) and a significant difference (P < 0.05) (Figure 2C). Sixty-nine genes met the criteria. Among these, 53 genes were up-regulated and 16 genes were down-regulated in MTORT1 knockdown cells (Figure 2D). The functions of these differentially expressed genes were analyzed by Ingenuity Pathway Analysis. As shown in Figure 2E, the top five pathways that MTORT1 is possibly involved in are Production of Nitric Oxide and Reactive Oxygen Species in Macrophages, Gq Signaling, Glioma Invasiveness Signaling, FGF Signaling, and ILK Signaling. In addition, network analysis showed that some of the MTORT1-regulated genes are involved in cellular development, cellular growth, and proliferation (Figure 2F).

To validate the results of the microarray analysis, the genes involved in the top 5 pathways and their interaction networks were measured by quantitative RT-PCR. The data of RT-PCR (Figure 3A) showed a similar pattern to those of microarray (Figure 2D) in MTORT1 knockdown cells. Since microarray Illumina Human HT−12 v4 Bead Chips did not contain probes for mitochondrial genes, their expression levels in MTORT1 knockdown cells were measured separately by quantitative RT-PCR. The results surprisingly revealed that only MTND-5 was down-regulated in MTORT1 knockdown cells (Figure 3B).




Figure 3 | Expression profiles of MTORT1-downstream genes and mitochondrial genes in MTORT1 knockdown cells. Relative expression levels of selected MTORT1-dwonstream genes (A) and mitochondrial genes (B) in MCF-7 cells treated with siRNA against MTORT1 were measured by quantitative RT-PCR and normalized to 18S rRNA (A) or 16S rRNA (B). The results are means ± SDs (n = 3). *P < 0.05.



Since the results of the network analysis indicated that MTORT1-downstream genes were involved in cellular development, cellular growth, and proliferation (Figure 2F), the effects of MTORT1 on cell proliferation were determined by MTT assays. The data showed a significant increment of relative growth ratio in MCF-7 (Figure 4A) and MDA-MB-231 (Figure 4B) cells treated with siRNA against MTORT1. In addition, knockdown of MTORT1 facilitated colony formation in MCF-7 (Figure 4C) and MDA-MB-231 (Figure 4D) cells. These results indicated that MTORT1 has suppressive effects on cell proliferation and colony formation in breast cancer cells.




Figure 4 | Knockdown of MTORT1 enhances cell proliferation, migration, and invasion. (A, B) Cell proliferation using MTT assays. Cell growth was measured in MCF-7 (A) and MDA-MB-231 (B) cells treated with siRNA against MTORT1. The growth ratio was normalized to day zero. (C, D) Colony formation assay. Top: Representative images were taken of MCF-7 (C) and MDA-MB-231 (D) cells. Bottom: Quantification of colony counts. Colonies with cell numbers greater than fifty were counted. (E, F) Wound healing assay. Top: Representative images were taken of MCF-7 (E) and MDA-MB-231 (F) cells. Bottom: Quantification of wound recovery. The gap area was imaged at 0, 12, and 24 h. The percentage of wound recovery was compared to the wound area at 0 h. The results are means ± SDs (n = 3). *P < 0.05.



Next, the effects of MTORT1 on cell mobility were examined by wound healing assays. The results revealed that knockdown of MTORT1 significantly promoted the migration ability of MCF-7 (Figure 4E) and MDA-MB-231 (Figure 4F) cells. These results suggested that MTORT1 inhibits cell migration.

Since RNA transcripts can function as miRNA sponges, we next explored whether the novel lncRNA MTORT1 had such a function. First, we predicted the miRNAs that MTORT1 possibly bound and their binding sites on MTORT1 using miRDB (26). Among the predicted miRNA candidates, the relative abundance of the miRNAs expressed in mitochondria were measured by quantitative RT-PCR. Among them, miR-181c was reported to localize mainly to the mitochondria (27), and was chosen as a positive control. As shown in Figure 5A, miR-26b-5p, miR-26a-5p, and miR-1297 were significantly (P < 0.05) enriched in the mitochondria of MCF-7 cells. Furthermore, the relative expression levels of miR-26a-5p and miR-1297 were up-regulated in MTORT1 knockdown cells (Figure 5B). These results indicated that MTORT1 might serve as a miRNA sponge for miR-26a-5p and miR-1297. To further explore this, we examined the interaction between MTORT1 and AGO2, an essential component of the RNA-induced silencing complex, which incorporates miRNA to interfere with RNA. RIP assays using anti-AGO2 antibody were performed, followed by quantitative RT-PCR. MTORT1 (Figure 5C), miR-26a-5p (Figure 5D), and miR-1297 (Figure 5E) were all significantly (P < 0.05) enriched in AGO2 immunoprecipitates as compared to those of IgG. Taken together, these results demonstrated that MTORT1 could serve as a miRNA sponge.




Figure 5 | MTORT1 serves as a miRNA sponge. (A) Enrichment of miRNA candidates in mitochondria in MCF-7 cells. Candidates of miRNA were predicted using miRDB (26). Relative expression levels of miRNA were measured by quantitative RT-PCR and compared to that of miR-181c, which was reported as a mitochondrial miRNA. (B) Relative expression levels of miRNA candidates in MTORT1 knockdown cells were measured by quantitative RT-PCR and normalized to 18S rRNA. (C–E) RNA immunoprecipitation analysis of MTORT1 (C), miR-26a-5p (D), and miR-1297 (E) using antibody against AGO2 in MCF-7 cells. Relative expression levels of AGO2-enriched non-coding RNA were measured by quantitative RT-PCR and compared to those pulled down by IgG. The results are means ± SDs (n = 3). *P < 0.05.



Furthermore, to investigate the effects of the sponged miRNA on MTORT1, we chose miR-26a-5p for further experiments. First, MTORT1 was inserted into the 3’ UTR of the luciferase gene in the pMIR-REPORT vector, and the predicted binding site of miR-26a-5p (143-149 nt) was changed to its complementary bases (pMIR-REPORT-MTORT1 mutant) (Figure 6A). As shown in Figure 6B, overexpression of miR-26a-5p reduced the luciferase activity of pMIR-REPORT-MTORT1, whereas it failed to reduce the luciferase activity of the pMIR-REPORT-MTORT1 mutant (Figure 6B). Furthermore, MTORT1 was down-regulated in HEK293T cells overexpressing miR-26a-5p (Figure 6C). These data suggested the reciprocal inhibition of MTORT1 and miR-26a-5p.




Figure 6 | MTORT1 up-regulates CREB1 and STK4 by directly interacting with miR-26a-5p. (A) Schematic diagram of the 3’ UTR of firefly luciferase constructs showing the sequence of MTORT1 and the mutation of the miR-26a-5p binding site. The putative binding sequence was predicted by miRDB (26). wt, wild-type; mut, mutation. (B) Luciferase reporter assays in HEK-293T cells overexpressing miR-26a-5p. HEK293T cells were co-transfected with pMIR-REPORT-MTORT1 or its mutant (pMIR-REPORT-MTORT1 mutant), miR-26a-5p mimics, and Renilla luciferase plasmid (pGL4.74 [hRluc/TK]). Activity of firefly luciferase was normalized to the activity of Renilla luciferase. (C) Relative expression levels of MTORT1 in HEK293T cells overexpressing miR-26a-5p were measured by quantitative RT-PCR and normalized to 18S rRNA. Relative expression levels of miR-26a-5p downstream genes CREB1 and STK4 are also shown. (D) Western blotting of CREB1 and STK4 in HEK293T cells overexpressing miR-26a-5p. β-actin: loading control. (E) Relative expression levels of miR-26a-5p downstream genes, CREB1 and STK4, in MCF-7 cells treated with siRNA against MTORT1. The results are means ± SDs (n = 3). *P < 0.05. (F) Western blotting of CREB1 and STK4 in MCF-7 cells treated with siRNA against MTORT1. GAPDH: loading control.



In addition, we predicted the target genes of miR-26a-5p using TargetScan 7.2 (28). Further examining the predicted target genes and the results of MTORT1-downstream genes using microarray analysis (Figure 2D), we found that CREB1 and STK4 might be the target genes of miR-26a-5p. The relative expression levels and protein amounts of CREB1 and STK4 were down-regulated in HEK293T cells overexpressing miR-26a-5p (Figures 6C, D). Also, the mRNA and protein amounts of CREB1 and STK4 were down-regulated in MCF-7 cells treated with siRNA against MTORT1 (Figures 6E, F). Taken together, these results demonstrated that MTORT1 serves as a miRNA sponge to regulate CREB1 and STK4 by directly interacting with miR-26a-5p.



Discussion

In this study, we demonstrated that MTORT1 is up-regulated under hypoxia and down-regulated under re-oxygenation in breast cancer. MTORT1-downstream genes were identified in MCF-7 cells treated with siRNA against MTORT1 by microarray analysis. Sixty-nine genes were potentially regulated by MTORT1, and network analysis showed that MTORT1 was possibly involved in cellular growth and proliferation. Functional assays revealed that knockdown of MTORT1 enhanced cell proliferation and migration. Finally, RIP and luciferase reporter assays revealed that MTORT1 serves as sponge of miR-26a-5p to up-regulate its target genes, CREB1 and STK4.

In this study, we identified the oxygen-responsive mtlncRNA MTORT1, which was up-regulated under hypoxia (Figures 1D, E). Since MTORT1 is a novel mtlncRNA, no study has reported it before. Although it was mainly located in mitochondria, the fraction of MTORT1 in the nucleus under hypoxia (Figure 1B) was less than under normoxia (Figure 1A), implying that MTORT1 may serve as a retrograde signal, facilitating crosstalk between the mitochondria and the nucleus, like SncmtRNAs and ASncmtRNAs (21). MTORT1 was up-regulated in aerobic cells overexpressing HIF1A mutant and HIF2A mutant, suggesting that MTORT1 is regulated by HIF-1α and HIF-2α (Figures 1F, G). These results showed that MTORT1 may play a role under hypoxia. Therefore, to explore the function of MTORT1, we used microarrays to identify downstream genes of MTORT1. The top five pathways that MTORT1-downstream genes were involved in were production of nitric oxide and reactive oxygen species in macrophages, Gq signaling, glioma invasiveness signaling, FGF signaling, and ILK signaling (Figure 2E). The last four pathways are all involved in cancer progression. However, according to the network analysis, the differentially expressed genes involved in these pathways represent only about 5% of the total molecular content of each pathway. Examining the expression levels of mitochondrial mRNAs, only MT-ND5, encoding NADH dehydrogenase subunit 5 in a subunit of complex I, was down-regulated in MTORT1-knockdown cells (Figure 3B). These results suggested that MTORT1 may not have much effect at the transcriptional level and that it may instead play a role at other levels, such as post-transcription, translation, or post-translation.

Among the MTORT1-regulated genes, the network analysis showed some of them were involved in cellular growth and proliferation (Figure 2F). Functional assays revealed that knockdown of MTORT1 enhanced cell proliferation and migration (Figure 4), indicating that MTORT1 acts as a tumor suppressor.

The existence of regulatory mechanisms between miRNAs and lncRNAs has been reported previously. LncRNAs can act as miRNA sponges to decrease the miRNA levels. Conversely, miRNAs can decrease the expression of lncRNAs through a mechanism similar to RNA interference (29). The cooperation between lncRNAs and miRNAs modulates gene expression via complex post-transcriptional mechanisms (30). Here, we also found that MTORT1 could function as a miRNA sponge in mitochondria. Experimental validation showed that miR-26a-5p and miR-1297 were enriched in mitochondria (Figure 5A), up-regulated in MTORT1-knockdown cells (Figure 5B), and bound with MTORT1 in the RNA induced silencing complex (Figures 5C, E). Furthermore, luciferase reporter assays implied that miR-26a-5p could bind and inhibit MTORT1 (Figures 6B, C). These results indicated that MTORT1 served as a miRNA sponge and interacted with miR-26a-5p. However, how AGO2 and miR-26a-5p could selectively enter the mitochondria is still puzzling, and the mechanism of this relocation requires further investigation.

The expression levels of miR-26a-5p, CREB1, and STK4 from The Cancer Genome Atlas (TCGA) dataset were examined by using ENCORI (starbase.sysu.edu.cn). Although negative correlation between miR-26a-5p-CREB1 pair and miR-26a-5p - STK4 pair was observed in some cancers, there was no significant negative correlation in aggressive breast cancer tissues (data not shown). Reasons of this discrepancy may be due to the differences between cell line and clinical tissues. Another reason may be due to the malignancy of breast cancer. A less aggressive breast cell line MCF-7 was examined in this study; however, the aggressive breast cancer tissues were examined in TCGA. Therefore, more experiments are needed to explore the regulatory mechanism of CREB1 and STK4 regulated by miR-26a-5p.

In this study, we identified a novel oxygen-responsive lncRNA, MTORT1, in breast cancer MCF-7 cells and characterized the functions of MTORT1 and a regulatory mechanism of MTORT1 in mitochondria. However, there were some limitations in this study. In order to investigate MTORT1-downstream genes, using both overexpression and silencing of MTORT1 are optimal to reduce the false positives. However, when we tried to translocate MTORT1 containing the RP sequence into mitochondria (31), the efficiency of translocation was very low. Furthermore, the effects of the RP sequence, which was reported to be transported into mitochondria, in cancer cells outweighed the functions of MTORT1. Hence, siRNA were used to knock down MTORT1.



Conclusions

Our findings shed some light on the characterization, function, and regulatory mechanism of the novel hypoxia-induced mitochondrial lncRNA MTORT1. MTORT1-downstream genes are involved in cellular growth and proliferation of breast cancer cells. Lastly, MTORT1 may serve as sponge of miR-26a-5p to up-regulate its target genes, CREB1 and STK4. These data suggest that MTORT1 may be a candidate for developing novel therapeutic regimen to inhibit breast cancer progression.
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Circular RNAs (circRNAs) are a class of endogenous non-coding RNAs which are mainly formed by reverse splicing of precursor mRNAs. They are relatively stable and resistant to RNase R because of their covalently closed structure without 5’ caps or 3’ poly-adenylated tails. CircRNAs are widely expressed in eukaryotic cells and show tissue, timing, and disease specificity. Recent studies have found that circRNAs play an important role in many diseases. In particular, they affect the proliferation, invasion and prognosis of cancer by regulating gene expression. CircRNA Forkhead box O3 (circFOXO3) is a circRNA confirmed to be abnormally expressed in a variety of cancers, including prostate cancer, hepatocellular carcinoma, glioblastoma, bladder cancer, and breast cancer, etc. At present, the feature of circFOXO3 as a molecular sponge is widely studied to promote or inhibit the development of cancers. However, the diverse functions of circFOXO3 have not been fully understood. Hence, it is important to review the roles of circFOXO3 in cancers. This review has summarized and discussed the roles and molecular mechanism of circFOXO3 and its target genes in these cancers, which can help to enrich our understanding to the functions of circRNAs and carry out subsequent researches on circFOXO3.
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INTRODUCTION

Circular RNAs (circRNAs) are a special class of non-coding RNA. Different from traditional linear RNA, circRNAs have covalently closed circular structure and lack 5′-3′ polarity or 3′ poly-adenylated tails (Sanger et al., 1976; Jeck et al., 2013). In the beginning, circRNAs were rarely reported by scientists as being low in abundance and might represent splicing errors because of the error-prone mechanism of exon juxtaposition (Bailleul, 1996; Jeck et al., 2013). With the development of high-throughput sequencing technology, circRNAs were discovered in large quantities. They are abundant in various eukaryotic organisms and have certain tissue, timing and disease specificity, which implies that the expression of circRNAs is related to the cellular microenvironment (Salzman et al., 2013; Rybak-Wolf et al., 2015; Han et al., 2018). Moreover, circRNAs have been found in blood, saliva and other body fluids (Bahn et al., 2015; Preusser et al., 2018; Li Y. et al., 2019), even many exosomes have higher ratio of circRNAs than cells (Li Y. et al., 2015). Furthermore, circRNAs are resistant to the degradation of exonuclease RNase R due to their special closed circular structure, which makes them greater stability and longer half-life (Jeck et al., 2013; Chen, 2016; Panda et al., 2017; Xiao and Wilusz, 2019). These characteristics and the development of bioinformatics make circRNAs popular biomarkers for disease diagnosis and the research on drug therapeutic targets.

Circular RNAs are mainly classified into three types: exonic circRNAs (EcircRNAs), exon-intron circRNAs (ElciRNAs), and circular intronic RNAs (ciRNAs). EcircRNAs exist in cytoplasm and can regulate gene expression by limiting the roles of miRNAs (Salzman et al., 2012; Hansen et al., 2013). ElciRNAs and ciRNAs mainly exist in nucleus to act as transcription regulators (Zhang et al., 2013; Li Z. et al., 2015). In addition, it has also been reported that viral RNA genome, transfer RNA, ribosomal RNA, and small nuclear RNA can be cyclized into circRNAs (Lasda and Parker, 2014; Schmidt et al., 2019). CircRNAs have numerous biological functions, including: (1) MiRNAs sponge. CircRNAs have complementary miRNAs binding sites and can competitively bind miRNAs to inhibit their functions. This mechanism is the focus of current research and mainly exercised by ecircRNAs (Hansen et al., 2013; Li R. et al., 2020). (2) Combining with RNA-binding proteins (RBPs). CircRNAs can competitively bind with RBPs to regulate the function of RBPs and have an influence on mRNA stability and splicing patterns (Zang et al., 2020). (3) Regulating Transcription. Although ecircRNAs, as a major part of circRNAs, play an important role in the cytoplasm, elciRNAs and ciRNAs are mainly located in the nucleus and can regulate gene transcription by combining with RNA polymerase or other transcription-related components (Hansen et al., 2013; Chen, 2016). (4) Translation. Some studies demonstrate that circRNAs are associated with translation of ribosomes and N6-Methyladenosine can drive extensive translation of circRNAs (Legnini et al., 2017; Pamudurti et al., 2017; Yang et al., 2017). (5) Interacting with proteins. For example, CircRNA Forkhead box O3 (circFOXO3) functions as a dynamic scaffolding molecule that regulates the interaction between cyclin-dependent kinase 2 (CDK2) and cyclin-dependent kinase inhibitor 1 (P21; Du et al., 2016, 2017b). CircACC1 can directly bind to the β and γ subunits of AMPK, promoting its stability and activity (Li Q. et al., 2019). (6) Functions in exosomes. CircRNAs can enter body fluids under the protection of exosomes to transmit biological information and substances to target cells, and regulate cell growth, epithelial mesenchymal transformation, angiogenesis, and other aspects (Wang Y. et al., 2019; Shi et al., 2020). In conclusion, circRNAs have various functions and participate in the regulation of physiological activities through different pathways. In recent years, circRNAs have often been used in basic research and bioinformatics analysis, reflecting the potential of circRNAs as biomarkers (Li Y. et al., 2019; Wang J. et al., 2020).

Circular RNAs are closely related to the occurrence and development of various human diseases (Aufiero et al., 2019; D’Ambra et al., 2019; Liu et al., 2019; Haque et al., 2020; Li R. et al., 2020). In particular, circRNAs are present in cancer diagnosis, development, drug resistance and circFOXO3 is one of the important ones (Zhang and Xin, 2018; Greene et al., 2019; Chen et al., 2020). The FoxO subfamily of forkhead transcription factors (Fox) widely exists in eukaryotic cells and is involved in the regulation of cell cycle, energy metabolism and tumorigenesis through specific activation of transcription process (Link, 2019). The mammalian system consists of four members, FOXO1, FOXO3, FOXO4, and FOXO6, which are regulated by the PI3K-PKB signaling pathway (Liu et al., 2018). Among them, FOXO3 is widely expressed and highly correlated with a series of malignant tumors such as breast cancer, prostate cancer (PCa) and acute myeloid leukemia (AML; Du et al., 2017a; Zhou et al., 2019; Kong et al., 2020). CircFOXO3 is formed from the exon 2 of FOXO3 and it can not only increase the protein level of FOXO3, but also participate in the post-transcriptional regulation of transcription products through the competitive endogenous RNAs (ceRNAs) network, thus having a dual effect on the development of cancers (Tay et al., 2014; Du et al., 2017a; Zhou et al., 2019). To sum up, the functions of circFOXO3 are complex and important for cancer research. In the following chapters, we will summarize the characteristics of circFOXO3 and its role in cancer through existing studies, so as to provide some basic knowledge for subsequent studies and some inspiration for its research direction in cancers.



THE BIOLOGICAL FUNCTIONS OF circFOXO3

CircRNA Forkhead box O3 is a closed circular RNA that contains 1435 nucleotides, formed from the exon 2 of FOXO3 gene (Figure 1A) and the biological functions of it overlap with that of FOXO3 partly. Just like other circRNAs, circFOXO3 has extensive and complex biological functions, which are currently known to be related to cell differentiation, apoptosis and cell cycle progression. For example, Li et al. found that the expression of myogenin (MyoG) and myosin heavy chain (MyHC) was significantly increased by interfering with the expression of circFOXO3. MyoG and MyHC are important marker genes for muscle differentiation, and the effect of circFOXO3 on them can inhibit the differentiation of myoblast cells (Li X. et al., 2019). Furthermore, the overexpression of circFOXO3 is also associated with glutamate-induced oxidative damage in HT22 cell line (Hippocampal neurons from mice). Silencing circFOXO3 can protect HT22 cells by reducing the loss of glutamate-induced mitochondrial membrane potential (Lin et al., 2020). In terms of the effect on cell cycle, circFOXO3 forms ternary complex by combining with CDK2 and P21 (Figure 1B). CDK2 can promote the entry of cell cycle by interacting with cyclin A and cyclin E, while p21 has an opposite effect on cell cycle (Bivik Stadler et al., 2019). CircFOXO3-p21-CDK2 ternary complex blocks the formation of cyclin E/CDK2 complex and eliminates the inhibition of cyclin A/CDK2 complex by p21. As a result, cell cycle is blocked in G1 phase and the process is delayed (Du et al., 2016). By the way, it has also been observed that circFOXO3 in peripheral blood is specifically expressed in the elderly compared to young people, which is related to cellular senescence and has certain predictive significance for human senescence phenotype (Haque et al., 2020).
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FIGURE 1. Diagram for biogenesis and functions of circFOXO3. (A) As shown, FOXO3 is located in chromosome 6q21 in human, and the red line is used to represent the approximate position of it. FOXO3 contains nine exons and only part of them is shown in this figure. circFOXO3 is formed by reverse splicing of exon 2, containing 1435 nucleotides (chr6:108,984,657–108,986,092). (B) CircFOXO3 forms ternary complex by combining CDK2 and P2 and the cell cycle is blocked in S phase. (C) CircFOXO3 promotes the regulation of FOXO3 on apoptosis by reducing FOXO3 ubiquitination. (D) CircFOXO3 adsorbs miRNAs and weakens the negative effect of the latter on gene expression.


Sun et al. (2018) fount that ipatasertib, a novel ATP-competitive pan-AKT inhibitor, was used in the treatment of colon cancer to inhibit AKT activity, and then FOXO3 was activated, which up-regulated p53 up-regulated modulator of apoptosis (PUMA), leading to PUMA/Bax-dependent endogenous apoptosis, thereby exerting the anticancer effect of ipatasertib. Similarly, Du et al. (2017a) found that the overexpression of circFOXO3 inhibited the interaction between FOXO3 and mouse double minute 2 (MDM2), prevented MDM2 from inducing ubiquitination and degradation of FOXO3, thus increasing the activity of FOXO3 and promoting the expression of PUMA to induce apoptosis of cancer cells (Lin et al., 2020; Figure 1C). In addition, the main function of circRNAs in cancers is to influence the post-transcriptional regulation of other genes by acting as miRNA sponge (Figure 1D). Using database such as RegRNA 2.0 or Circinteractome, it is very convenient to predict miRNA binding sites through circFOXO3 sequence and some of them have been experimentally confirmed (Dudekula et al., 2016; Liu et al., 2016). For example, circFOXO3 promotes solute carrier family 25 member 15 (SLC25A15) transcription by acting as a miR-29a-3p sponge, affecting the apoptosis and cell cycle of PCa and showing carcinogenic activity (Kong et al., 2020). In glioblastoma (GBM), circFOXO3 also plays a pro-tumor role to adsorb both miR-138-5p and miR-432-5p. It is worth mentioning that the inhibition of circFOXO3 downregulation on GBM can be reversed by miR-138-5p and miR-432-5p inhibitors (Zhang et al., 2019).



THE ROLES OF circFOXO3 IN CANCERS (FIGURE 2 AND TABLE 1)


Prostate Cancer

Prostate cancer is an epithelial malignant tumor occurring in the prostate gland. It was reported that circFOXO3 was up-regulated in PCa tissues and serum samples and played a tumor-promoting role (Kong et al., 2020; Li et al., 2021). Moreover, Li et al. (2021) proved that circFOXO3 was stable in PCa through RNase R digestion and Actinomycin D exposure. Silencing circFOXO3 could significantly inhibit the development of PCa in many aspects. For example, knockdown of circFOXO3 affected the normal cell cycle of PCa cells and reduced cell viability, thereby inhibiting tumor proliferation and invasion. At the same time, the apoptosis rate of tumor cells increased, reflecting the effect of circFOXO3 in inhibiting the apoptosis of PCa cells (Kong et al., 2020; Li et al., 2021). Interestingly, they found different mechanisms by which circFOXO3 promoted the development of PCa. First, circFOXO3 could target miR-29a-3p in PCa cells and enhance the expression level of SLC25A15 (Kong et al., 2020). Li et al. (2021) demonstrated that circFOXO3 acted as a miR-1299 sponge to up-regulate the expression of cofilin 2, thus showing carcinogenic activity. In addition, Shen et al. (2020) stated contradictory research conclusion. They suggested that circFOXO3 inhibited the progression of PCa by increasing the level of linear FOXO3 and the reduction of circFOXO3 promoted chemotherapy resistance of docetaxel. This discrepancy may stem from differences in the handling of clinical samples and the cell lines used in the laboratory. More experiments are needed to confirm it.
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FIGURE 2. Diagram for circFOXO3 acts as a miRNA sponge. CircFOXO3 functions as a miRNA sponge to adsorb multiple miRNAs, thus regulating the expression of downstream genes and cancer progression.



TABLE 1. The expression and roles of circFOXO3 in cancers.
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Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) is one of the most common malignant tumor worldwide, with a high mortality rate and a serious threat to human health (Craig et al., 2020). Huang et al. (2020) reported the expression, role and mechanism of circFOXO3 in HCC detailedly. Increased expression of circFOXO3 was detected in HCC cells and metastatic tissues. The overexpression of circFOXO3 promoted cancer growth through miR-199a-5p/ATP binding cassette subfamily C member 1 (ABCC1) pathway, which was manifested in the increase of cancer volume and average cancer mass. Epithelial-mesenchymal transition (EMT) is an essential process for the invasion and metastasis of epithelial-cell derived malignancies, and circFOXO3 can promote EMT by interacting with miR-199a-5p (Giannelli et al., 2016; Huang et al., 2020). In addition, Huang et al. emphasized that the expression of circFOXO3 was increased in adriamycin-resistant HCC tissues. Chemoresistance is based on intratumoral heterogeneity and is affected by many factors such as cancer microenvironment and intracellular gene expression (He et al., 2016; Yeldag and Rice, 2018). CircFOXO3 promoted adriamycin resistance in HCC by relieving the restriction effect of miR-199a-5p on ABCC1 (Huang et al., 2020). In conclusion, highly expressed circFOXO3 in HCC cells, especially in adriamycin-resistant HCC tissues, could promote the proliferation, invasion and drug resistance of HCC through miR-199a-5p/ABCC1 axis, and indicated a higher degree of malignancy and a poorer prognosis.



Gastric Carcinoma

The role of circFOXO3 in gastric cancer (GC) is also realized through the ceRNAs mechanism. Xiang et al. (2020) found that the overexpressed circFOXO3 interacted with miR-143-3p to limit its function, and then the expression of ubiquitin-specific protease 44 (USP44) was up-regulated. USP44, which belongs to USP family, can induce chromosome instability, resulting in DNA aneuploidy in GC (Zhang et al., 2011; Nishimura et al., 2017). Subsequently, experiments in vivo and in vitro showed that circFOXO3 promoted the progression of GC, including proliferation and migration of GC cells. In conclusion, circFOXO3 promoted the malignant progression of GC through the miR-143-3p/USP44 axis (Xiang et al., 2020). Considering the important role of USP44 in the development of GC, it is of great clinical significance to explore the targeting effect of circFOXO3 in GC treatment.



Glioblastoma

Glioblastoma, originating from the neuroepithelium, is the most common intracranial malignancy (Tan et al., 2020). Similar to the above, circFOXO3 played an important role in the occurrence and progression of GBM. CircFOXO3 was not only up-regulated in GBM cells, but also correlated with the histological grade of GBM. The expression of circFOXO3 in low grade GBM was obviously inferior to that in high grade GBM (Zhang et al., 2019). What’s more, GBM can be divided into isocitrate dehydrogenase (IDH) wild type and IDH mutant type at the gene molecular level, and the efficacy of chemotherapy in GBM patients is closely related to the methylation state of O6-methylguanine-DNA methyltransferase (MGMT; Miller et al., 2017; Schaff et al., 2020). Zhang et al. (2019) proved that the expression of circFOXO3 was also significantly associated with wild-type IDH expression and MGMT methylation. They found that miR-138-5p and miR-432-5p jointly targeted nuclear factor of activated T cells 5 and restricted its expression, while circFOXO3 could remove this restriction and promote the proliferation and invasion of GBM cells (Zhang et al., 2019). At the same time, Chen et al. (2020) showed that plasma circFOXO3 was highly expressed in patients with GBM and had predictive significance for the occurrence of GBM.



Esophageal Squamous Cell Cancer

According to the pathological classification, esophageal carcinoma is mainly divided into squamous cell carcinoma, adenocarcinoma and other less common types. At present, it has been reported that circFOXO3 negatively regulates the progression of esophageal squamous cell carcinoma (ESCC). Compared with paracancerous tissues and normal esophageal endothelial cells, circFOXO3 was down-regulated in ESCC tissues and various cell lines (KYSE510, TE-1, TE-13, and ECA109; Xing et al., 2020). Overexpression of circFOXO3 inhibited the development of ESCC, including reduced proliferation and invasion of tumor cells. At the same time, increased cells in G0/G1 phase and decreased cells in S phase were observed. CircFOXO3 promoted apoptosis and cell cycle arrest through miR-23a/PTEN axis, thereby inhibiting the progression of ESCC in vivo and in vitro (Xing et al., 2020). MiR-23a could promote the proliferation of ESCC cells and improve cell viability. Another study also showed that high plasma level of miR-23a was associated with the progression of ESCC and could be used as an independent risk factor in ESCC patients (Komatsu et al., 2016). As for phosphatase and tensin homolog (PTEN), which is known as an important tumor suppressor and metabolic regulator, it is the ultimate mechanism for the effect of circFOXO3 in cancer (Milella et al., 2015; Chen et al., 2018). Understanding the metabolic regulation mechanism of PTEN is of great significance for the treatment of ESCC.



Bladder Cancer

Li Y. et al. (2020) found a series of down-regulated circRNAs in bladder cancer (BC) tissues and circFOXO3 was one of them. BC was negatively regulated by upregulating the expression of circFOXO3. In order to clarify the underlying mechanism, they used bioinformatics analysis and found the miR-9-5p/transforming growth factor beta receptor 2 (TGFBR2) pathway. Experiments proved that over-expressed circFOXO3 could up-regulate TGFBR2, a key protein in TGF-β signaling pathway, through the interaction with miR-9-5p and finally regulate the proliferation and invasion of BC cells (Li Y. et al., 2020). Moreover, Wang C. et al. (2019) showed that circFOXO3 was lowly expressed in BC tissues in vivo and in vitro, which was consistent with the findings of another set of experiments. However, when doxorubicin, cisplatin, or H2O2 were used to promote BC cell apoptosis, the expression of circFOXO3 was up-regulated. In BC cell lines and mice BC tissues, circFOXO3 did induce apoptosis of cancer cells. It was further found that the pro-apoptotic ability of circFOXO3 was inhibited by miR-191-5p (Wang C. et al., 2019). The pathway by which miR-191-5p regulates circFOXO3 has not been thoroughly explained. However, some miRNAs are reported to regulate circRNAs in an AGO2-dependent way (Hansen et al., 2011; Pan et al., 2019). There may be some similar mechanisms for this process.



Acute Myeloid Leukemia

Acute myeloid leukemia is a malignant clonal disease of myeloid hematopoietic stem/progenitor cells. Zhou et al. reported that the expression level of circFOXO3 in AML patients was lower than that of normal people and had certain diagnostic value. Moreover, bioinformatics analysis of the expression levels of circFOXO3 and FOXO3 in AML cell lines showed a positive correlation (Zhou et al., 2019). Through the analysis of FOXO3-related experiments, the benign effect of circFOXO3 on the prognosis might be related to the promotion of AML cell apoptosis by FOXO3 (Sakoe et al., 2010; Li J.X. et al., 2019). Of course, more experiments are needed to confirm the exact mechanism.



Non-Small Cell Lung Cancer

Lung cancer can be divided into small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC) according to the morphology of tumor cells. NSCLC accounts for about 80% of all lung cancers, with a high degree of malignancy and a low 5-year survival rate. CircFOXO3 was down-regulated in both NSCLC cell lines and tissues and exhibited tumor suppressive effects (Zhang et al., 2018). Similar to its role in other cancers, circFOXO3 regulated downstream gene expression by adsorbing miRNAs. However, the downstream gene of miR-155 was exactly the linear isomer of circFOXO3 (Zhang et al., 2018). The regulation of FOXO3 by miR-155 was related to oral cancer, HCC, nasopharyngeal cancer and many other cancers (Liao et al., 2018; Wu et al., 2019; Li X. et al., 2020). In NSCLC, the proliferation and invasion ability of tumor cells were weakened after FOXO3 was activated without the restriction of miR-155 (Zhang et al., 2018). MiR-155/FOXO3 axis has a wide range of effects and plays an important role in the development of NSCLC, suggesting a promising therapeutic target for NSCLC.



Breast Cancer

Du et al. found that circFOXO3 was low expressed in breast cancer tissues and cell lines, but up-regulated in apoptotic cancer cells. The high expression of circFOXO3 could not only inhibit tumor growth, but also significantly increase the apoptosis of tumor cells transfected with circFOXO3 (Du et al., 2017a). MDM2 is a negative regulator of P53, which can induce P53 ubiquitination to promote cancer (Wade et al., 2013; Du et al., 2017a; Wang W. et al., 2020). Furthermore, Du et al. detected that MDM2 could promote the ubiquitination of FOXO3 and P53 in breast cancer. Although circFOXO3 had little effect on the expression of MDM2, it could enhance the interaction between MDM2 and P53, thus weakening the ubiquitination of MDM2 on FOXO3. Ultimately, FOXO3 activated its downstream target gene, PUMA, and promoted apoptosis (Du et al., 2017a).



THE POTENTIAL OF circFOXO3 AS A PROGNOSTIC FACTOR IN CANCERS

CircRNA Forkhead box O3 plays an important role in the occurrence, progression, and prognosis of many cancers. Understanding the expression pattern of circRNAs in cancers is of great significance for predicting the prognosis of patients. However, the expression of circFOXO3 varies greatly in different cancers. For example, circFOXO3 is up-regulated in HCC, GC, and GBM, but down-regulated in ESCC, BC, AML, NSCLC, and breast cancer. The exact reasons for the discrepancy are unclear. This difference may be related to the timing and tissue specificity of circRNAs (Salzman et al., 2013). As Li X. et al. (2019) found in mice, circFOXO3 was most expressed in hearts and least expressed in the kidneys among all organs. Moreover, it is known that circFOXO3 is formed by reverse splicing of the exon 2 of FOXO3, and the regulatory mechanism in this process hasn’t been mentioned yet. There may be some regulatory process that affects the expression of circFOXO3 in cancers. In addition, circFOXO3 is inhibited by miRNAs. MiRNAs can promote the splicing or cleavage of circFOXO3, which also has certain influence on the expression of circFOXO3 in cells (Hansen et al., 2011; Pan et al., 2019). Furthermore, circFOXO3 has its own characteristics in various cancers and is related to many clinical features of patients. The expression of circFOXO3 in PCa is correlated with Gleason score and chemotherapy resistance (Kong et al., 2020; Shen et al., 2020). In GBM, the expression level of circFOXO3 in high-grade tumor tissues is significantly higher than that in low-grade tumor tissues, which suggests a poor prognosis (Zhang et al., 2019). What’s more, circFOXO3 is sensitive to the state of tumor cells, and may exhibit an opposite expression state when stimulated by apoptosis (Du et al., 2017a; Wang C. et al., 2019). In addition, although peripheral blood tests show specific expression of circFOXO3 in the elderly, the expression of circFOXO3 in tumors does not appear to be affected by age (Haque et al., 2020; Kong et al., 2020). These evidences suggest that circFOXO3 has sufficient sensitivity and specificity for the clinical status of patients and can be a promising biomarker.



CONCLUSION

For a long time, scientists have never stopped searching for a cure for cancers and the discovery of circRNAs, in particular, has provided scientists with a new way to tackle cancers. Among them, circFOXO3 is extensively studied for its diverse functions in cancers. Overall, the expression of circFOXO3 varies among different types of cancer, and even the expression level detected in the same type of cancer remains controversial. However, it is clear that circFOXO3 is involved in the development of cancers by regulating the expression of multiple downstream genes. In addition to affecting the apoptosis, proliferation, migration and invasion of cancer cells, circFOXO3 is also associated with clinical characteristics, chemotherapy resistance, etc. Since the roles of circFOXO3 in different cancers are not consistent, which poses a challenge for circFOXO3 as a potent biomarker, a timely summary of the expression and roles of circFOXO3 in these cancers is necessary.

At present, our understanding of circFOXO3 is insufficient due to the lack of repeated experiments and additional samples. Insufficient experimental data and researchers’ overemphasis on some downstream genes may obscure the truth. Therefore, more experiments are needed to determine the expression characteristics of circFOXO3 in various cancers and at different stages of the same cancer. At the same time, we need to explore a deeper and broader functional mechanism of circFOXO3, which is conducive to discover the dominant mechanism by which circFOXO3 acts on cancer. Furthermore, referring to the roles of circFOXO3 in non-neoplastic diseases, such as its effect on heart disease, may be useful to our exploration of cancer. In conclusion, according to the types of cancer, circFOXO3 is a potential and specific biomarker for predicting the occurrence of cancers and guiding clinical practice. With the development of the technology and the efforts of the researchers, it is expected to discover its potential value and contribute to the treatment of cancer.
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Background: The purpose of this study was to determine the association between m6A-modified lncRNAs, immune infiltration, and PD-L1 expression in patients with primary head and neck squamous cell carcinoma (HNSCC) and the prognostic value of m6A RNA methylation-related lncRNAs in HNSCC.

Methods: We downloaded the RNA-seq transcriptome data and the clinical information for HNSCC from the TCGA databases and used consensus clustering analysis to divide the samples into two groups. To identify a risk signature, least absolute shrinkage and selection operator (LASSO) analyses were conducted. the association between m6A-modified lncRNAs, immune infiltration, and PD-L1 expression were detected by using the R packages. What is more, we used cBioPortal tools to identify genomic alterations and PD-L1 mutations and Gene set enrichment analysis (GSEA) was utilized to predict downstream access of two clusters.

Results: Notably, lncRNAs play significant roles in tumorigenesis and development. In total, we identified two subtypes of HNSCC according to consensus clustering of the m6A RNA methylation-related lncRNAs, and the T, grade and age were proven to be related to the subtypes. The Cox regression and LASSO analyses identified a risk signature including GRHL3-AS1, AL121845.4, AC116914.2, AL513190.1. The prognostic value of the risk signature was then proven. The selected gene PD-L1 mutations and the immune infiltration in both groups were further explored.

Conclusion: Collectively, our study elucidated the important role of m6A RNA methylation- related lncRNAs in tumor microenvironment of HNSCC. The proposed m6A RNA methylation- related lncRNAs might serve as crucial mediators of tumor microenvironment of HNSCC, representing promising therapeutic targets in improving immunotherapeutic efficacy.

Keywords: HNSCC, m6A regulators, PD-L1, lncRNA, biomarker, survival analysis, tumor microenvironment


INTRODUCTION

Head and neck squamous cell carcinoma (HNSCC) is the sixth leading cause of cancer deaths in Europe and North America and comprises the majority of head and neck tumors. Five hundred thousand new HNSCC cases are diagnosed globally each year (Marur and Forastiere, 2016; Solomon et al., 2018). HNSCC can arise from the mucosal linings of several anatomical sites including the larynx, hypopharynx, nasopharynx, and oropharynx and has unpredictable, high levels of heterogeneity (Leemans et al., 2018). Although the carcinogenesis of HNSCC is not fully understood, tobacco use, excessive alcohol consumption, and human papillomavirus (HPV) infection are generally considered risk factors, especially for HNSCC arising in the oropharynx (Rassy et al., 2019). Conventional treatment for HNSCC includes surgery, chemotherapy, and radiotherapy, but these result in a low curative rate of approximately 50% and a high recurrence rate. Therefore, HNSCC is considered lethal and resistant to therapy, but there has been little improvement in HNSCC treatment over the last 50 years (Bozec et al., 2019). Nevertheless, recent genetic landscape studies have revealed a vast number of mutations that regulate squamous differentiation and act as drivers of cell malignancy, and these are potential therapeutic targets for immunotherapy (Stransky et al., 2011). Consequently, there is a tremendous need to understand the underlying molecular mechanisms of HNSCC malignancy and to explore additional novel targets for HNSCC treatment.

In recent years, there has been increased research on RNA epigenetics in various contexts, and it has been proposed that RNA modifications fine tune the chemo-structural features of infrastructural RNAs (Jonkhout et al., 2017; Traube and Carell, 2017). RNA modifications, especially methylation, are now understood to promote translation, metabolism, splicing and stability (Lan et al., 2019). Of these RNA modifications, the N6-methyladenosine (m6A) modification, in which the sixth nitrogen (N) atom of adenine is methylated, is the most common RNA modification in eukaryotes and has become a new area of intense research focus. m6A can affect almost all aspects of mRNA metabolism, including splicing, translation, stability, and it can also affect miRNA maturation at the molecular level. It has been shown that m6A impacts cell development, stem cell maintenance, and mitosis; these processes are important for control and regulation of circadian rhythms and fertilization, as well as tumorigenesis (Chen et al., 2019; Sun et al., 2019).

m6A is regulated by methylase complexes, which either “write,” “erase,” or “read” the modification (Ji et al., 2020). Methylase complexes are generally divided into three categories. “Writers” or methyltransferases, including METTL3, METTL14, and WTAP, transfer the methyl group to the sixth nitrogen of adenine. “Erasers” or demethylases, including FTO and ALKBH5, are responsible for removing the methyl group. “Readers” are specific RNA binding proteins that recognize m6A and lead to its downstream effects on biological processes; these “readers” include YTHDC1, YTHDC2, YTHDF1, and YTHDF2 (Dai et al., 2018). Thus, RNA methylation is a dynamic and reversible process.

In recent years, long non-coding RNAs (lncRNAs) have also become a new area of research focus due to the popularization of functional genomics research. In many cases, lncRNAs are critical regulators of gene expression and are involved in various biological functions as well as the progression of diseases including cancer (Kumar and Goyal, 2017; Peng et al., 2017). It has been shown that lncRNA expression is correlated with the degree of tumor malignancy and that dysregulation of lncRNAs is involved in HNSCC carcinogenesis (Jiang et al., 2019; Kolenda et al., 2019; Tu et al., 2020). Due to the role of m6A in regulating RNA stability and metabolism, it is important to understand the role of m6A-modified lncRNAs in HNSCC progression, and this could be useful for identifying new biomarkers and therapeutic targets for HNSCC.

The tumor microenvironment refers to the cellular environment of tumor cells and is composed of an extracellular matrix, tumor stromal cells, and soluble molecules. Immune cells including T cells, myeloid suppressor cells, and macrophages also infiltrate the tumor microenvironment. Within the tumor microenvironment, the composition of immune cells and non-tumor stromal cells is important for the diagnosis and prognosis of the tumor (Wang et al., 2018; Hinshaw and Shevde, 2019). The programmed death-ligand 1 (PD-L1) is frequently upregulated in various types of cancers. The receptor for PD-L1, PD-1, downregulates effector T cell responses, which leads to immune suppression (Zhu and Lang, 2017). Therefore, PD-1 and its ligand PD-L1 belong to the immune checkpoint pathway, and antibody-based PD-1 and PD-L1 inhibitors can lead to persistent remission for various end-stage cancers. Immune checkpoint inhibitors, including antibodies against PD-1, PD-L1 have been breakthroughs for cancer immunotherapy. It is therefore anticipated that downregulating PD-L1 expression in the tumor microenvironment may yield therapeutic effects (Wang et al., 2016). The tumor microenvironment of HNSCC is immunosuppressive, and HNSCC escapes the immune response through multiple drug resistance mechanisms. In addition, some long non coding RNAs (lncRNAs), known as immune related lncRNAs, are considered to be the regulatory factors of immune cell specific gene expression that mediate the immune process. These immune related lncRNAs may play an important role in immunotherapy resistance (Zhou et al., 2019).

Our study explores the relationship between m6A-modified lncRNAs and the prognosis, PD-L1 expression, and tumor microenvironment of HNSCC. We also divided our patient cohort into two clusters and established a signature based on m6A-modified lncRNAs to improve prognostic risk stratification and treatment decisions in HNSCC patients. We fully analyzed the relationship between clustering subgroups, risk models, PD-L1 expression, immune scores, and immune cell infiltration. The present research also explores potential regulatory mechanisms affecting the tumor microenvironment and HNSCC immunotherapy strategies (Figure 1).
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FIGURE 1. Workflow chart of data generation and analysis.





MATERIALS AND METHODS


Data Acquisition

The following data was obtained from The Cancer Genome Atlas (TCGA) database1 on February 10, 2021: RNA-seq transcriptome from 502 HNSCC patients and corresponding clinicopathological data from 528 HNSCC patients; RNA-seq transcriptome from 44 healthy controls. For the clinical information downloaded from TCGA including all HNSCC patients, so it has a different number of the number of RNA-seq transcriptome of HNSCC patients and we will match them later. The RNA-seq transcriptome data were normalized by fragment per kilobase of exon model per million (FPKM, mean fragment per kilobase million). The patients’ clinicopathological information included survival state, survival time age, gender, Tumor Node Metastasis (TNM) staging, and grade. The 528 HNSCC patients were randomly divided into a train cohort and a test cohort in a 1:1 ratio using the “caret” R package2.



Detection of Regulators of m6A RNA Methylation and Co-expression lncRNAs

To make our study more comprehensive, we selected 23 genes (METTL3, METTL14, METTL16, WTAP, VIRMA, ZC3H13, RBM15, RBM15B, YTHDC1, YTHDC2, YTHDF1, YTHDF2, YTHDF3, HNRNPC, FMR1, LRPPRC, HNRNPA2B1, IGFBP1, IGFBP2, IGFBP3, RBMX, FTO, ALKBH5) as classical regulators of m6A RNA methylation based on previously published studies (Tang et al., 2020; Tian et al., 2020; He and He, 2021). Expression of the 23 m6A regulators was then extracted from the RNA-seq transcriptome data. Co-expression analysis was conducted with the “limma” R package3. We then performed coexpression analysis, and the following parameters were used as filter conditions to select regulators of m6A lncRNA methylation: “correlation coefficient = 0.4” and “pvalueFilter = 0.001.” By using the “igraph” R package4, the expression data co-expression network for lncRNAs were also obtained. To observe the differences in m6A RNA methylation regulators and their co-expressed lncRNAs between HNSCC and control groups more clearly, heatmap and boxplot were made by using the “limma” package, and univariate Cox regression was performed to screen the signature in 29 m6A RNA methylation-related lncRNAs whereas a hazard ratio greater than 1 suggests an increased risk, and a hazard ratio below 1 suggests a smaller risk.



Consensus Clustering Analysis

To understand the biological characteristics of the m6A-modified lncRNAs in the HNSCC cohort, we used the “ConsensusClusterPlus” package (1,000 iterations and resample rate of 80%)5 to assign the patients into two categories. The algorithm of random sampling was 1,000 permutations. A Kaplan–Meier analysis was then conducted to determine the overall survival (OS) of the two clusters. A heatmap was generated to depict the relationship between grouping and clinicopathological factors, using the “pheatmap” R package6. Gene set enrichment analysis (GSEA) 4.1.0 was utilized to predict the potential functions and downstream access of the two clusters.



Construction of the Prognostic Signature

Using the least absolute shrinkage and selection operator (LASSO) regression analysis we established prognostic risk signatures of m6A-modified lncRNAs. The coefficients were obtained from the LASSO regression algorithm, and the risk score was calculated by the following formula (Huang et al., 2020):
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where Codfi is the coefficient and xi is the transformed relative expression value of each selected lncRNA. Using this method, the risk score of each patient in the train and test groups was calculated. Samples in the train- and test- groups were divided into high- and low-risk groups with the median risk score used as the cutoff point.



Evaluating the Prognostic Value of the lncRNAs Signature

Kaplan–Meier analysis was conducted to assess the overall survival difference between the high- and low-risk groups in the train and test group. To analyze the predictive efficacy of the signatures, receiver operating characteristic (ROC) curves were implemented, and the area under the curve (AUC) was calculated. The distribution of clinicopathological features in high- and low risk groups were visualized by “pheatmap” R package with heatmaps. For univariate and multivariate analyses, Cox regression models were used to evaluate whether risk scores would serve as independent prognostic factors when integrated with other clinical features.



Genomic Alteration and Co-expression Level of PD-L1

The mutations and putative copy number alterations of PD-L1 in HNSCC were extracted from the cBioPortal tool7. The OncoPrint dsiplayed the overview of genetic alterations of PD-L1 in HNSCC samples. The “limma” package was used to visualize the expression differences of PD-L1 between the two patient clusters, normal and tumor samples as well as the high- and low-risk groups. The package “corrplot” was used to depict the association between PD-L1 expression and m6A-modified lncRNAs.



Evaluation of Immune Infiltration

The “estimate”8 R package (Yoshihara et al., 2013) was used to calculate immune-scores in the HNSCC patients using the ESTIMATE algorithm. What is more, to obtain the fraction scores for 22 immune cell subtypes in each tumor sample, we performed cell type identification by estimating relative subtypes of RNA transcripts (CIBERSORT)9. Here, the 1,000 permutations algorithm was employed, and only samples with P less than 0.05 were considered for further analysis. Differential immune infiltration levels between the subgroups were then compared by clustering and risk scores.



Statistical Analysis

R software (Version 4.0.3) was used for all statistical analyses, and the data are shown as mean ± standard deviation. Differences between the two groups and among multiple groups were analyzed using the default Wilcoxon test and one-way analysis of variance (ANOVA), respectively. The differences in overall survival between groups were determined via Kaplan–Meier analysis and a log-rank test. The subtypes, clinicopathological features, risk scores, PD-L1 expression, and immune infiltration levels were determined by a Pearson correlation test. Results were considered statistically significant when the P was less than 0.05. In some cases, “P < 0.05” gave too many results, and in these scenarios, we used “P < 0.01” as the filter factor. We will explain it in the result presentation section later.



RESULTS


Differential Expression of m6A RNA Methylation Regulators and m6A-Modified lncRNAs in Head and Neck Squamous Cell Carcinoma and Normal Tissue

m6A RNA methylation regulators are necessary for the initiation and progression of cancer (Sun et al., 2019). To assess the biological role of m6A RNA methylation regulators in HNSCC, we studied the expression of 23 m6A regulatory genes in HNSCC and adjacent normal tissue using RNA-seq data systematically downloaded from The Cancer Genome Atlas (TCGA). Our analysis included 502 tumor samples and 44 healthy tissue controls.

There were clear differences in the expression of m6A RNA methylation regulators between HNSCC samples and healthy controls. From our heatmap (Figure 2A), we observed that “readers” (IGFBP3, IGFBP1, HNRNPA2B1, YTHDF1, FMR1, HNRNPC, RBMX) and “writers” (VIRMA, METTL3, METTL16, RBM15, WTAP) were upregulated in the HNSCC samples, compared to the controls. There was no statistically significant difference between tumor and normal tissue in the expression of “readers” (IGFBP2, YTHDF2, YTHDC2, YTHDF3, LRPPRC, YTHDC1), “writers” (METTL14, ZC3H13, RBM15B) and “erasers” (FTO, ALKBH5). These findings demonstrate that m6A RNA methylation regulators play a significant role in HNSCC. To further investigate the connections between the 23 m6A RNA methylation regulators and related lncRNAs, we determined the lncRNAs co-expressed with the 23 m6A RNA methylation regulators by analyzing RNA-seq transcriptome data and visualizing using a co-expression network (Figure 2B). The red nodes represent the m6A RNA methylation regulators, and the blue nodes are lncRNAs. We observed a close relationship between m6A methylation regulators and m6A-modified lncRNAs in which RBMX, HNRNPA2B1and FMR1 are considered as hub genes.
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FIGURE 2. The expression characteristics and correlations of N6-methyladenosine (m6A) RNA methylation regulators in head and neck squamous cell carcinoma (HNSCC). (A) Heatmap presented the overall expression of 23 m6A RNA methylation regulators in HNSCC tissues (T) and normal tissues (N) from The Cancer Genome Atlas (TCGA) datasets. P < 0.05 (”*”), P < 0.01 (”**”), and P < 0.001 (”***”). (B) The interaction of the m6A RNA methylation regulators (red) and related IncRNAs (blue).



To further explore the relationship between m6A-modified lncRNAs and HNSCC prognosis, we obtained the relevant clinical data from TCGA and merged the data on survival time, survival status, and expression of m6A-modified lncRNAs. Using the R package “survival” with the screening condition “P < 0.05,” we selected 29 lncRNAs which were closely related to the prognosis of HNSCC. We performed univariate Cox analyses (Figure 3A) to analyze the relationship between these 29 lncRNAs and overall survival and found that all 29 lncRNAs were protective, and their expression was highly correlated with a positive prognosis. We then comprehensively investigated expression differences of the 29 m6A-modified lncRNAs between HNSCC patients and healthy controls in the TGCA dataset. We visualized this data using heatmap (Figure 3B) and box plots (Figure 3C) and found that the expression of these lncRNAs differed significantly between HNSCC patients and healthy controls, most lncRNAs are highly expressed in tumor group, except AL121845.4, LINC00852, AF131215.5, AF131215.6, and C5orf66.
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FIGURE 3. m6A RNA methylation-related IncRNAs regulators in HNSCC in TCGA cohort. (A) Univariate Cox regression was performed to screen the signature in 29 m6A RNA methylation-related IncRNAs. (B) Heatmap presented the overall expression of 29 m6A RNA methylation-related IncRNAs in HNSCC tissues and normal tissues from The Cancer Genome Atlas (TCGA) datasets. P < 0.05 (”*”), P < 0.01 (”**”), and P < 0.001 (”***”). (C) The differential expression of the m6A RNA methylation-related IncRNAs was visualized by boxplot (blue means normal tissues; red means HNSCC samples).





Significant Correlation Between Consensus Clustering of m6A-modified lncRNAs and Characteristics and Survival of HNSCC Patients

Consensus clustering analysis was conducted, with k = 2–9 in a cumulative distribution function (CDF) (Figures 4A,B), k means the cluster count. Depending on the similarity of the expression of m6A-modified lncRNAs and the proportion of ambiguous clustering measures, k = 2 (Figure 4C) was determined to be the optimal clustering parameter (Supplementary Figure 1). We combined the survival time of patients and the expression level of the selected lncRNAs, and the incomplete samples were removed. Finally, 499 patients were obtained and divided into two clusters, cluster 1 (n = 448) and cluster 2 (n = 51), based on expression of the m6A-modified lncRNAs. Patients in cluster 2 had higher m6A-modified lncRNA expression levels than patients in cluster 1. We then compared the clinicopathological features of the two clusters and their correlation were tested, then we found that the tumor size, grade, age, and gender were closely associated with our cluster analysis (Figure 4D). Overall survival (Figure 4E) was higher in cluster 2 (OS, p = 0.002) than in cluster 1.
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FIGURE 4. Association between the m6A RNA methylation-related IncRNAs and clinicopathological and prognostic features of the HNSCC patients. (A) Consensus clustering model with cumulative distribution function (CDF) for k = 2–9 (k means cluster count). (B) Relative change in area under the CDF curve for k = 2–9. (C) The Cancer Genome Atlas (TCGA) HNSCC cohort was classified into two clusters with k = 2. (D) The correlation of the two clusters with clinicopathologic features was visualized by heatmap. P < 0.05 (”*”), P < 0.01 (”**”). (E) The overall survival of HNSCC patients in the two clusters was calculated by Kaplan-Meier curves.



Gene set enrichment analysis (GSEA) (Figure 5) revealed active pathways that varied between the two clusters. Using false discovery rate (FDR) q-value < 0.01 as the filter condition, we found that the following pathways were active in cluster 2: “mismatch repair,” “DNA replication,” “nucleotide excision repair,” “P53 signaling pathway,” “cell cycle,” “butanoate metabolism,” “valine leucine and isoleucine degradation,” “base excision repair,” “spliceosome,” “homologous recombination.” However, using the same filter conditions, we did not find active pathways in cluster 1. This absence of active pathways in cluster 1 could indicate that our algorithm is not as sensitive as we had anticipated or that a larger sample size is needed.
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FIGURE 5. Gene set enrichment analysis (GSEA) was conducted to predict the potential functions and pathways between the two clusters.





Relationship Between PD-L1 Expression and m6A-Modified lncRNAs

To determine the relationship between PD-L1 and m6A-modified lncRNAs, we estimated the difference in PD-L1 expression between tumor samples and healthy controls (Figure 6A) and between clusters 1 and 2 (Figure 6B). Compared to normal adjacent tissues, PD-L1 expression was upregulated in tumor samples (p < 0.001). However, there was no statistically significant difference in PD-L1 expression between clusters 1 and 2. Expression of PD-L1 was associated with several lncRNAs, including LINC01772, AL121845.4, AC116914.2, AL603832.1, TNRC6C-AS1, PTOV1-AS2, LINC00852. Furthermore, the 29 lncRNAs were positively correlated with each other (Figure 6C).
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FIGURE 6. Association of PD-L1 with m6A RNA methylation-related IncRNAs. (A) PD-L1 upregulation in HNSCC in TCGA cohort, P < 0.001 (“***”). (B) The expression level of PD-L1 in clusterl/2 subtypes in TCGA cohort. (C) The expression correlation of the m6A RNA methylati on-related IncRNAs and PD-L1, the red circle represents a positive correlation. P < 0.05 (“*”). (D) OncoPrint of PD-L1 alterations in HNSCC cohort identified by cBioPortal. (E) Lollipop of PD-L1 alterations in HNSCC cohort identified.



cBioPortal was used to determine the types and frequency of PD-L1 mutations in HNSCC. According to Oncoprint (Figure 6D), PD-L1 is altered in six percent of HNSCC patients, and these alterations include missense mutations, amplifications, and deep deletions. The majority of PD-L1 alterations in HNSCC are amplifications. A lollipop diagram (Figure 6E) of PD-L1 was generated to show the locations of PD-L1 mutations in HNSCC patients including the V-set domain. We also compared the overall survival (Supplementary Figure 2A) and the disease-free survival (Supplementary Figure 2B) between patients with and without PD-L1 mutations and found that there were no statistically significant differences.



Consensus Clustering for m6A-Modified lncRNAs Associated With Distinct Immune Cell Infiltration and Tumor Microenvironment Differences

The tumor and its environment are simultaneously interdependent and antagonistic with one another. This is a key and core challenge in modern tumor biology. In recent years, with advances in tumor cytology and molecular biology, there has been a greater understanding of the relationship between the tumor and its environment. Not only is this relationship important for understanding mechanisms of tumor occurrence, development, and metastasis, it could also be valuable for cancer diagnosis, and prognosis. Two of the main non-tumor components of the tumor microenvironment are immune cells and stromal cells (Wu and Dai, 2017; Arneth, 2019). We scored the immune cells (Figure 7A) and stromal cells (Figure 7B) in each sample and added the two scores together to obtain the total estimatescore (Figure 7C). Higher total scores indicated lower tumor purity. There was a clear difference in the immune-scores and stromal-scores of our two clusters; immune-scores were higher in cluster 2, whereas stromal-scores were higher in cluster 1. There was not a statistically significant difference in total estimate-scores between the two clusters.
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FIGURE 7. (A) The Immunescore in cluster 1/2 subtypes in TCGA cohort. (B) The Stromal-score in cluster 1/2 subtypes in TCGA cohort. (C) The Estimatescore in cluster 1/2 subtypes in TCGA cohort. (D) The infiltrating levels of 22 immune cell types in clusterl/2 subtypes in the TCGA cohort.



We then analyzed the proportions of 22 immune cell subtypes between clusters 1 and 2 (Figure 7D). The screening condition was a p < 0.001. Cluster 1 had higher infiltration of M0 macrophages, whereas cluster 2 was more closely associated with CD8 T cells, naïve B cells, regulatory T cells (Tregs), and follicular helper T cells.



Construction and Validation of Prognostic Signatures for m6A-Modified lncRNAs

We next evaluated the usefulness of m6A-modified lncRNAs for predicting patient prognosis. The 499 patients were evenly divided into two cohorts: the TCGA train cohort (251 patients) and the test cohort (248 patients). A least absolute shrinkage and selection operator (LASSO) regression analysis was conducted according to the expression levels of the 29 m6A-modified lncRNAs in the TCGA train cohort (Supplementary Figures 4A,B). From this, four important m6A-modified lncRNAs were identified, which included GRHL3-AS1, AL121845.4, AC116914.2, AL513190.1. The risk scores of the train and the test cohorts were estimated using the coefficients from the LASSO algorithm. The formula was as follows: risk score = − (0.414908709551883 ∗ GRHL3-AS1 expression level+ 0.326529379046119 ∗ AL121845.4 expression level+ 0.0128315743810079 ∗ AC116914.2 expression level+ 0.260494245733385 ∗ AL513190.1 expression level). Patients in the HCSCC train and test groups were then split into high- and low-risk groups based on their median risk scores. The relationships between risk score, OS, OS status, and expression signatures of the four m6A-modified lncRNAs in the train and test cohorts are shown (Figures 8A,B), The heatmap results indicated that the four selected lncRNAs were highly expressed in the low-risk group.
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FIGURE 8. Construction and validation of prognostic signatures of m6A methylation regulators. (A,B) Distribution of risk score, OS, and OS status and heatmap of the four prognostic signatures in the train cohort (A) and test cohort (B). (C,D) Kaplan-Meier curves of OS for patients with HNSCC based on the risk score in the train cohort (C) and test cohort (D). (E,F) ROC curves measuring the predictive value of the risk score in the train cohort (E) and test cohort (F).



Meanwhile, we further analyzed OS between the two groups (Figures 8C,D) and found that OS was significantly greater in the low-risk group than in the high-risk group, regardless of whether patients were in the train (p = 0.002) or test group (p = 0.010). To further explore the sensitivity and specificity of the risk signatures for diagnosis, a ROC curve was applied and the AUC values for the risk signatures were 0.657 and 0.601, respectively, in the train and the test cohorts (Figures 8E,F).

Thus, the risk signature score could somewhat predict survival rates of HNSCC patients, and it could discriminate patient prognosis remarkably well.



Prognostic Risk Scores Correlated With Clinicopathological Factors, Clusters, and Immune-Scores in HNSCC

We summarized information from all of the samples in the high- and low-risk groups from the train and test groups and compared their clinicopathological factors, cluster analysis results, and the immune-scores. Our heatmap (Figure 9A) also visualized expression differences of the four selected m6A-modified lncRNAs between the high- and low-risk groups. Absolute expression of the four m6A-modified lncRNAs was lower in the high-risk group than in the low-risk group, which indicates that they are protective. Grade 1–2 (Figure 9B), female (Figure 9C) and cluster 1 (Figure 9D) showed higher risk scores. We then further evaluated the PD-L1 expression and risk score, however, no significant correlation was found (Figure 9E).


[image: image]

FIGURE 9. Prognostic risk scores correlated with clinicopathological features and immunoscore in TCGA training cohort. (A) Heatmap and clinicopathologic features of high- and low-risk groups. P < 0.05 (”*”), P < 0.01 (”**”), and P < 0.001 (”***”). (B–D) Distribution of risk scores stratified by grade (B), gender (C), and clusterl/2 (D). (E) The PD-Ll expression level by risk score group in TCGA training set.



To verify the utility of our model for use in different clinical groups, the differences in OS of the high- and low-risk groups among age, gender, grade, stage, Tumor Node Metastasis (TNM) staging were all determined. We observed that except in female group and the grade 1–2 group, in the other groups, all the rest OS in low-risk groups were higher than high-risk group (Supplementary Figure 5). This further proved that our model was meaningful.

Univariate (Figures 10A,B) and multivariate Cox (Figures 10C,D) analyses for OS in the train and test groups were performed to determine whether clinicopathological characteristics (including age, gender, grade, stage, and risk score) were independent prognostic factors. The Cox proportional hazards model was applied for all variables and was used in the univariate analysis. Our findings showed that age, gender, stage, and risk score were independent factors for poor prognosis of patients in the train group, and age, stage, and risk score were independent factors in the test group. Multivariate analysis using the same variables as the univariate analysis further indicated that age, stage, and risk score were independent factors for poor prognosis in both the train and test groups. The present results indicate that the risk score has remarkable value for predicting patient prognosis.
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FIGURE 10. (A) Univariate Cox regression was performed in the train group. (B) Univariate Cox regression was performed in the test group. (C) Multiple Cox regression was performed in the train group. (D) Multiple Cox regression was performed in the test group.





Correlation of m6A-Modified lncRNAs With Immunocytes

To analyze the effect of the four m6A-modified lncRNAs on the HNSCC immune microenvironment, we correlated risk score with the infiltration of ten immune cell subtypes. There was a significant positive correlation between risk score and populations of CD4 memory resting T cells (p < 0.01) (Figure 11A), resting NK cells (p < 0.001) (Figure 11B), M0 macrophages (p < 0.05) (Figure 11C) and M1 macrophages (p < 0.01) (Figure 11D). The risk score was negatively correlated with infiltration of Tregs (p < 0.001) (Figure 11E) and gamma delta T cells (p < 0.05) (Figure 11F). This finding confirms that m6A-modified lncRNAs -based risk signature can be implicated in the immune microenvironment of HNSCC, so as to promote individual treatment strategies and expand insights to accelerate the advancement of therapeutic approaches.


[image: image]

FIGURE 11. Relationships between the risk score and infiltration abundances of six immune cell types. (A–F) T cells CD4 memory resting (A), NK cells resting (B), Macrophages MO (C), Macrophages Ml (D), T cells regulatory (Tregs) (E), and T cells gamma delta (F).





DISCUSSION

In recent years, genome-wide research has shown that most genes are transcribed and form an RNA network in cells comprised of large and small RNAs (Pandiani et al., 2021). However, only a small part of these RNAs can be translated into proteins. During translation process, the RNA modification after transcription is a critical step, and approximately 150 post-transcriptional RNA modifications have been demonstrated across species (Motorin and Helm, 2011; Ogawa et al., 2021). Among these modifications, N6-methyladenosine (m6A) is the most common among eukaryotic mRNAs and long non-coding RNAs. m6A can determine whether mRNAs are translated or undergo decay, and this can lead to differences in cell differentiation, embryonic development, and stress responses (Zhao et al., 2017). Long non-coding RNAs (lncRNAs) are non-coding transcripts that are usually longer than 200 nucleotides, and they are one of the largest and most diverse categories of RNA. lncRNAs play vital roles in a plethora of cellular functions, and most of these require interactions with one or more RNA-binding proteins (RBPs), competing endogenous RNAs (ceRNAs) or other RNAs. Previous studies have shown that m6A-methylated lncRNA can significantly affect the functions of target genes in a variety of tumors through RNA-protein interactions (Ferrè et al., 2016; Paraskevopoulou and Hatzigeorgiou, 2016; Tu et al., 2020). However, it remains unclear how m6A-modified lncRNAs affect the expression of target genes in HNSCC. Furthermore, different cancer microenvironments are formed at each stage of cancer progression, and these microenvironments have different properties and can be both detrimental and beneficial for tumorigenesis (Kim and Bae, 2016). Therefore, there is need for a greater mechanistic understanding of how m6A-modified lncRNAs affect the tumor microenvironment.

The present study analyzed the effects of m6A-modified lncRNAs on the tumor microenvironment of HNSCC. We investigated 23 previously reported m6A RNA methylation regulators in TCGA HNSCC datasets. Consistently, most of the 23 m6A regulators were upregulated in HNSCC samples compared to normal samples. By analyzing the gene expression files, we determined the lncRNAs associated with the 23 m6A RNA methylation regulators and constructed a co-expression network. Univariate Cox analyses indicated that 29 lncRNAs were potential prognostic factors for HNSCC and that high expression of these lncRNAs indicated a positive tumor prognosis.

According to expression of the m6A-modified lncRNAs, the HNSCC cohort was spilt into two clusters using consensus clustering. Cluster 2, which had elevated expression of the 29 m6A-modified lncRNAs, had significantly higher survival and lower tumor stage compared to cluster 1. Furthermore, GSEA was used to analyze differential gene expression and found differences in tumor-related pathways, cell cycle, and the PI3K–AKT signaling pathway (Porta et al., 2014). These data demonstrate the underlying relationship between m6A-modified lncRNAs and the initiation and progression of HNSCC.

Programmed death-ligand 1 (PD-L1) is often upregulated in various cancers (Sun et al., 2018). The differences in the expression of PD-L1 in HNSCC and normal tissues and between the two clusters were detected. In the tumor group, PD-L1 expression was significantly increased compared to normal tissue, but no significant difference in two clusters. The PD-L1 mutations were also checked in HNSCC. We scored the immune cells and stromal cells in each sample found that immune-scores were significantly higher in cluster 2 whereas stromal-scores were significantly higher in cluster 1. Next, the content of 22 immune cell subtypes between clusters 1 and 2 were analyzed. Cluster 1 had greater infiltration of M0 macrophages, whereas cluster 2 had more relative CD8 T cells, Tregs, follicular helper T cells, and naïve B cells.

We next evaluated the prognostic value of the m6A-modified lncRNA signatures in HNSCC patients. The LASSO algorithm was applied and four lncRNAs were chosen to determine the risk signature. According to our formula, we calculated the risk value of each sample and stratified the patients into high- and low-risk groups. The OS of the low-risk group was significantly higher than that of the high-risk group, regardless of whether patients were in the train or test cohort. In the train and the test cohorts, the AUC values were 0.657 and 0.601, respectively, which indicates that the signature risk score could predict survival rates for HNSCC patients to some extent. To estimate the independent prognostic factor, univariate and multivariate Cox analyses for OS were conducted in the train and test groups. Correlation of m6A-modified lncRNAs with infiltration of various immunocytes confirmed that the signatures could predict the HNSCC immune microenvironment.

In summary, the present research systematically evaluated the prognostic value, the correlation with PD-L1, role in the tumor environment, and potential regulatory mechanisms of m6A-modified lncRNAs in HNSCC. Thus, better understanding the role of m6A-modified lncRNAs in the tumor microenvironment can potentially improve precision immunotherapy for HNSCC.
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Tumors of the nervous system can be originated from several locations. They mostly have high mortality and morbidity rate. The emergence of resistance to chemotherapeutic agents is a hurdle in the treatment of patients. Long non-coding RNAs (lncRNAs) have been shown to influence the response of glioblastoma/glioma and neuroblastoma to chemotherapeutic agents. MALAT1, NEAT1, and H19 are among lncRNAs that affect the response of glioma/glioblastoma to chemotherapy. As well as that, NORAD, SNHG7, and SNHG16 have been shown to be involved in conferring this phenotype in neuroblastoma. Prior identification of expression amounts of certain lncRNAs would help in the better design of therapeutic regimens. In the current manuscript, we summarize the impact of lncRNAs on chemoresistance in glioma/glioblastoma and neuroblastoma.
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Introduction

Tumors of the nervous system can be originated from several cellular compartments. The main classes of these tumors are glioma, meningioma, neuroblastoma, and spinal tumors (1). Although being quite rare, brain tumors are considered as high mortality cancers (2). Their protected position in the brain makes these neoplasms difficult to cure. Surgical removal of the tumor, radiotherapy, and chemotherapy are currently available therapeutic options for brain tumors. However, these options are associated with possible permanent morbidity for patients and incomplete cure of cancer (2). Inherent or attained chemoresistance is the chief reason for treatment failure in these patients (3). Alkylating agents constitute the backbone of chemotherapeutic regimens for brain tumors. These agents induce DNA damage and consequently activate apoptosis, yet their efficiency in killing cancer cells depends on the DNA repair system (3). As an example of an orally bioavailable alkylating agent, temozolomide (TMZ) has been used widely in the treatment of patients with brain tumors. This agent is spontaneously transformed to its active metabolite 5-(3-methyl triazen-1-yl) imidazole-4-carboxamide (MTIC) without requiring hepatic activation.). Furthermore, TMZ is an effective radiosensitizer and a vital constituent of chemoradiotherapy for patients with newly-diagnosed glioblastoma (4). Resistance to TMZ has been detected in about half of patients. Up-regulation of O6-methylguanine methyltransferase (MGMT) and defects in the DNA repair pathway are among possible mechanisms for resistance to this agent (5). Another recently acknowledged cause of chemoresistance in tumors of the nervous system and related cell lines is the aberrant expression of long non-coding RNAs (lncRNAs). In the current manuscript, we summarize the impact of lncRNAs on chemoresistance in glioma/glioblastoma and neuroblastoma.



LncRNAs Functions

Novel sequencing methods have enabled comprehensive genomic and transcriptomic analyses and shown transcription of a total of 85% of the human genome (6, 7). Based on the results of ENCODE projects, most human transcriptomes are non-coding RNAs (8). LncRNAs with sizes of more than 200 nucleotides constitute a major part of the transcriptome. These transcripts are considered essential regulators of gene transcription. Their functions as signals, decoys, scaffolds, guide transcripts, and enhancers have endowed them the aptitude to control gene expression via different routes. Through having “decoy” binding sites, they can sequester transcription factors, catalytic molecules, constituents of chromatin remodeling complexes, and microRNAs (miRNAs), thus decreasing their bioavailability (9). Dysregulation of lncRNAs has been noted in tumors of the nervous system (10). Figure 1 indicates the role of several lncRNAs in modulating the sensitivity of tumor cells to various chemotherapeutic agents via regulating the Wnt-β-catenin signaling pathway which is a highly conserved cascade and is activated in the development of glioma cells. Wnt/β-catenin signaling is an evolutionary conserved axis that controls important cellular functions, namely proliferation, differentiation, migratory potential, genetic stability, cell death and renewal of stem cells, thus it has important roles in the carcinogenesis (14).




Figure 1 | A schematic illustration of the crosstalk between lncRNAs and Wnt/β-catenin pathway involved in the modulation of the sensitivity of glioma cells to chemotherapeutic agents. Downregulation of lncRNA H19 could promote the sensitivity of glioma cells to temozolomide via inhibiting EMT through the suppression of the Wnt/β-Catenin signaling cascade. Silencing of H19 could downregulate the expression level of β-catenin and its downstream targets c-myc and Survivin in temozolomide-treated glioma cells (11). Besides, downregulating the expression of lncRNA MIR22HG could suppress the Wnt/β-catenin signaling pathway via loss of miR-22-3p and -5p. This could in turn lead to attenuating cell proliferation, invasion as well as tumor growth in glioma cells. MIR22HG silencing could result in downregulating the expression level of β-catenin, a key transcriptional regulator of Wnt, along with the inhibition of several Wnt downstream targets, containing c-Myc, cyclin D1, and LEF1, as well as a reduction in the expression of phospho-GSK3β (Ser9) in tumor cells (12). Besides, upregulation of lncRNA MIR155HG could promote temozolomide resistance in glioma cells through directly regulating canonical Wnt/β-catenin pathway activation via binding to PTBP1 in tumor cells (13).





LncRNAs and Chemoresistance in Glioma/Glioblastoma

Abnormal expression of several lncRNAs has been detected in resistant glioma/glioblastoma tumors or related cell lines. MALAT1, NEAT1, H19, and HOTAIR are among the mostly assessed lncRNAs in this field.


MALAT1

Li et al. have reported higher levels of MALAT1 in the U251/TMZ and U87/TMZ cells compared with the parental lines. Small interfering (si)RNA-mediated MALAT1 silencing has down-regulated expressions of MDR1, MRP5, and LRP1, increased sensitivity to TMZ, and decreased ZEB1 levels. In vivo experiments have also verified the impact of MALAT1 up-regulation in conferring TMZ resistance and upregulating ZEB1 levels. Taken together, MALAT1 can enhance the resistance of glioma cells to TMZ through regulating ZEB1 (15). Vassallo et al. have shown that MALAT1 silencing decreases migration of glioblastoma cells, without affecting proliferation. Meanwhile, down-regulation of WIF1 has been shown to enhance the migratory aptitude of glioblastoma via WNT5A that induces expression of MALAT1. They have suggested the contribution of canonical and non-canonical WNT routes in the pathogenesis of glioblastoma (16). Moreover, MALAT1 has been reported to induce chemoresistance to TMZ through suppressing miR-203 expression and promoting the expression of thymidylate synthase (17). Similarly, Cai et al. have reported up-regulation of MALAT1 in TMZ-resistant glioblastoma cells. MALAT1 silencing has reduced TMZ resistance of these cells as documented in cell lines and animal models. Functionally, MALAT1 confers this phenotype by inhibiting the miR-101 signaling pathway in glioblastoma cells (18). A clinical study in this field has shown the association between elevated serum levels of MALAT1 and poor response to TMZ and low survival rate of patients with glioblastoma (17). Notably, functional studies have verified that MALAT1 silencing reverses TMZ resistance in glioblastoma cell lines. MALAT1 exerts its function through modulating the expression of miR-203, thus reducing thymidylate synthase (TS) levels (17). Finally, Voce et al. have assessed the expression profile of glioblastoma cells to detect NF-κB-related transcripts whose expressions are changed following TMZ treatment. MALAT1 has been identified as one of the utmost elevated transcripts. Moreover, expression of MALAT1 has been simultaneously regulated by p50 and p53. TMZ has been shown to inhibit p50 recruitment to its cognate element following phosphorylation of Ser329. Administration of anti-MALAT1 siRNA via nanoparticles has enhanced response to TMZ in xenograft models of glioblastoma (19).



NEAT1

Expression of NEAT1 has been found to be elevated in serum samples of glioblastoma patients and glioma stem cells isolated from related cell lines. NEAT1 silencing has inhibited the malignant behaviors of these cells, as has been evident by the reduction of their proliferation, migration, and invasion. Functional studies have verified let-7g-5p as a target of NEAT1. Expression of MAP3K1, as a target of let-7g-5p, has been enhanced by NEAT1, Therefore, NEAT1 enhances malignant features of glioma stem cell and chemoresistant phenotype via let-7g-5p/MAP3K1 axis (20). Similarly, expression of NEAT1 has been lower in the TMZ-sensitive glioblastoma tissues and cell lines compared with TMZ-resistant ones. NEAT1 silencing has remarkably promoted TMZ-associated cell apoptosis in glioblastoma cells. Consistently, MGMT levels have been higher in TMZ-resistant cell lines. NEAT1 silencing has decreased mRNA and protein levels of MGMT (21).



H19

H19 is another oncogenic lncRNA in glioblastoma whose expression has been correlated with the expression of numerous genes participating in the growth and progression of this neoplasm. H19 silencing has reduced viability, migratory potential, and invasiveness of glioblastoma cells. Notably, H19 expression is inversely correlated with the expression of NKD1, an inhibitor of the Wnt pathway, thus H19 may modulate NKD1 expression via EZH2-associated H3K27 trimethylation. H19 binding with EZH2 has been verified in glioblastoma cells (22). H19 silencing has been shown to enhance TMZ cytotoxicity in glioma cells through inhibiting epithelial-mesenchymal transition (EMT) via the Wnt/β-catenin pathway (11) and inactivating NF-kB signaling (23).



HOTAIR

Expression of HOTAIR has been elevated in TMZ-resistant glioblastoma cells and its silencing has suppressed proliferation, migration, invasion, and EMT in TMZ-resistant cells. Notably, exosomal transfer of this lncRNA HOTAIR has conferred TMZ resistance via modulating miR-519a-3p/RRM1 molecular route (24). HOTAIR silencing has also decreased HK2 expression, thus suppressing cell proliferation and enhancing sensitivity to TMZ both in vivo and in vitro. HOTAIR increases HK2 levels by influencing miR-125 levels, which suppresses cell proliferation and increases TMZ-associated cell death (25).



Other lncRNAs

Several other lncRNAs have also been shown to affect the response of glioblastoma/glioma cells to therapeutic agents. Some lncRNAs affect autophagy. Autophagy is a fundamental capability of cells to reinstate the energy equilibrium throughput the periods of fluctuating nutrient accessibility (26). During this evolutionarily conserved process, impaired or useless biomolecules, organelles, or other cytoplasmic elements are transferred to the lysosomal system be targeted for degradation (27). Dysregulation of autophagy is linked with tumorigenesis and resistance of cancer cells to therapeutics (28).

Expression of TUSC7 has been decreased in TMZ-resistant glioblastoma cells and tissues. Ectopic expression of TUSC7 has inhibited TMZ resistance and decreased expression of MDR1. TUSC7 exerts its function by suppressing miR-10a levels (29). Ma et al. have reported over-expression of MEG3 in glioma cells treated with cisplatin. Up-regulation of MEG3 has increased the sensitivity of glioblastoma cells to cisplatin. Functionally, MEG3 attenuates cisplatin-induced autophagy (30). In a high throughput study, Zeng et al. have compared the expression of mRNAs and lncRNAs between a TMZ-resistant glioblastoma cell line and parental cells. They have reported differential expression of more than 2000 lncRNAs between these cells. Notably, the ECM−receptor interaction pathway has been downregulated and ECM-related collagen I, fibronectin, laminin, and CD44 have been correlated with resistance phenotype in vitro (31). Table 1 shows the list of lncRNAs that modulate the response of glioblastoma/glioma to chemotherapy. Figure 2 demonstrates the role of various long noncoding RNAs including CASC2 and GAS5 in suppressing the autophagy pathway through regulating mTOR expression in glioma cells.


Table 1 | LncRNAs that modulate the response of glioblastoma/glioma to chemotherapy.








Figure 2 | A schematic diagram of the inhibition of autophagy cascade via long noncoding RNAs in glioblastoma in an mTOR‐dependent manner. Overexpression of lncRNA CASC2 could downregulate the expression level of miR-193a-5p, which could, in turn, lead to reducing temozolomide-induced autophagy and promoting cell death through suppressing the expression level of mTOR, and thereby resulting in enhancing the sensitivity of glioma cells to temozolomide cytotoxicity to the large extent (55). Furthermore, the elevation of lncRNA GAS5 could enhance glioma cell sensitivity to cisplatin. Cisplatin could evoke excessive autophagy concomitant via promoting and suppressing the expression levels of LC3II and p62 respectively, which was negatively inhibited after GAS5 overexpression. Therefore, GAS5 could attenuate the resistance of glioma cells to cisplatin by restraining excessive autophagy through the activation of mTOR signaling (54). Also, upregulation of MEG3 could eliminate cisplatin-induced autophagy in glioma cells via directly targeting LC3II and p62 in tumor cells. The suppression of autophagy or knockdown of ATG5 could reverse the reduction in cell apoptosis caused by MEG3 knockdown in glioma cells treated with cisplatin (30).






LncRNAs and Chemoresistance in Neuroblastoma

Wang et al. have demonstrated up-regulation of NORAD in neuroblastoma tissues and cell lines. Notably, NORAD expression has been inversely correlated with the survival of patients. NORAD has increased proliferation, metastatic ability, and resistance to doxorubicin while inhibiting apoptosis and autophagy in neuroblastoma cells through targeting miR-144-3p. HDAC8 has been identified as a direct target of miR-144-3p. NORAD up-regulation increases HDAC8 levels through suppression of miR-144-5p (53). SNHG7 is another lncRNA that modulates cisplatin-induced autophagy by regulating the miR-329-3p/MYO10 (62). Finally, SNHG16 regulates miR-338-3p/PLK4 axis to enhance cisplatin resistance in these cells (63). Table 2 shows lncRNAs that modulate the response of neuroblastoma to chemotherapy.


Table 2 | LncRNAs that modulate the response of neuroblastoma to chemotherapy.





Discussion

LncRNAs have acknowledged roles in the pathogenesis of tumors of the nervous system through various mechanisms including suppression of apoptotic pathways, induction of cell cycle progression, and enhancement of cell proliferation (10). A more clinically important aspect of lncRNA participation in the pathogenesis of nervous system tumors is their influence on the response of these neoplastic cells to chemotherapeutic agents. TMZ, cisplatin, and doxorubicin are the most important chemotherapeutic agents that are influenced by lncRNAs. Cancer stem cells are possibly the most critical cell population within the tumors which are affected by lncRNAs in this context. The competing endogenous RNA (ceRNA) function of lncRNAs has endowed them the aptitude to sequester miRNA, thus enhancing the expression of miRNA targets. MALAT1/miR-101, MALAT1/miR-203, TUSC7/miR-10a, NEAT1/let-7g-5p, AC003092.1/miR-195, SNHG15/miR-627, HOTAIR/miR-519a-3p, HOTAIR/miR-125, KCNQ1OT1/miR-761, NCK1-AS1/miR-137, NCK1-AS1/miR-22-3p and HOXD-AS1/miR-204 are among lncRNA/miRNA pairs that regulate resistance to chemotherapeutic agents in glioma/glioblastoma. SNHG7/miR-329-3p and SNHG16/miR338-3p have similar roles in neuroblastoma.

Based on the prominent effects of lncRNAs in the modulation of response of tumors of the nervous system to chemotherapeutic agents, prior knowledge about the levels of these transcripts in the tumor tissues would help in the design of appropriate therapeutic regimens. However, the particular locations of these tumors preclude invasive sampling. Therefore, peripheral blood/serum is an alternative tissue for this purpose. Consistent with this speculation, elevated serum levels of MALAT1 have been associated with the poor response of patients with glioblastoma to TMZ (17). However, most studies in this field rely on cell line experiments or animal studies without assessing the impact of circulating levels of lncRNAs in the long-term survival of patients. Moreover, the impact of genomic variants within lncRNAs in the modulation of response of glioblastoma/neuroblastoma to chemotherapeutic agents has not been assessed either in cell lines or in clinical settings. Such data would facilitate understanding the underlying mechanism of resistance to these agents and subsequently would pave the way for the design of therapeutic options to combat this phenotype.

Taken together, the contribution of lncRNAs in chemoresistance of glioma and neuroblastoma tumors has been assessed in independent studies. Yet, the role of these transcripts in the modulation of resistance to these agents has not been evaluated in other types of nervous system tumors. The proposed lncRNAs in this study are putative candidates for expression assays in other types of nervous system tumors.



Author Contributions

SG-F and MT wrote the draft and revised it. HS, GS, AAg, AAb, and MMHT collected the data, designed the tables, and figures. All authors contributed to the article and approved the submitted version.



References

1. Hayat, MA, editor. Tumors of the Central Nervous System. Berlin, Germany: Springer (2012).

2. Reilly, KM. Brain Tumor Susceptibility: The Role of Genetic Factors and Uses of Mouse Models to Unravel Risk. Brain Pathol (2009) 19(1):121–31. doi: 10.1111/j.1750-3639.2008.00236.x

3. Sarkaria, JN, Kitange, GJ, James, CD, Plummer, R, Calvert, H, Weller, M, et al. Mechanisms of Chemoresistance to Alkylating Agents in Malignant Glioma. Clin Cancer Res (2008) 14(10):2900–8. doi: 10.1158/1078-0432.CCR-07-1719

4. Stupp, R, Mason, WP, van den Bent, MJ, Weller, M, Fisher, B, Taphoorn, MJ, et al. Radiotherapy Plus Concomitant and Adjuvant Temozolomide for Glioblastoma. New Engl J Med (2005) 352(10):987–96. doi: 10.1056/NEJMoa043330

5. Lee, SY. Temozolomide Resistance in Glioblastoma Multiforme. Genes Dis (2016) 3(3):198–210. doi: 10.1016/j.gendis.2016.04.007

6. Hangauer, MJ, Vaughn, IW, and McManus, MT. Pervasive Transcription of the Human Genome Produces Thousands of Previously Unidentified Long Intergenic Noncoding RNAs. PloS Genet (2013) 9(6):e1003569. doi: 10.1371/journal.pgen.1003569

7. Djebali, S, Davis, CA, Merkel, A, Dobin, A, Lassmann, T, Mortazavi, A, et al. Landscape of Transcription in Human Cells. Nature (2012) 489(7414):101–8. doi: 10.1038/nature11233

8. Bernstein, B, Birney, E, Dunham, I, Green, E, Gunter, C, and Snyder, M. Consortium EP. An Integrated Encyclopedia of DNA Elements in the Human Genome. Nature (2012) 489(7414):57–74. doi: 10.1038/nature11247

9. Fang, Y, and Fullwood, MJ. Roles, Functions, and Mechanisms of Long non-Coding RNAs in Cancer. Genomics Proteomics Bioinf (2016) 14(1):42–54. doi: 10.1016/j.gpb.2015.09.006

10. Rezaei, O, Tamizkar, KH, Sharifi, G, Taheri, M, and Ghafouri-Fard, S. Emerging Role of Long Non-Coding RNAs in the Pathobiology of Glioblastoma. Front Oncol (2021) 10:3381. doi: 10.3389/fonc.2020.625884

11. Jia, L, Tian, Y, Chen, Y, and Zhang, G. The Silencing of LncRNA-H19 Decreases Chemoresistance of Human Glioma Cells to Temozolomide by Suppressing Epithelial-Mesenchymal Transition Via the Wnt/β-Catenin Pathway. OncoTargets Ther (2018) 11:313. doi: 10.2147/OTT.S154339

12. Han, M, Wang, S, Fritah, S, Wang, X, Zhou, W, Yang, N, et al. Interfering With Long Non-Coding RNA MIR22HG Processing Inhibits Glioblastoma Progression Through Suppression of Wnt/β-Catenin Signalling. Brain (2020) 143(2):512–30. doi: 10.1093/brain/awz406

13. Lin, Y, Pan, X, Chen, Z, Lin, S, and Chen, S. Identification of an Immune-Related Nine-lncRNA Signature Predictive of Overall Survival in Colon Cancer. Front Genet (2020) 11:318. doi: 10.3389/fgene.2020.00318

14. Pai, SG, Carneiro, BA, Mota, JM, Costa, R, Leite, CA, Barroso-Sousa, R, et al. Wnt/Beta-Catenin Pathway: Modulating Anticancer Immune Response. J Hematol Oncol (2017) 10(1):1–12. doi: 10.1186/s13045-017-0471-6

15. Li, H, Yuan, X, Yan, D, Li, D, Guan, F, Dong, Y, et al. Long Non-Coding RNA MALAT1 Decreases the Sensitivity of Resistant Glioblastoma Cell Lines to Temozolomide. Cell Physiol Biochem (2017) 42(3):1192–201. doi: 10.1159/000478917

16. Vassallo, I, Zinn, P, Lai, M, Rajakannu, P, Hamou, M, and Hegi, MJO. WIF1 Re-Expression in Glioblastoma Inhibits Migration Through Attenuation of Non-Canonical WNT Signaling by Downregulating the lncRNA Malat1. (2016) 35(1):12–21. doi: 10.1038/onc.2015.61

17. Chen, W, Xu, X-K, Li, J-L, Kong, K-K, Li, H, Chen, C, et al. MALAT1 is a Prognostic Factor in Glioblastoma Multiforme and Induces Chemoresistance to Temozolomide Through Suppressing miR-203 and Promoting Thymidylate Synthase Expression. Oncotarget (2017) 8(14):22783. doi: 10.18632/oncotarget.15199

18. Cai, T, Liu, Y, and Xiao, J. Long Noncoding RNA MALAT 1 Knockdown Reverses Chemoresistance to Temozolomide Via Promoting Micro RNA-101 in Glioblastoma. Cancer Med (2018) 7(4):1404–15. doi: 10.1002/cam4.1384

19. Voce, DJ, Bernal, GM, Wu, L, Crawley, CD, Zhang, W, Mansour, NM, et al. Temozolomide Treatment Induces Lncrna MALAT1 in an NF-κb and p53 Codependent Manner in Glioblastoma. Cancer Res (2019) 79(10):2536–48. doi: 10.1158/0008-5472.CAN-18-2170

20. Mohebi, M, Ghafouri-Fard, S, Modarressi, MH, Dashti, S, Zekri, A, Kholghi-Oskooei, V, et al. Expression Analysis of Vimentin and the Related lncRNA Network in Breast Cancer. Exp Mol Pathol (2020) 115:104439. doi: 10.1016/j.yexmp.2020.104439

21. Xu, K-l, Xu, Q-s, Wu, Z-x, Xu, S-j, and Shen, J. Lncrna NEAT1 is Involved in Temozolomide Resistance by Regulating MGMT in Glioblastoma Multiforme. Clin Surg Res Commun (2018) 2(1):24–30. doi: 10.31491/CSRC.2018.3.011

22. Fazi, B, Garbo, S, Toschi, N, Mangiola, A, Lombari, M, Sicari, D, et al. The Lncrna H19 Positively Affects the Tumorigenic Properties of Glioblastoma Cells and Contributes to NKD1 Repression Through the Recruitment of EZH2 on Its Promoter. Oncotarget (2018) 9(21):15512. doi: 10.18632/oncotarget.24496

23. Duan, S, Li, M, Wang, Z, Wang, L, and Liu, Y. H19 Induced by Oxidative Stress Confers Temozolomide Resistance in Human Glioma Cells Via Activating NF-κb Signaling. OncoTargets Ther (2018) 11:6395. doi: 10.2147/OTT.S173244

24. Yuan, Z, Yang, Z, Li, W, Wu, A, Su, Z, and Jiang, B. Exosome-Mediated Transfer of Long Noncoding RNA HOTAIR Regulates Temozolomide Resistance by miR-519a-3p/RRM1 Axis in Glioblastoma. Cancer Biotherapy Radiopharmaceuticals (2020). doi: 10.1089/cbr.2019.3499

25. Zhang, J, Chen, G, Gao, Y, and Liang, H. Hotair/miR-125 Axis-Mediated Hexokinase 2 Expression Promotes Chemoresistance in Human Glioblastoma. J Cell Mol Med (2020) 24(10):5707–17. doi: 10.1111/jcmm.15233

26. Green, DR, and Levine, B. To be or Not to be? How Selective Autophagy and Cell Death Govern Cell Fate. Cell (2014) 157(1):65–75. doi: 10.1016/j.cell.2014.02.049

27. Janku, F, McConkey, DJ, Hong, DS, and Kurzrock, R. Autophagy as a Target for Anticancer Therapy. Nat Rev Clin Oncol (2011) 8(9):528. doi: 10.1038/nrclinonc.2011.71

28. Li, X, Zhou, Y, Li, Y, Yang, L, Ma, Y, Peng, X, et al. Autophagy: A Novel Mechanism of Chemoresistance in Cancers. Biomed Pharmacotherapy (2019) 119:109415. doi: 10.1016/j.biopha.2019.109415

29. Shang, C, Tang, W, Pan, C, Hu, X, and Hong, Y. Long Non-Coding RNA TUSC7 Inhibits Temozolomide Resistance by Targeting miR-10a in Glioblastoma. Cancer Chemotherapy Pharmacol (2018) 81(4):671–8. doi: 10.1007/s00280-018-3522-y

30. Ma, B, Gao, Z, Lou, J, Zhang, H, Yuan, Z, Wu, Q, et al. Long non−Coding RNA MEG3 Contributes to Cisplatin−Induced Apoptosis Via Inhibition of Autophagy in Human Glioma Cells. Mol Med Rep (2017) 16(3):2946–52. doi: 10.3892/mmr.2017.6897

31. Zeng, H, Xu, N, Liu, Y, Liu, B, Yang, Z, Fu, Z, et al. Genomic Profiling of Long Non-Coding RNA and mRNA Expression Associated With Acquired Temozolomide Resistance in Glioblastoma Cells. Int J Oncol (2017) 51(2):445–55. doi: 10.3892/ijo.2017.4033

32. Liu, Y, Xu, N, Liu, B, Huang, Y, Zeng, H, Yang, Z, et al. Long Noncoding RNA Rp11-838N2.4 Enhances the Cytotoxic Effects of Temozolomide by Inhibiting the Functions of miR-10a in Glioblastoma Cell Lines. Oncotarget (2016) 7(28):43835–51. doi: 10.18632/oncotarget.9699

33. Kim, S-S, Harford, JB, Moghe, M, Rait, A, Pirollo, KF, and Chang, E. Targeted Nanocomplex Carrying siRNA Against MALAT1 Sensitizes Glioblastoma to Temozolomide. Nucleic Acids Res (2018) 46(3):1424–40. doi: 10.1093/nar/gkx1221

34. Jiang, P, Wang, P, Sun, X, Yuan, Z, Zhan, R, Ma, X, et al. Knockdown of Long Noncoding RNA H19 Sensitizes Human Glioma Cells to Temozolomide Therapy. OncoTargets Ther (2016) 9:3501. doi: 10.2147/OTT.S96278

35. He, Z, You, C, and Zhao, DJB. Communications BrLong Non-Coding RNA Uca1/miR-182/PFKFB2 Axis Modulates Glioblastoma-Associated Stromal Cells-Mediated Glycolysis and Invasion of Glioma Cells. Biochem Biophys Res Commun (2018) 500(3):569–76. doi: 10.1016/j.bbrc.2018.04.091

36. Ma, B, Yuan, Z, Zhang, L, Lv, P, Yang, T, Gao, J, et al. Long non-Coding RNA AC023115. 3 Suppresses Chemoresistance of Glioblastoma by Reducing Autophagy. Biochim Biophys Acta Mol Cell Res (2017) 1864(8):1393–404. doi: 10.1016/j.bbamcr.2017.05.008

37. Xu, N, Liu, B, Lian, C, Doycheva, DM, Fu, Z, Liu, Y, et al. Long Noncoding RNA AC003092. 1 Promotes Temozolomide Chemosensitivity Through miR-195/TFPI-2 Signaling Modulation in Glioblastoma. Cell Death Dis (2018) 9(12):1–16. doi: 10.1038/s41419-018-1183-8

38. Mazor, G, Levin, L, Picard, D, Ahmadov, U, Carén, H, Borkhardt, A, et al. The Lncrna TP73-AS1 Is Linked to Aggressiveness in Glioblastoma and Promotes Temozolomide Resistance in Glioblastoma Cancer Stem Cells. Cell Death Dis (2019) 10(3):1–14. doi: 10.1038/s41419-019-1477-5

39. Yan, Y, Xu, Z, Chen, X, Wang, X, Zeng, S, Zhao, Z, et al. Novel Function of Lncrna ADAMTS9-AS2 in Promoting Temozolomide Resistance in Glioblastoma Via Upregulating the FUS/MDM2 Ubiquitination Axis. Front Cell Dev Biol (2019) 7:217. doi: 10.3389/fcell.2019.00217

40. Li, Z, Zhang, J, Zheng, H, Li, C, Xiong, J, Wang, W, et al. Modulating Lncrna SNHG15/CDK6/miR-627 Circuit by Palbociclib, Overcomes Temozolomide Resistance and Reduces M2-Polarization of Glioma Associated Microglia in Glioblastoma Multiforme. J Exp Clin Cancer Res (2019) 38(1):1–13. doi: 10.1186/s13046-019-1371-0

41. Lu, C, Wei, Y, Wang, X, Zhang, Z, Yin, J, Li, W, et al. DNA-Methylation-Mediated Activating of Lncrna SNHG12 Promotes Temozolomide Resistance in Glioblastoma. Mol Cancer (2020) 19(1):28. doi: 10.1186/s12943-020-1137-5

42. Zhao, C, Gao, Y, Guo, R, Li, H, and Yang, B. Microarray Expression Profiles and Bioinformatics Analysis of mRNAs, lncRNAs, and circRNAs in the Secondary Temozolomide-Resistant Glioblastoma. Invest New Drugs (2019) 10:1–9. doi: 10.1007/s10637-019-00884-3

43. Zhang, Z, Yin, J, Lu, C, Wei, Y, Zeng, A, and You, Y. Exosomal Transfer of Long non-Coding RNA Sbf2-AS1 Enhances Chemoresistance to Temozolomide in Glioblastoma. J Exp Clin Cancer Res (2019) 38(1):1–16. doi: 10.1186/s13046-019-1139-6

44. Towner, RA, Smith, N, Saunders, D, Brown, CA, Cai, X, Ziegler, J, et al. Okn-007 Increases Temozolomide (TMZ) Sensitivity and Suppresses TMZ-resistant Glioblastoma (GBM) Tumor Growth. Trans Oncol (2019) 12(2):320–35. doi: 10.1016/j.tranon.2018.10.002

45. Liu, B, Zhou, J, Wang, C, Chi, Y, Wei, Q, Fu, Z, et al. Lncrna SOX2OT Promotes Temozolomide Resistance by Elevating SOX2 Expression Via Mediated Epigenetic Regulation in Glioblastoma. Cell Death Dis (2020) 11(5):1–18. doi: 10.1038/s41419-020-2540-y

46. Zhang, S, Guo, S, Liang, C, and Lian, M. Long Intergenic Noncoding RNA 00021 Promotes Glioblastoma Temozolomide Resistance by Epigenetically Silencing p21 Through Notch Pathway. IUBMB Life (2020) 72(8):1747–56. doi: 10.1002/iub.2301

47. Wang, W, Han, S, Gao, W, Feng, Y, Li, K, and Wu, D. Long Noncoding Rna KCNQ1OT1 Confers Gliomas Resistance to Temozolomide and Enhances Cell Growth by Retrieving Pim1 From Mir-761. Cell Mol Neurobiol (2020) 1–14. doi: 10.1007/s10571-020-00958-4

48. Chen, M, Cheng, Y, Yuan, Z, Wang, F, Yang, L, and Zhao, H. Nck1-As1 Increases Drug Resistance of Glioma Cells to Temozolomide by Modulating Mir-137/TRIM24. Cancer Biother Radiopharm (2020) 35(2):101–8. doi: 10.1089/cbr.2019.3054

49. Wang, B, Wang, K, Jin, T, Xu, Q, He, Y, Cui, B, et al. Nck1-AS1 Enhances Glioma Cell Proliferation, Radioresistance and Chemoresistance Via miR-22-3p/IGF1R ceRNA Pathway. Biomed Pharmacotherapy (2020) 129:110395. doi: 10.1016/j.biopha.2020.110395

50. Wang, J, Yang, S, Ji, Q, Li, Q, Zhou, F, Li, Y, et al. Long Non-Coding RNA EPIC1 Promotes Cell Proliferation and Motility and Drug Resistance in Glioma. Mol Therapy-Oncolytics (2020) 17:130–7. doi: 10.1016/j.omto.2020.03.011

51. Zhou, H, Ma, Y, Zhong, D, and Yang, L. Knockdown of Lncrna HOXD-AS1 Suppresses Proliferation, Migration and Invasion and Enhances Cisplatin Sensitivity of Glioma Cells by Sponging Mir-204. Biomed Pharmacotherapy (2019) 112:108633. doi: 10.1016/j.biopha.2019.108633

52. Chen, W-L, Chen, H-J, Hou, G-Q, Zhang, X-H, and Ge, J-W. LINC01198 Promotes Proliferation and Temozolomide Resistance in a NEDD4-1-Dependent Manner, Repressing PTEN Expression in Glioma. Aging (Albany NY) (2019) 11(16):6053. doi: 10.18632/aging.102162

53. Li, B, Zhao, H, Song, J, Wang, F, and Chen, M. LINC00174 Down-Regulation Decreases Chemoresistance to Temozolomide in Human Glioma Cells by Regulating miR-138-5p/SOX9 Axis. Hum Cell (2020) 33(1):159–74. doi: 10.1007/s13577-019-00281-1

54. Huo, JF, and Chen, XB. Long Noncoding RNA Growth Arrest-Specific 5 Facilitates Glioma Cell Sensitivity to Cisplatin by Suppressing Excessive Autophagy in an mTOR-Dependent Manner. J Cell Biochem (2019) 120(4):6127–36. doi: 10.1002/jcb.27900

55. Jiang, C, Shen, F, Du, J, Fang, X, Li, X, Su, J, et al. Upregulation of CASC2 Sensitized Glioma to Temozolomide Cytotoxicity Through Autophagy Inhibition by Sponging miR-193a-5p and Regulating mTOR Expression. Biomed Pharmacotherapy (2018) 97:844–50. doi: 10.1016/j.biopha.2017.10.146

56. Liao, Y, Shen, L, Zhao, H, Liu, Q, Fu, J, Guo, Y, et al. Lncrna CASC2 Interacts With miR-181a to Modulate Glioma Growth and Resistance to TMZ Through PTEN Pathway. J Cell Biochem (2017) 118(7):1889–99. doi: 10.1002/jcb.25910

57. Ding, J, Zhang, L, Chen, S, Cao, H, Xu, C, and Wang, X. Lncrna CCAT2 Enhanced Resistance of Glioma Cells Against Chemodrugs by Disturbing the Normal Function of Mir-424. OncoTargets Ther (2020) 13:1431. doi: 10.2147/OTT.S227831

58. Ma, Y, Zhou, G, Li, M, Hu, D, Zhang, L, Liu, P, et al. Long Noncoding RNA DANCR Mediates Cisplatin Resistance in Glioma Cells Via Activating AXL/PI3K/Akt/NF-κb Signaling Pathway. Neurochem Int (2018) 118:233–41. doi: 10.1016/j.neuint.2018.03.011

59. Yang, Q, Deng, L, Li, J, Miao, P, Liu, W, and Huang, Q. Nr5a2 Promotes Cell Growth and Resistance to Temozolomide Through Regulating Notch Signal Pathway in Glioma. OncoTargets Ther (2020) 13:10231. doi: 10.2147/OTT.S243833

60. Yang, G, Han, B, and Feng, T. ZFAS1 Knockdown Inhibits Viability and Enhances Cisplatin Cytotoxicity by Up-Regulating miR-432-5p in Glioma Cells. Basic Clin Pharmacol Toxicol (2019) 125(6):518–26. doi: 10.1111/bcpt.13286

61. Du, P, Zhao, H, Peng, R, Liu, Q, Yuan, J, Peng, G, et al. LncRNA-XIST Interacts With miR-29c to Modulate the Chemoresistance of Glioma Cell to TMZ Through DNA Mismatch Repair Pathway. Bioscience Rep (2017) 37(5):BSR20170696. doi: 10.1042/BSR20170696

62. Wang, SY, Wang, X, and Zhang, CY. LncRNA SNHG7 Enhances Chemoresistance in Neuroblastoma Through Cisplatin-Induced Autophagy by Regulating miR-329-3p/MYO10 Axis. Eur Rev Med Pharmacol Sci (2020) 24(7):3805–17. doi: 10.26355/eurrev_202004_20847

63. Xu, Z, Sun, Y, Wang, D, Sun, H, and Liu, XJCCI. SNHG16 Promotes Tumorigenesis and Cisplatin Resistance by Regulating miR-338-3p/PLK4 Pathway in Neuroblastoma Cells. Cancer Cell Int (2020) 20(1):1–3. doi: 10.1186/s12935-020-01291-y



Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Ghafouri-Fard, Agabalazadeh, Abak, Shoorei, Hassanzadeh Taheri, Taheri and Sharifi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




MINI REVIEW

published: 09 June 2021

doi: 10.3389/fonc.2021.657965

[image: image2]


Regulation of Hippo, TGFβ/SMAD, Wnt/β-Catenin, JAK/STAT, and NOTCH by Long Non-Coding RNAs in Pancreatic Cancer


Ammad Ahmad Farooqi 1*, Sawera Nayyab 2, Chiara Martinelli 3, Rossana Berardi 4, Hector Katifelis 5, Maria Gazouli 5 and William C. Cho 6*


1 Institute of Biomedical and Genetic Engineering (IBGE), Islamabad, Pakistan, 2 Department of Biotechnology, Faculty of Science, University of Sialkot, Sialkot, Pakistan, 3 Independent researcher, Como, Italy, 4 Università Politecnica delle Marche-Ospedali Riuniti Ancona, Ancona, Italy, 5 Laboratory of Biology, Medical School, National and Kapodistrian University of Athens, Athens, Greece, 6 Department of Clinical Oncology, Queen Elizabeth Hospital, Hong Kong SAR, China




Edited by: 
Palmiro Poltronieri, Italian National Research Council, Italy

Reviewed by: 
Massimo Mallardo, University of Naples Federico II, Italy

George Calin, University of Texas MD Anderson Cancer Center, United States

*Correspondence: 
Ammad Ahmad Farooqi
 farooqiammadahmad@gmail.com
 William C. Cho
 chocs@ha.org.hk
 williamcscho@gmail.com

Specialty section: 
 This article was submitted to Molecular and Cellular Oncology, a section of the journal Frontiers in Oncology


Received: 24 January 2021

Accepted: 23 March 2021

Published: 09 June 2021

Citation:
Farooqi AA, Nayyab S, Martinelli C, Berardi R, Katifelis H, Gazouli M and Cho WC (2021) Regulation of Hippo, TGFβ/SMAD, Wnt/β-Catenin, JAK/STAT, and NOTCH by Long Non-Coding RNAs in Pancreatic Cancer. Front. Oncol. 11:657965. doi: 10.3389/fonc.2021.657965



Rapidly evolving and ever-increasing knowledge of the molecular pathophysiology of pancreatic cancer has leveraged our understanding altogether to a next level. Compared to the exciting ground-breaking discoveries related to underlying mechanisms of pancreatic cancer onset and progression, however, there had been relatively few advances in the therapeutic options available for the treatment. Since the discovery of the DNA structure as a helix which replicates semi-conservatively to pass the genetic material to the progeny, there has been conceptual refinement and continuous addition of missing pieces to complete the landscape of central dogma. Starting from transcription to translation, modern era has witnessed non-coding RNA discovery and central role of these versatile regulators in onset and progression of pancreatic cancer. Long non-coding RNAs (lncRNAs) have been shown to act as competitive endogenous RNAs through sequestration and competitive binding to myriad of microRNAs in different cancers. In this article, we set spotlight on emerging evidence of regulation of different signaling pathways (Hippo, TGFβ/SMAD, Wnt/β-Catenin, JAK/STAT and NOTCH) by lncRNAs. Conceptual refinements have enabled us to understand how lncRNAs play central role in post-translational modifications of various proteins and how lncRNAs work with epigenetic-associated machinery to transcriptionally regulate gene network in pancreatic cancer.




Keywords: lncRNA, apoptosis, signaling pathways, microRNA, pancreatic cancer



Introduction

It has been reported that only 1–2% of RNAs encode for proteins and that the great majority of them falls into the non-coding category, comprehending a large number of different structural (ribosomal RNAs, rRNAs and transfer RNAs, tRNAs) and regulatory RNAs (small conditional RNAs, scRNAs; microRNAs, miRNAs; small nucleolar RNAs, snoRNAs; long non-coding RNAs, lncRNAs) (1). Regulatory RNAs can be divided into small, medium, and long non-coding RNAs (2). LncRNAs sequences are poorly conserved and thus their genomic identification results often difficult (3). They are defined as long RNA transcripts (> 200 nucleotides) not translated in proteins (4), which are involved in the regulation of transcriptional processes by modulation of other non-coding RNAs (ncRNAs) (5). These nucleic acids are responsible also for regulating gene expression at transcriptional and post-transcriptional levels (6, 7). Even though largely debated, recent studies performed exploiting ribosome sequencing (Ribo-seq) and mass spectrometry have revealed their possible translation into proteins (8). Many researches have focused on unraveling the functions of ncRNAs and a careful classification based on their characterization has been established. In recent years, thanks to RNA sequencing and innovative methods, a great number of categories have been identified (9).

LncRNAs can originate from their own/shared promoters, from enhancers and intergenic regions and in specific cell-types upon stimuli. For example, human pancreatic β-cells contain thousands of lncRNAs that can be controlled during differentiation, maturation and upon glucose dynamic changes and are responsible for regulating gene expression in diabetes. Although their function is still under investigation, many techniques have been used for unraveling lncRNAs intracellular localization, structure and functions (10–12).

Different mechanisms that are involved in their biogenesis and peculiar subnuclear structures, called paraspeckles, have been identified. They localize in proximity of nuclear enriched abundant transcript 1 (NEAT1) lncRNAs, specific transcripts lacking introns. Recent studies identified four paraspeckle proteins required for their formation during NEAT1 synthesis and processing. Importantly, paraspeckles have been also involved in modulation of gene expression mediated by lncRNAs (13).

Interestingly, lncRNAs can be transcribed by many regions in the genome, including promoters, enhancers or long primary transcripts. Processing of lncRNAs can be carried out by ribonuclease P for generating mature 3′ ends capped by small nucleolar RNA-proteins or by formation of circular structures (14). LncRNAs can be transcribed as promoter upstream transcripts (PROMPTs) (15), enhancer RNAs (eRNAs) (16), long intervening/intergenic ncRNAs (lincRNAs) (17). When they are transcribed by RNA polymerase II (Poly II), they are produced as medium length lncRNAs with short half-life and targeted by a special nuclear degradation complex called RNA exosome. This process put their gene regulatory activity at high risk.

The most studied category of lncRNAs is lincRNAs, transcribed by Pol II from intergenic regions. These transcripts contain multiple exons and similarity to mRNAs (18), even though they present very different features: they do not possess encoding sequences, they present tissue specific expression, localize at the nucleus and have specific functions (19, 20). Other lncRNAs transcribed from the natural antisense transcripts called NATs (21).

Recently, it has been shown that lincRNAs present few histone marks and transcription factors attached to their promoters and are less spliced respect to mRNAs (22). Interestingly, some lncRNAs can be processed from long transcripts to obtain structures without 5′cap or 3′ adenosine tails (23).

LncRNAs are involved in the transcription modulation mediated by control of gene expression by attaching to DNA binding proteins and Pol II. They can interfere with many cellular mechanisms, such as cell proliferation, differentiation and development (5). Interestingly, they have been demonstrated to be associated to tumorigenesis, when mutated or dysregulated. They are involved in the onset of many types of tumors, such as colorectal, lung, liver, pancreatic, and ovarian cancer (24, 25). Some studies have shown their involvement in several diseases (26).

To provide a comprehensive overview of the interplay between lncRNAs and signaling pathways in pancreatic cancer, we have partitioned this article into three sections. In the first section, we focus on the elucidation of the molecular mechanisms used by lncRNAs to modulate signaling pathways in pancreatic cancer. This section exclusively deals with regulation of Hippo, TGFβ/SMAD, Wnt/β-catenin, Notch, JAK/STAT and TRAIL-driven pathways by lncRNAs in pancreatic cancer. In the second section, we provided a list of individual lncRNAs reportedly involved in the regulation of protein networks in pancreatic cancer. In the last section, we outlined the list of lncRNAs which served as sponges for miRNAs and sequestered target mRNAs away from inhibition by miRNAs.



Mechanism Based Regulation of Pancreatic Cancer by LncRNAs

LncRNAs mediated regulation of pancreatic cancer is highly intricate. Different proteins have been shown to regulate expression of lncRNAs. Likewise, lncRNAs have been reported to work with methylation specific machinery to activate or repress myriad of genes. Moreover, lncRNAs have also been noted to regulate post-translational modifications of different proteins. In this section, we exclusively focus on regulation of Hippo, TGFβ/SMAD, Wnt/β-catenin, Notch, JAK/STAT and TRAIL-driven pathways by lncRNAs in pancreatic cancer.


Regulation of Hippo Pathway by Long Non-Coding RNAs

When the Hippo pathway is activated, LATS1/2 kinases (Large tumor suppressor-1/2) phosphorylate and inactivate YAP (Yes-associated protein) and transcriptional coactivator having PDZ-binding motifs (TAZ), the two characteristically unique downstream transducers that mediate transcriptional output of the Hippo-driven transduction cascade. Phosphorylation of YAP at 127th serine residue by LATS1 is a classical post-translational modification which induces cytoplasmic retention of YAP to inhibit its activity (27). THAP9-AS1 knockdown resulted in an increase in the phosphorylation of YAP at 127th serine residue. THAP9-AS1 increased expression of YAP by sponging miRNA-484 away from YAP. Series of experiments revealed that WW1/2 domain of YAP was essential for direct interaction with LATS1 to induce phosphorylation and subsequent retention of YAP within cytoplasm (27) (Figure 1). THAP9-AS1 interacted with YAP and blocked LATS1-YAP association. Co-immunoprecipitation assays revealed that knockdown of THAP9-AS1 potentiated the interactions between LATS1 and YAP. Although YAP/TAZ are transcriptional co-activators, they do not have DNA-binding domains. Therefore, YAP/TAZ need binding partners and usually bind with transcriptional factors such as TEAD1-4 for modulation of expression of target genes. YAP/TEAD1 complex transcriptionally upregulated the expression of THAP9-AS1 (Figure 1) (27).




Figure 1 | Regulation of Hippo pathway. LATS1 mediated phosphorylation of YAP prevented its nuclear accumulation. However, (A) THAP9-AS1 inhibited LATS1 mediated phosphorylation of YAP and promoted its nuclear accumulation. YAP interacted with TEAD and transcriptionally upregulated THAP9-AS1. LINC01559 and UCA1 also inhibit phosphorylation of YAP and promote its nuclear accumulation. (B) UCA1 formed a complex with MOB1 and LATS1/2 and not only inhibited MOB1-mediated activation of LATS1/2 but also blocked phosphorylation of YAP. TGFβ/SMAD pathway is regulated by lncRNAs. Linc00462 enhanced the expression of TGFRI and TGFRII by interfering with miR-665-mediated targeting activity. DLEU2 also served as an oncogenic lncRNA and inhibited miR-455-mediated targeting of SMAD2.



It is exciting to note that most of the lncRNAs (LINC01559 and UCA1) inhibit phosphorylation of YAP and promote its nuclear accumulation.

LINC01559 interacted with YAP, inhibited YAP phosphorylation, and enhanced YAP/induced transcriptional activities in pancreatic cancer cells (28).

YAP1 maintained the expression of MYC, whereas knockout of YAP1 caused considerable downregulation of MYC that resulted in growth arrest of pancreatic cancer cells and apoptosis (29). Lnc-EPIC1 interacted with YAP1 in pancreatic cancer cells. Lnc-EPIC1 lost its ability to promote proliferation and growth of YAP1-silenced pancreatic cancer cells (29).

Likewise, UCA1 significantly enhanced the invasive ability of PANC-1 cells (30). LATS1/2 requires a co-activator protein to achieve full activation. MOB1 (Mps One binder 1) is essential for the activation of LATS1/2. UCA1, formed a complex with LATS1, MOB1 and YAP (Figure 1). UCA1 promoted nuclear translocation of YAP in PANC-1 cells. Additionally, YAP stimulated the expression of UCA1 in pancreatic cancer cells (30). Overall, UCA1 and YAP promoted invasion of pancreatic cancer cells.

These interesting findings provided substantial evidence that different lncRNAs inhibited YAP phosphorylation and potentiated YAP-driven signaling to promote pancreatic cancer.

MST1 and MST2 promoted the phosphorylation of LATS1 and LATS2 (31). MST1 was found to be directly targeted by miR-181c-5p. miR-181c-5p promoted chemoresistance of pancreatic cancer cells through inactivation of the Hippo signaling. GAS5 interfered with miR-181c-5p-mediated inhibition of MST1 in pancreatic cancer cells. Tumor growth was significantly reduced in mice inoculated with GAS5-overexpressing PANC-1 cells (31).



Regulation of TGFβ/SMAD Signaling

TGFβ/SMAD signaling has been shown to play significant role in the onset and progression of pancreatic cancer. Here we discuss how different lncRNAs regulate TGFβ/SMAD to promote pancreatic cancer.

Linc00462 considerably enhanced invasive potential of pancreatic cancer cells via stimulating the expression of TGFβR1 and TGFβR2 (32). TGFβR1 and TGFβR2 were found to be directly targeted by miR-665. However, Linc00462 sponged away miR-665 and relived inhibitory effects of miR-665 on TGFβR1 and TGFβR2 (Figure 1). linc00462 overexpression significantly increased p-SMAD2 and p-SMAD3 whereas, overexpression of miR-665 significantly decreased p-SMAD2 and p-SMAD3 (32).

PVT1 stimulated TGFβ/SMAD signaling that sequentially induced epithelial-to-mesenchymal transition (EMT) (32). PVT1 silencing resulted in inactivation of TGFβ/SMAD signaling via reduction of p-SMAD2/3 and TGFβ1 but there was a notable increase in the levels of SMAD4 (32).

DLEU2 blocked miR-455-mediated targeting of SMAD2 in pancreatic cancer cells (Figure 1) (33). SMAD2 promoted invasive potential of pancreatic cancer cells. miR-455 overexpression or DLEU2 knockdown significantly suppressed proliferation and invasion of MIA PaCa-2 cells. Similarly, miR-455 inhibition or DLEU2 overexpression significantly induced proliferation and invasion in AsPC-1 cells, whereas SMAD2 inhibition markedly reversed the effects of miR-455 inhibition or DLEU2 overexpression (33).

Collectively, these research reports highlighted oncogenic interplay between lncRNAs and TGFβ/SMAD pathway to promote pancreatic cancer.



LncRNA-Mediated Regulation of Wnt/β-Catenin Signaling

FZD4 and FZD6 played central role in activation of Wnt/β-catenin pathway. miR-497-5p targeted FZD4 and FZD6 and inhibited Wnt/β-catenin transduction cascade (34). DLX6-AS1 interfered with miR-497-5p-mediated targeting of FZD4 and FZD6 (Figure 2). DLX6-AS1 knockdown inhibited the metastatic capacity of pancreatic cancer cells by reducing the number of metastatic foci in the liver and lungs. However, DLX6-AS1 overexpression considerably enhanced metastatic foci in the liver and lungs of xenografted mice (34). Overall, these results indicated that DLX6-AS1 acted an oncogenic lncRNA and potentiated Wnt/β-catenin signaling.




Figure 2 | Wnt/β-catenin signaling in pancreatic cancer. β-catenin moves into the nucleus to transcriptionally modulate wide-ranging target gene networks. LncRNAs regulate different proteins in Wnt/β-catenin pathway. LINC01197 physically associated with β-catenin and inhibited Wnt/β-catenin signaling cascade. DLX6-AS1 interfered with miR-497-5p-mediated targeting of FZD4 and FZD6. TSLNC8 promoted the binding of HuR to β-catenin mRNA to stabilize β-catenin. LINC01133 promoted the loading of EZH2 to transcriptionally downregulate DKK1.



Linc00261 inhibited the activation of the β-catenin/TCF4 pathway and cell metastasis by blocking miR-552-5p-induced targeting of FOXO3 in pancreatic cancer cells (35). β-catenin and TCF4 were noted to be reduced in Linc00261-overexpressing pancreatic cancer cells. There was a negative relationship of FOXO3 and β-catenin/TCF4 in pancreatic cancer cells. The number of metastatic foci was reduced in the mice injected with the Linc00261-expressing PANC-1 cells (35).

TSLNC8 worked jointly with HuR and promoted the binding of HuR to β-catenin mRNA to stabilize β-catenin, thus activating WNT/β-catenin transduction cascade (Figure 2) (36).

HOTAIR inhibition increased the expression of WIF-1 (Wnt inhibitory factor 1) and enhanced radiosensitivity of pancreatic cancer cells (37).

LINC01197 physically associated with β-catenin and inhibited Wnt/β-catenin signaling cascade in PANC1 and BxPC3 cancer cells (Figure 2) (38). LINC01197 disassembled β-catenin and TCF4 in BxPC3 and PANC1 cells. LINC01197 overexpression inhibited the binding of β-catenin and TCF4 both in BxPC3 and PANC1 cells. LINC01197 overexpression induced significant inhibition of the growth of the tumors derived from BxPC3- and PANC1 cancer cells (38).

DKK1 is a soluble inhibitor of Wnt/β-catenin cascade that can bind to LRP5/6 and induce internalization of LRP proteins (39). LINC01133 promoted the loading of EZH2 to transcriptionally downregulate DKK1 in pancreatic cancer cells (Figure 2). Importantly, metastatic spread to the liver and lungs was reduced in mice inoculated with LINC01133-silenced pancreatic cancer cells (39).



Regulation of NOTCH Signaling

SNHG1 has been reported to be significantly upregulated in pancreatic cancer cells (40). NOTCH-induced oncogenic pathway was also noted to be active in pancreatic cancer cells. SNHG1 knockdown exerted inhibitory effects on the activation of the NOTCH-driven signaling pathway and inhibited the expression of NOTCH-1, HES1, vimentin, and N-cadherin (40).

Levels of Jagged-1, HES1, HES5 were noted to be markedly reduced in RP11-567G11.1-depleted PANC-1 and BXPC-3 cells (41). Overall, these findings provided evidence that different long non-coding RNAs effectively potentiated NOTCH-driven pathway in the pancreatic cancer cells.

NOTCH3 is negatively regulated by miR-613 in pancreatic cancer cells (42). HOTAIR sequestered away miR-613 and potentiated NOTCH3 expression. miR-613 overexpression or knockdown of HOTAIR suppressed tumor growth and also reduced the expression of NOTCH3 (42).



Regulation of JAK/STAT Signaling

STAT1-mediated transduction cascade played critical role in the progression of pancreatic cancer (43). miR-382-3p exerted tumor suppressive effects and directly targeted STAT1. However, PSMB8-AS1 interfered with miR-382-3p-mediated inhibition of STAT1. There was a significant increase in the growth of tumors in experimental mice xenografted with PSMB8-AS1-overexpressing PANC-1 cells. STAT1 and PD-L1 were found to be upregulated in mice xenografted with PSMB8-AS1-overexpressing PANC-1 cells (43).

H19, an oncogenic lncRNA effectively promoted STAT3-mediated signaling in pancreatic cancer cells (44). miR-675 is transcribed from the first exon of H19 and negatively regulates SOCS5 (Suppressor of cytokine signaling 5). SOCS5 is involved in the inhibition of STAT3-driven signaling. It was found that miR-675 negatively modulated SOCS5 and potentiated the expression of STAT3. H19 upregulation reduced gemcitabine chemosensitivity and lowered apoptosis in CAPAN-1 cells. However, gemcitabine chemosensitivity and the apoptosis rate were significantly increased in H19-silenced PANC-1 cells (44).



Regulation of TRAIL-Mediated Signaling

Cell surface expression of death receptors (DR4 and DR5) is of critical importance to achieve therapeutic effects of TRAIL-based therapeutics.

HOTAIR worked synchronously with EZH2 and transcriptionally downregulated DR5 in pancreatic cancer cells (45). HOTAIR inhibited DR5 transcription by enhancing EZH1-induced histone H3 trimethylation on DR5 gene. HOTAIR knockdown in the TRAIL-resistant PANC-1 cancer cells restored apoptotic cell death (45).




Mechanistic Interplay Between LncRNAs and Proteins in Pancreatic Cancer

Here we provided a list of lncRNAs reportedly involved in the regulation of myriad of proteins in pancreatic cancer.



PLACT1

PLACT1 an oncogenic lncRNA has been described to repress IκBα expression mainly through increased loading of hnRNPA1 to promoter region of IκBα (46). Additionally, there was an evident increase in the trimethylated levels of lysine 27 of histone-3 that also played role in epigenetic inactivation of IκBα (Figure 3). E2F1-mediated stimulation of PLACT1 fueled progression of PDAC by sustained activity of NF-κB cascade. Expectedly, use of NF-κB signaling inhibitors caused significant suppression of PLACT1-induced sustained NF-κB activity that consequentially induced regression of tumors in xenografted mice (46).



HOTTIP

HOTTIP (HOXA transcript at the distal tip) formed a complex with adaptor protein WDR5 and MLL1 (H3K4 methyltransferase) to trans-activate oncogenic proteins CYB5R2, KIF26A, SULT1A1, TSC22D1, and SLC1A4 by increasing the levels of trimethylated lysine-4 at histone-3 (H3K4) at their promoters (Figure 3) (47). Collectively, these findings provided concrete evidence of fundamental role of HOTTIP in promotion of PDAC progression through the HOTTIP–WDR5–MLL1 axis.




Figure 3 | (A) PLACT1 mediated inhibition of IκBα by epigenetic inactivation. PLACT1 also enhanced loading of hnRNPA1 to the promoter region of IκBα. E2F1 induced activation of PLACT1. (B) HOTTIP formed a complex with adaptor protein WDR5 and MLL1 (H3K4 methyltransferase) to trans-activate oncogenic proteins by increasing the levels of trimethylated lysine-4 at histone-3 (H3K4) at their promoters. (C) SLC7A11-AS1 blocked β-TRCP-induced ubiquitination and degradation of NRF2. (D) SOX2OT destabilized FUS protein by binding directly to FUS. FUS transcriptionally repressed CCND1. (E) DUSP1 (Dual-specificity phosphatase-1) mediated dephosphorylation of SAPK resulted in inhibition of the pathway. LINC01111 sponged away DUSP1 from miR-3924 and promoted expression of DUSP1. DUSP1 dephosphorylated SAPK and prevented its nuclear accumulation. (F) RREB1-stimulated expression of AGAP2-AS1. AGAP2-AS1 interacted with EZH2 and repressed expression of ANGPTL4 and ANKRD1.





SLC7A11-AS1

SLC7A11-AS1 promoted chemoresistance through reduction of intracellular ROS by stabilizing NRF2 (nuclear factor erythroid-2-related factor 2) (48). Proteomic studies revealed that SLC7A11-AS1 co-localized with β-TRCP1 in the nucleus. β-TrCP, an F-box protein served as substrate-recognition subunit for the SCFβ–TrCP E3 ubiquitin ligase, which mediated ubiquitylation of a broad range of substrates and post-translationally marked proteins for degradation. A series of experiments revealed that exon 3 of SLC7A11-AS1 interacted with the F-box motif of β-TRCP1. The F-box motif of β-TRCP1 acted as a critical domain that recruited β-TRCP1 to the SCFβ–TRCP E3 complex. Resultantly, this interaction prevented ubiquitination and degradation of NRF2 in the nucleus. SLC7A11-AS1 overexpression blocked SCFβ–TRCP-induced ubiquitination and degradation of NRF2 and effectively reduced intracellular levels of ROS (Figure 3) (48).



SOX2OT

SOX2OT fueled proliferation capacity of PDAC cells by binding directly to FUS and destabilizing the FUS protein (Figure 3). SOX2OT upregulated the proliferation of the BxPC-3 and PANC-1 cells. FUS transcriptionally repressed CCND1 in pancreatic cancer cells (49).


Interplay Between DANCR and IGF2BP2

N6-methyladenosine (m6A) has been shown to tag wide-ranging messenger RNAs in mammalian cells. Molecular studies had shown that m6A modification machinery consisted of “writers”, “erasers”, and “readers” (50). The YTH domain family (YTHDF) and IGF2BPs belonged to large families of RNA-binding proteins (RBPs) and served as readers. IGF2BPs served as a specialized family of m6A readers that targeted various mRNA transcripts. IGF2BPs stabilized and stored mRNAs marked by m6A during stress and normal situations (50). IGF2BP2 promoted pancreatic cancer cell proliferation. DANCR expression was upregulated in IGF2BP2-overexpressing cancer cells. Moreover, knockdown of IGF2BP2 suppressed DANCR expression. DANCR knockdown suppressed cell proliferation and colony formation. IGF2BP2 interacted with DANCR and stabilized it effectively. RNA methylation (m6A) occurred at 664th nucleotide of DANCR. Methylated DANCR was recognized by IGF2BP2 and resultantly, IGF2BP2 served as a reader for the methylated version of DANCR and increased its stability (50).




LINC01111

LINC01111 acted as a tumor suppressor lncRNA in pancreatic cancer. LINC01111 knockdown enhanced cell proliferation, invasion, and migration in vitro (51). Tumor growth was found to be significantly enhanced in mice xenografted with LINC01111-silenced pancreatic cancer cells. Higher expression levels of LINC01111 relieved repressive effects of miR-3924 on DUSP1 and effectively blocked SAPK phosphorylation and thus inactivated SAPK/JNK signaling pathway in pancreatic cancer cells. Shown in Figure 3. DUSP1 (Dual-specificity phosphatase-1) is reportedly involved in dephosphorylation of different proteins. Therefore, DUSP1-mediated dephosphorylation of SAPK resulted in inhibition of the pathway (Figure 3). Functional studies had shown that phosphorylation activated function of SAPK/JNKs. SAPK/JNKs translocated from the cytoplasm to the nucleus where they phosphorylated series of genes including c-Jun, ATF2, etc. and dramatically enhanced their transcriptional activities (51).



AGAP2-AS1

RREB1-binding sites have been identified in the promoter region of AGAP2-AS1 and consequently could binding of RREB1 to the promoter region of AGAP2-AS1 stimulated its expression (52). AGAP2-AS1 worked synchronously with EZH2 (enhancer of zeste homolog-2) and epigenetically inhibited ANGPTL4 and ANKRD1 and fueled proliferation and metastasis of pancreatic cancer cells (52). Shown in Figure 3.



XLOC_006390

Overexpression of XLOC_006390 promoted the protein stability of c-Myc by blocking its ubiquitination. c-Myc transcriptionally upregulated glutamate dehydrogenase-1 in pancreatic cancer cells (53, 54). Collectively, XLOC_006390 promoted pancreatic carcinogenesis and glutamate metabolism by stabilization of c-Myc (53, 54).



LINC01638

LINC01638 overexpression promoted, while LINC01638 silencing inhibited migratory and invasive potential of PDAC cell line (55, 56). LINC01638 overexpression increased TGFβ1, while silencing of LINC01638 markedly reduced TGFβ1 expression in pancreatic ductal adenocarcinoma cell line (55, 56).



MACC1-AS1

MACC1-AS1 acted an oncogenic lncRNA and potentiated the expression of SMAD2 by sequestering it away from miR-145 (57, 58). In turn, SMAD2 stimulated the expression of MACC1-AS1 by directly binding to the promoter. Overall, these results clearly suggested that MACC1-AS1 promoted cancer by potentiating SMAD-driven signaling.

MACC1-AS1 knockdown inhibited the proliferation as well as metastasizing capacity of pancreatic cancer cells. MACC1-AS1 overexpressing pancreatic cancer cells demonstrated significantly increased mobility of cancer cells (53, 54). MACC1-AS1 stabilized protein levels of pyruvate kinase M2. NOTCH1 phosphorylation was increased in MACC1-AS1-overexpressing pancreatic cancer cells. However, phosphorylation was blocked in pyruvate kinase M2-knockdown cancer cells (53, 54). Overall, these findings suggested that MACC1-AS1 potentiated pyruvate kinase M2-driven phosphorylation of NOTCH1 (Figure 4). Oncogenic NOTCH1 pathway was activated by MACC1-AS1 through pyruvate kinase M2 in the pancreatic cancer cells.




Figure 4 | Different proteins transcriptionally upregulated the expression of various lncRNAs. (A) SMAD2 transcriptionally upregulated MACC1-AS1. MACC1-AS1 stabilized and promoted pyruvate kinase M2-driven phosphorylation of NOTCH1. Oncogenic NOTCH1 pathway was activated by MACC1-AS1 through pyruvate kinase M2. (B) MTA2TR and ATF3 assembled in the nucleus and stimulated the expression of MTA2. MTA2 stabilized HIF protein and consequently HIF transcriptionally activated MTA2TR. (C) BX111 was transcriptionally stimulated by HIF-1α. Furthermore, BX111 facilitated the binding of YB1 to promoter region of ZEB1.





MTA2TR

Metastasis associated protein 2 (MTA2) transcriptional regulator lncRNA (MTA2TR) worked synchronously with ATF3 (activating transcription factor-3) and transcriptionally upregulated the expression of MTA2 (55, 56). MTA2 stabilized HIF-1α protein via deacetylation and promoted HIF-1α-induced transcriptional upregulation of MTA2TR (56). Shown in Figure 4. Overall, these results highlighted intricate role of MTA2TR in stabilization of HIF-1α via MTA2 in pancreatic cancer cells.



PCTST

lnc-PCTST, a tumor suppressor lncRNA increased E-cadherin and simultaneously reduced vimentin levels (57, 58). Additionally, TACC-3 knockdown also induced an increase in the levels of E-cadherin. Functional studies revealed that lnc-PCTST was closely associated with its genomic neighboring gene TACC-3 and considerably reduced its promoter activity (57, 58).



HOXA-AS2

Detailed mechanistic insights revealed that HOXA-AS2 interacted directly with EZH2 (enhancer of zeste homolog-2) and lysine specific demethylase 1 (LSD1) and synchronously promoted growth ability of pancreatic cancer cells (59).



KCNK15-AS1

KCNK15-AS1 markedly reduced migratory and invasive potential of BxPC-3 and MIA PaCa-2 cells (60). KCNK15-AS1 m6A enrichment was noted to be significantly higher in BxPC-3 and MIA PaCa-2 cells. ALKBH5, a versatile RNA m6A demethylase efficiently demethylated KCNK15-AS1 in pancreatic cancer cells (60). Overall, these results indicated that ALKBH5-driven demethylation of KCNK15-AS1 dramatically reduced migratory and invasive potential of pancreatic cancer cells.



BX111

BX111 was transcriptionally stimulated by HIF-1α (hypoxia-inducible factor) in response to hypoxia (61). Furthermore, BX111 participated in hypoxia-driven EMT of pancreatic cancer cells by promoting the binding of Y-box protein (YB1) to promoter region of ZEB1 (Figure 4) (61).



HOTAIR

HOTAIR is an oncogenic lncRNA and increased expression of HOTAIR is indicative of a poor prognosis in cancer patients (62). Although its exact role is not fully understood, several studies have revealed some of its functions in pancreatic cancer. A recent study (63) showed that HOTAIR serves as up-stream regulator of HK2, an enzyme that catalyzes the first step of glycolysis (64) and thus boosting cancer cell proliferation in pancreatic cancer cells. Its overexpression also increases both ATP and lactate production as well as glucose uptake. Additionally, increased HOTAIR levels downregulated death receptor 5 (DR5) and prevented TRAIL-mediated apoptosis. EZH2 effectively catalyzed histone H3 lysine 27 trimethylation (H3K27me3), an essential epigenetic modification on histone that controlled structure of the chromatin and epigenetically silenced target genes. HOTAIR knockdown markedly decreased H3K27me3 loading to the DR5 promoter, while HOTAIR overexpression greatly enhanced H3K27me3 loading to the DR5 promoter. HOTAIR worked synchronously with EZH2 and marked promoter of DR5 with H3K27me3 to epigenetically silence DR5 (45). Moreover, polymorphisms such as rs4759314 and rs200349340 increase HOTAIR expression and promote pancreatic cancer susceptibility (65, 66).



MALAT1

MALAT1 and EZH2 epigenetically inactivated E-cadherin and potently enhanced invasion and migration of pancreatic cancer cells (67). Importantly, histone methylation and DNA methylation are highly dynamic mechanisms centrally involved in the reprogramming of gene networks in wide variety of cellular processes. Different chemicals are currently being tested to inhibit polycomb repressive complexes to re-program gene networks (68, 69). Furthermore, knockdown of MALAT1 inhibited proliferation, migration, invasion as well as the expression of genes involved in EMT. Knockdown of MALAT1 also results in downregulation of Snail and Slug, two transcription factors that are related to EMT (70).


Competing Endogenous RNA Activity of LncRNAs

Wealth of information has portrayed competing endogenous RNA (ceRNA) activity as a large-scale regulatory network across the transcriptome which has greatly expanded the functional genetic information in the human genome and played role in cancer onset and progression.

Linc00976 promoted proliferation, migration, and invasion by sequestering OTUD7B away from miR-137 in pancreatic cancer cells (71). OTUD7B, a deubiquitination enzyme efficiently deubiquitinated EGFR and activated downstream pathway. EGFR was considerably more stable in OTUD7B-overexpressing pancreatic cancer cells (71).

LOXL1-AS1 promoted pancreatic cancer by promoting the expression of Semaphorin 7A (SEMA7A) and sequestering it away from miR-28-5p (72).

Cancer susceptibility candidate 2 (CASC2) exerted tumor-suppressive effects through regulation of miR-24/MUC6 axis in pancreatic cancer cells (73). miR-24 knockdown or CASC2 overexpression suppressed pancreatic cancer cell proliferation, migration, invasion and promoted apoptosis. Mechanistically, CASC2 sponged miR-24 and relieved the repressive effects of miR-24 on MUC6 to suppress pancreatic cancer growth and progression (73).

LINC00657, an oncogenic lncRNA promoted the expression of PAK4 (p21 activated kinase-4) by protecting it from miR-433 (74). Tumor growth was significantly reduced in mice xenografted with LINC00657-silenced PDAC cells (74).

Long intergenic non-coding RNA for kinase activation (LINK-A) acted as an oncogenic lncRNA and promoted migratory and invasive potential of BxPC-3 via stimulation of ROCK1 (Rho associated coiled-coil containing protein kinase-1) (75).



Role of Long Non-Coding RNAs in Regulation of Drug Resistance in Pancreatic Cancer

HCP5, an lncRNA, stimulated the expression of hepatoma-derived growth factor (HDGF) by protecting it from targeting by miR-214-3p. HCP and HDGF promoted gemcitabine resistance in pancreatic cancer cells (76).

SBF2-AS1 knockdown inhibited proliferation, EMT and induction of apoptotic cell death in gemcitabine-resistant pancreatic cancer cells. SBF2-AS1 potentiated the expression of TWF1 by sponging away miR-142-3p (77).

The recent resurgence of public interest in herbal remedies, it was report that ginsenoside Rg3 effectively induced apoptosis in gemcitabine-resistant pancreatic cancer cells. Essentially, levels of CASC2 and PTEN were found to be considerably elevated in ginsenoside-treated pancreatic cancer cells (78).



Diagnostic Potential of LncRNAs

Because of better detection and high specificity in the liquid biopsy and tissue, there is increasing interest in exploring the potential of lncRNAs in cancer patients (79, 80). Profiling of the lncRNAs derived from extracellular vesicles has helped in the identification of a diagnostic signature for the detection of pancreatic ductal adenocarcinoma (81).




Concluding Remarks

Non-coding RNA biology has exploded in the recent era, and we have witnessed overwhelmingly increasing list of miRNAs and lncRNAs which regulated cancer onset and progression. Additionally, the concept of ceRNA has leveraged our understanding of the layered regulatory network of lncRNAs to another level. Cellular and molecular biologists are now focusing on identification of specialized lncRNAs which play crucial role in pancreatic cancer. Identification of most relevant lncRNAs will enable the development of mimics and antisense oligonucleotides for efficient treatment of pancreatic cancer.
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Long non-coding RNAs (lncRNAs) regulate gene expression in a variety of ways at epigenetic, chromatin remodeling, transcriptional, and translational levels. Accumulating evidence suggests that lncRNA X-inactive specific transcript (lncRNA Xist) serves as an important regulator of cell growth and development. Despites its original roles in X-chromosome dosage compensation, lncRNA Xist also participates in the development of tumor and other human diseases by functioning as a competing endogenous RNA (ceRNA). In this review, we comprehensively summarized recent progress in understanding the cellular functions of lncRNA Xist in mammalian cells and discussed current knowledge regarding the ceRNA network of lncRNA Xist in various diseases. Long non-coding RNAs (lncRNAs) are transcripts that are more than 200 nt in length and without an apparent protein-coding capacity (Furlan and Rougeulle, 2016; Maduro et al., 2016). These RNAs are believed to be transcribed by the approximately 98–99% non-coding regions of the human genome (Derrien et al., 2012; Fu, 2014; Montalbano et al., 2017; Slack and Chinnaiyan, 2019), as well as a large variety of genomic regions, such as exonic, tronic, and intergenic regions. Hence, lncRNAs are also divided into eight categories: Intergenic lncRNAs, Intronic lncRNAs, Enhancer lncRNAs, Promoter lncRNAs, Natural antisense/sense lncRNAs, Small nucleolar RNA-ended lncRNAs (sno-lncRNAs), Bidirectional lncRNAs, and non-poly(A) lncRNAs (Ma et al., 2013; Devaux et al., 2015; St Laurent et al., 2015; Chen, 2016; Quinn and Chang, 2016; Richard and Eichhorn, 2018; Connerty et al., 2020). A range of evidence has suggested that lncRNAs function as key regulators in crucial cellular functions, including proliferation, differentiation, apoptosis, migration, and invasion, by regulating the expression level of target genes via epigenomic, transcriptional, or post-transcriptional approaches (Cao et al., 2018). Moreover, lncRNAs detected in body fluids were also believed to serve as potential biomarkers for the diagnosis, prognosis, and monitoring of disease progression, and act as novel and potential drug targets for therapeutic exploitation in human disease (Jiang W. et al., 2018; Zhou et al., 2019a). Long non-coding RNA X-inactive specific transcript (lncRNA Xist) are a set of 15,000–20,000 nt sequences localized in the X chromosome inactivation center (XIC) of chromosome Xq13.2 (Brown et al., 1992; Debrand et al., 1998; Kay, 1998; Lee et al., 2013; da Rocha and Heard, 2017; Yang Z. et al., 2018; Brockdorff, 2019). Previous studies have indicated that lncRNA Xist regulate X chromosome inactivation (XCI), resulting in the inheritable silencing of one of the X-chromosomes during female cell development. Also, it serves a vital regulatory function in the whole spectrum of human disease (notably cancer) and can be used as a novel diagnostic and prognostic biomarker and as a potential therapeutic target for human disease in the clinic (Liu et al., 2018b; Deng et al., 2019; Dinescu et al., 2019; Mutzel and Schulz, 2020; Patrat et al., 2020; Wang et al., 2020a). In particular, lncRNA Xist have been demonstrated to be involved in the development of multiple types of tumors including brain tumor, Leukemia, lung cancer, breast cancer, and liver cancer, with the prominent examples outlined in Table 1. It was also believed that lncRNA Xist (Chaligne and Heard, 2014; Yang Z. et al., 2018) contributed to other diseases, such as pulmonary fibrosis, inflammation, neuropathic pain, cardiomyocyte hypertrophy, and osteoarthritis chondrocytes, and more specific details can be found in Table 2. This review summarizes the current knowledge on the regulatory mechanisms of lncRNA Xist on both chromosome dosage compensation and pathogenesis (especially cancer) processes, with a focus on the regulatory network of lncRNA Xist in human disease.

Keywords: long non-coding RNA, lncRNA Xist, cancer, disease, X-chromosome inactivation, X-chromosome inactivation center


THE ROLE OF LNCRNA XIST IN X CHROMOSOME DOSAGE COMPENSATION

In most mammals, sex is determined by a system based on X and Y chromosomes (Deng et al., 2014), with males holding the XY chromosome and females XX. Dosage compensation is thus needed to ensure equivalent expression levels of sex-linked and autosomal genes (Polito et al., 1990; Bone and Kuroda, 1996; Larsson and Meller, 2006; Disteche, 2012, 2016; Ferrari et al., 2014) despite the presence of an extra X-chromosome in female cells (Deng et al., 2014). X-chromosome inactivation (XCI), which refers to the random selection and transcriptional silence of one of two X-chromosomes in females at the early stages of embryonic development, is a unique dosage compensation mechanism in mammals (Waldron, 2016; Bar et al., 2019; Strehle and Guttman, 2020; Yu B. et al., 2020). In most placental mammals, there are two waves of XCI: the imprinted XCI exists in the fertilized embryo and extraembryonic tissues, and the random XCI persists in the inner cell mass (after implantation around embryonic day 5.5), yet humans lack the imprinted XCI and instead have X chromosome dampening (XCD) (Ropers et al., 1978; Harper et al., 1982; Kung et al., 2013; Lee et al., 2013; van Bemmel et al., 2016; Finestra and Gribnau, 2017; Sahakyan et al., 2018).

XCI is subdivided into distinct phases: initiation, establishment, and maintenance of the inactive X-chromosome (Gontan et al., 2011; Maduro et al., 2016). Initiation phase is a stochastic process (Spatz et al., 2004; Maduro et al., 2016; Jegu et al., 2017) that involves X-X pairing, counting, and XCI activation (xist activation, etc.) processes, and ensures that any number of X chromosomes randomly generate only one active X chromosome (Xa) expressed in each female cell and inactive X chromosome (Xi) is hetero-chromatinized and silenced in female cells. Establishment phase (Spatz et al., 2004; Maduro et al., 2016; Colognori et al., 2020) involves building a chromosomal memory that persists through the ensuring maintenance phase and ensures stable retention of repressive heterochromatin. Once the establishment phase is completed, the XCI is remarkably stable and becomes more difficult to reactivate. Maintenance phase is keeping the silenced state of XCI after the establishment phase via continuing lncRNA Xist expression. Once Xi is established, the Xi fully maintains its silent configuration and is clonally propagated throughout cell divisions (Maduro et al., 2016; Finestra and Gribnau, 2017). Numorous studies suggest that all three phases of XCI are governed by the lncRNA Xist (Lu et al., 2017; Sahakyan et al., 2018; Sidorenko et al., 2019).

XIC is the X-linked minimal genetic region which contains various factors and genes, such as Xist and Tsix, that are necessary and sufficient to initiate the XCI process in female cells (Willard, 1996; Sherstyuk et al., 2013; Hwang et al., 2015; Loda and Heard, 2019). XIC (Figure 1) is located in 100–500 kb region of mouse X chromosome and 2.3 Mb syntenic region of human X chromosome, and includes a cluster of lncRNA loci, such as Ftx, Jpx, Xist, Tsix, Xite, RepA, and so on (Spatz et al., 2004; Augui et al., 2011; Maduro et al., 2016; Jegu et al., 2017; Loda and Heard, 2019; Sidorenko et al., 2019). lncRNA Xist exists inside XIC, specifically at a location 15 kb downstream from Tsix antisense (Sado and Brockdorff, 2013; Gendrel and Heard, 2014; Mira-Bontenbal and Gribnau, 2016; da Rocha and Heard, 2017; Pintacuda et al., 2017b; Monfort and Wutz, 2020), and contains several functional domains that are a series of conservation repetitive motifs of A-to-F repeats (Figure 1). lncRNA Xist is transcriptionally activated with the initiation of the XIC process and is also believed to contribute to the complete process of XCI as a master regulator.
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FIGURE 1. The X-chromosome Inactivation Center (Maduro et al., 2016). The X inactivation center consists of the different genes located and multiple genes encoding lncRNA, containing Xist, Tsix, Tsx, Xite, Jpx, Ftx, DNA binders, and RNA binders.


lncRNA Xist and its associated chromatin modifying complex plays a vital role in the regulation of the XCI process (Figure 2). A detailed description of the XCI process is beyond the scope of this review, and more specific detail is given in references (Spatz et al., 2004; Augui et al., 2011; Jegu et al., 2017), We briefly described regulatory process involved in LncRNA Xist in the review (Figure 2). During the initiation phase, the complex factors (OCT4, CTCF, Tsix, Xite, etc.), which separately bind the Xa and Xi, facilitates the X chromosome pairing and counting in the embryo after fertilization (Xu et al., 2006; Donohoe et al., 2009; Kung et al., 2015). After counting and pairing, XCI initiation is also accompanied by Tsix, Xist, etc. upregulation which is controlled by the network of genetic interactions (Figure 2B), such as Tsix, Sox2, PRDM14, OCT4, Jpx, Rnf12, and RepA (Augui et al., 2011; Khamlichi and Feil, 2018). When complete onset of XCI occurs, they employ divergent transcription fates with one becoming the Xa chromosome and the other becoming the Xi chromosome (Jegu et al., 2017). In Xi, lncRNA Xist activation and expression is modulated by numerous factors, such as pluripotency factor (NANOG, OCT4, SOX2, PRDM14, and REX1), RNF12, Tsix, and RepA (PcG protein recruitment), and more information is given in reference (Augui et al., 2011; Khamlichi and Feil, 2018). The regulation of Tsix expression is beyond the scope of this review, and more specific details can be found in references (Willard, 1996; Gontan et al., 2012; Gayen et al., 2015). Once Xist expression has been activated, Xist binds Polycomb repressive complex 2 (PRC2) via Repeat A formed Xist-PRC2 complex, and YY1 tethers the PRC2-Xist complex through Repeat C to the Xi nucleation center which obtains lncRNA Xist-PRC2 complex by the RNA polymerase II (RNA Pol II) (Jeon and Lee, 2011; Thorvaldsen et al., 2011; Makhlouf et al., 2014; Chigi et al., 2017).
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FIGURE 2. Model for Xist and Xist regulation at the process of XCI. (A) The process of dynamic and multifaceted modulation of XCI by lncRNA Xist. lncRNA Xist is a multitasking RNA that recruits protein complexes (such as OCT4, CTCF, Tsix, Xite, PRC1, PRC2, SPEN, ATRX, hnRNPU, hnRNPK, SHARP, HDAC3, LBR, Airn, Kcnq1ot1, RBM15, WTAP, trisomy 21, U1 snRNP, Rsx, Sox2, PRDM14, Jpx, Rnf12, and RepA) to initiate, establish, and maintain the XCI state by histone modifications, DNA methylation, and H4 hypoacetylation. (B) LncRNA Xist regulation network of genetic interactions (Augui et al., 2011). Note that here arrows do not necessarily imply direct regulation.


After the initiation phase, LncRNA Xist recruits protein complex factors excluding RNA Pol II, and induces a global suppression of lncRNA Xist topologically associated domains (TAD), which is involved in epigenetic modification and chromatin compaction to the Xi chromosome to spreads along the Xi at the established phase (Giorgetti et al., 2016; Mira-Bontenbal and Gribnau, 2016; Finestra and Gribnau, 2017; van Bemmel et al., 2019; Galupa et al., 2020). These protein complexes (Figure 2A) include the heterogeneous nuclear protein U (hnRNPU; also known as SAF-A), which is required for lncRNA Xist localization (Hasegawa et al., 2010; Kolpa et al., 2016; Sakaguchi et al., 2016; Loda and Heard, 2019), heterogeneous nuclear ribonucleoprotein K (hnRNPK), which is required for Xist-mediated chromatin modifications and Polycomb recruitment but not lncRNA Xist localization (Chu et al., 2015; Pintacuda et al., 2017a; Loda and Heard, 2019; Wang et al., 2019g), and the gene-silencing factor Spen, which is not required for Xist RNA localization (Chu et al., 2015; Monfort et al., 2015; Loda and Heard, 2019; Dossin et al., 2020) and binds to C, B, F, and A repeats at the 5′ end of the lncRNA Xist. ATRX directs binding to two major Polycomb repressive complexes (PRCs). -PRC1 and -PRC2 are involved in epigenetic silencing (acetylation of histone H3 and H4 and CpG island methylation, etc.) (Sarma et al., 2014; Minajigi et al., 2015; Pinheiro and Heard, 2017; Colognori et al., 2019; Lee et al., 2019; Wang et al., 2019a; Chen and Zhang, 2020). Other protein complexes (Mira-Bontenbal and Gribnau, 2016; Loda and Heard, 2019) also take part in the lncRNA Xist spreading procession, such as SHARP (McHugh et al., 2015), HDAC3 (Zylicz et al., 2019), LBR (Chen C.K. et al., 2016; Nesterova et al., 2019), Airn and Kcnq1ot1 (Schertzer et al., 2019), RBM15 and WTAP (Mira-Bontenbal and Gribnau, 2016), trisomy 21 (Jiang et al., 2013), U1 snRNP (Yin et al., 2020), Rsx (Grant et al., 2012), and CdK8 (Postlmayr et al., 2020). LncRNA Xist recruits repressive complexes, which leads to immediate histone modifications and DNA methylation (such as H2AK119Ub, H3K27me3, and CpG island) and coats on the Xi to build Xi (Mira-Bontenbal and Gribnau, 2016; Pinheiro and Heard, 2017; Wang et al., 2020a). Taken together, the Xi has been established and maintained in an inactive state by continuous synthesis of lncRNA Xist RNA.



THE ROLE OF LNCRNA XIST IN CANCER

Cancer, of which there are over 200 different types, is a complex disease in which cells in a specific tissue are no longer fully responsive to the signals within the tissue that regulate cellular differentiation, survival, proliferation, and death. As a result, these cells accumulate within the tissue, causing local damage and inflammation Cancer cells proliferate (growth) out of control, spread to other tissues (metastasize), and lose the ability to die via the normal process of cell apoptosis (death). The discovery of lncRNA Xist has contributed to cancer development and progression by regulation of the downstream signaling processes (Table 1). This also provides a window into the understanding of aberrant expression of lncRNA Xist associated with tumorigenesis, metastasis, and tumor stage. lncRNA Xist is a novel potential biomarker and potentially could be used in diagnosis and therapy for different types of cancer.


TABLE 1. LncRNA Xist and miRNA in cancer.
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LncRNA Xist in Bladder Cancer

Bladder cancer is more common in men than in women, with respective incidence and mortality rates of 9.6 and 3.2 per 100,000 in men, which is about 4 times that of women globally (Chen W. et al., 2016; Bray et al., 2018). lncRNA Xist has recently been reported to regulate bladder cancer development through regulating several miRNAs or other target genes. lncRNA Xist exerts an oncogenic role through binding to miR-124, miR-139-5p, miR-200c, miR-133a, and miR-335 targets AR, Wnt1, TET1, and p53, which affect cell growth, invasion and migration, and metastasis (Hu et al., 2017; Xiong et al., 2017; Xu R. et al., 2018; Hu B. et al., 2019; Zhou et al., 2019c; Chen D. et al., 2020). This research uncovered that lncRNA Xist may be invoked as a potential therapeutic and prognostic biomarker for bladder cancer.



LncRNA Xist in Breast Cancer

Breast cancer accounts for almost one in four cancer cases among women, with respective incidence and mortality rates of 24.2 and 15.0%, and is the most commonly diagnosed cancer and leading cause of cancer death in women globally (Chen W. et al., 2016; Bray et al., 2018). Some previous studies have suggested that deregulation of lncRNA Xist plays a vital role in the pathogenesis of both inherited and sporadic breast cancer (Kawakami et al., 2004; Soudyab et al., 2016). The Breast Cancer 1 protein (BRCA1) is a tumor suppressor. Reduced expression of BRCA1 leads to increased risk of breast cancer development (Romagnolo et al., 2015). LncRNA Xist, which is dependent on the production of BRCA1 and may participate in regulating breast cancer development, is highly expressed in BRCA1-like breast cancer as a predictive biomarker (Sirchia et al., 2005, 2009; Vincent-Salomon et al., 2007; Schouten et al., 2016). It is thought that histone modifications (histone deacetylase inhibitor) and DNA methylation plays a critical role in breast cancer growth and metastasis (Librizzi et al., 2015; Shukla et al., 2019). Some research indicated that breast tumors frequently display major epigenetic instability of XI which is mediated by lncRNA Xist, and this phenomenon regulates breast cancer cells’ proliferation and differentiation (Salvador et al., 2013; Chaligne et al., 2015). In addition to the indirect regulation of competing endogenous RNA (ceRNAs), studies published to date have demonstrated that knockdown or overexpressed LncRNA Xist in breast cancer results in sponging five miRNAs, containing miR-155, miR-20a, miR-200c-3p, miR-125b-5p, and miR-362-5p, and positively regulates the downstream targets including CDX1, TP53, ANLN, NLRC5, and UBAP1, which affects breast cancer cells’ growth, proliferation, metastasis, migration, invasion, apoptosis, epithelial mesenchymal transition (EMT), and doxorubicin resistance (Zhao L. et al., 2018; Zheng R. et al., 2018; Li et al., 2020e; Liu et al., 2020a; Zhang et al., 2020a).

Triple-negative breast cancer (TNBC) is a subtype of breast cancer that accounts for approximately 10–20% of total breast cancer cases (Prat et al., 2015; Bianchini et al., 2016; Medina et al., 2020). The deficiency of estrogen, progesterone, and ERBB2 receptor expression leads to its highly invasive nature and relatively low response to current therapeutics approaches. Collectively, lncRNA Xist interacts with miR-454 to inhibit cell growth in TNBC (Li et al., 2020d). And lncRNA Xist sponges with miR-92b/Slug/ESA signaling pathway to suppresses TNBC growth (Li et al., 2020c). lncRNA Xist also positively regulates PHLPP1 expression via sequestering HDAC3 from the PHLPP1 promoter to influence cells’ viability (Huang et al., 2016). In cancer immunity and brain metastasis, lncRNA Xist involves cancer immunity in high expression programmed cell death protein 1 ligand TNBC cells via activating both OCT4 and NANOG though activating PI3K/AKT/mTOR signaling pathway (Salama et al., 2019). lncRNA Xist also promotes brain metastasis in breast cancer by activating the MSN-c-Met pathway and augmenting secretion of exosomal miR-503 (Xing et al., 2018), which may serve as an effective target for the treatment of brain metastasis. These findings demonstrate LncRNA Xist may contribute to a significant approach to the treatment of breast cancer.



LncRNA Xist in Colorectal Cancer

Colorectal cancer, with respective incidence and mortality rates of 10.2 and 9.2% in the world and which presents a rising trend in recent decades in China, ranks third in term of incidence but second in terms of mortality (Chen W. et al., 2016; Bray et al., 2018). As previously mentioned, lncRNA Xist exerts its function in colorectal cancer cells’ development by serving as a miRNA sponge. Zhang et al. (2019e) reported that lncRNA Xist, which modulates tumor size, plays a critical role in clinical prognosis and progression of colorectal cancer. Growing evidence from recent studies has shown that lncRNA Xist facilitates proliferation, metastasis, invasion, and EMT of colorectal cancer cells by functioning as an endogenous sponge of miR-200b-3p, miR-137, miR-132-3p, miR-486-5p, and miR-93-5p, thus affecting the expression of miRNAs target gene containing ZEB1, EZH2, MAPK1, NRP-2, and HIF-1A (Chen D.L. et al., 2017; Song et al., 2017; Liu et al., 2018a, 2019a; Yang L.G. et al., 2020). But beyond that, lncRNA Xist has been identified as the downstream target of methyltransferase-like14 (METTL14) by RNA-seq and Me-RIP, and its expression negatively correlating with METTL14 and YTHDF proteins 2 (YTHDF2) has been observed in colorectal cancer tissues (Yang X. et al., 2020). Yang X. et al. (2020) identified that METTL14-YTHDF2-lncRNA Xist axis mediated cells’ proliferation and metastasis in colorectal cancer.

In drug resistance of colorectal cancer cells, lncRNA Xist has been implicated in the resistance of colorectal cancer cells to chemoresistance via serving as a miRNA sponge. lncRNA Xist participates in the processes of drug resistance by modulating the axis of miR-124/serum and SGK1, miR-338-3p/PAX5, and miR-30a-5p/ROR1 (Zhu J. et al., 2018; Zhang et al., 2019d; Ma et al., 2020). Interestingly, Xiao et al. (2017) reported that overexpression of lncRNA Xist in colorectal cancer confers a potent poor therapeutic efficacy, and lncRNA Xist enjoys 5FU resistance via enhancing the expression of thymidylate synthase. In summary, this information indicates that lncRNA Xist may serve as an independent risk factor for colorectal cancer prognosis, and could be a potential therapeutic target and prognostic biomarker for colorectal cancer patients (Yu J. et al., 2020).



LncRNA Xist in Glioblastoma

Glioblastoma (GBM), with incidence rates of 3.2 per 100,000 and relative 5-year mortality rate of just 94.9%, is the most common and lethal primary intracranial tumor with few advances in treatment over the last several decades (Batash et al., 2017; McFaline-Figueroa and Wen, 2017; Kim et al., 2018). Accumulating evidence suggests that lncRNA Xist has a pivotal role in regulating glioma cells’ properties by interacting with miRNA. lncRNA Xist affects glioblastoma development by directly binding miR-152 and miR-429 (Yao et al., 2015; Cheng Z.H. et al., 2017). However, the downstream target gene of miR-152 and miR-429 remains unclear. In addition, lncRNA Xist mediates glioma progression, tumorigenesis, metastasis, proliferation, apoptosis, and glucose metabolism by positively regulating Bcl-2, FOXC1, ZO-2, Rac1, ASCT2, SLC1A5, SOX4, Smurf1, and IRS1 by functioning as a ceRNA of miR-204-5p, miR-137, miR-133a, miR-27a, and miR-126 (Wang Z. et al., 2017; Yu H. et al., 2017; Cheng Z.H. et al., 2020; Luo C.X. et al., 2020; Shen J. et al., 2020; Sun Y. et al., 2020; Yao et al., 2020; Zhao Q. et al., 2020). In drug resistance of glioblastoma cells, lncRNA Xist has been demonstrated in the resistance of human glioblastoma cells to Temozolomide (TMZ) via the miR-29c/DNA mismatch repair (MMR) pathway (Du P. et al., 2017). And Velázquez-Flores et al. (2020) have reported that XIST and XIST-210 may act as potential biomarkers for Diffuse intrinsic pontine gliomas diagnosis and prognostic biomarkers. In summary, these findings revealed that lncRNA Xist has an oncogenic role in the tumorigenesis of glioma and may serve as a novel and potential therapeutic target for patients with glioblastoma.



LncRNA Xist in Hepatocellular Carcinoma

Liver cancer, with respective incidence and mortality rates of 4.7 and 8.2%, was predicted to be the sixth most commonly diagnosed cancer and the fourth leading cause of cancer death worldwide in 2018 (Chen W. et al., 2016; Bray et al., 2018). The major risk factors of hepatocellular carcinoma are chronic infection with hepatitis B virus (HBV) or hepatitis C virus (HCV), aflatoxin-contaminated foodstuffs, heavy alcohol intake, obesity, smoking, and type 2 diabetes, and accounts for about 75–85% of primary live cancer (Chen W. et al., 2016; Bray et al., 2018). Recent studies have proposed that lncRNA Xist exerts tumorigenesis in hepatocellular carcinoma (Ma W.J. et al., 2017; Ma X. et al., 2017). LncRNA Xist, which functions as a ceRNA to regulate target HMGB1, SOX6, Smad7, PDK1/AKT, MAPK1, PDCD4, and PTEN expression by sponging miR-29b, miR-155-5p, miR-92b, miR-139-5p, miR-194-5p, miR-497-5p, and miR-181a, facilitates cells’ growth, autophagy, metastasis, and invasion via activating the miRNA/target signaling pathway (Zhuang et al., 2016; Chang et al., 2017; Mo et al., 2017; Kong et al., 2018; Lin et al., 2018; Xie et al., 2019; Zhang et al., 2019h). Analogously, Liu and Xu (2019) also demonstrated that silencing lncRNA Xist, whose expression level is significantly higher in hepatocellular carcinoma tissue compared with adjacent tissues, inhibits cell growth and tumor formation in hepatocellular carcinoma by directly interacting with miR-200b-3p, but the downstream target gene of miR-200b-3p remains unclear. All in all, these studies will contribute to providing a promising treatment for hepatocellular carcinoma.



LncRNA Xist in Nasopharyngeal Carcinoma

Nasopharyngeal carcinoma, with incidence rates of 0.7% and unknown mortality rates, is relatively uncommon compared with other cancers and is one of the most common malignant tumors in the head and neck (Chua et al., 2016; Wei K.R. et al., 2017). Accumulating studies suggests that the molecular function of lncRNA Xist has a pivotal function in nasopharyngeal carcinoma properties, such as cell proliferation, migration, and invasion. Knockdown of lncRNA Xist, which negatively regulates expression of miR-29c and miR-491-5p whose target gene remains unclear, suppressed cell proliferation, invasion, and growth and induces apoptosis in nasopharyngeal carcinoma (Han et al., 2017; Cheng Q. et al., 2018). Analogously, lncRNA Xist, which is highly expressed in nasopharyngeal carcinoma tissues and cell lines, facilitates nasopharyngeal carcinoma development via activating miR-34a-5p/E2F3, miR-148a-3p/ADAM17, and miR-381-3p/NEK5 axis (Song et al., 2016; Shi et al., 2020; Zhao C.H. et al., 2020). In drug resistance of nasopharyngeal carcinoma cells, lncRNA Xist, which may present a novel and potential therapeutic target in nasopharyngeal carcinoma, has been implicated in the resistance of human nasopharyngeal carcinoma cells to cisplatin (DDP) by facilitating programmed cell death 4 (PDCD4) and Fas ligand (Fas-L) expression (Wang et al., 2019b). On the whole, these reports will be play a novel role in the treatment of nasopharyngeal carcinoma.



LncRNA Xist in Lung Cancer

Lung cancer, with respective incidence and mortality rates of 11.6 and 18.4%, is the second most common cancer and remains the leading cause of cancer incidence and mortality worldwide (Chen W. et al., 2016; Bray et al., 2018). Emerging research demonstrates that lncRNA Xist are usually dysregulated in lung cancer and play a pivotal function in lung carcinoma initiation, progression, and therapy. lncRNA Xist, which has an oncogenic role in lung carcinoma, is closely correlated with tumor progression via regulating miR-140/iASPP axis and TCF-4 expression (Tang et al., 2017; Sun and Xu, 2019). Lung adenocarcinoma, which account for approximately 40% of total lung carcinoma, is also the most common histological subtype of NSCLC (Rong et al., 2020). lncRNA Xist expedites cancer progression and the resistance of cisplatin in lung adenocarcinoma via mediating the miR-363-3p/MDM2 and let-7i/BAG-1 signaling pathway (Sun J. et al., 2017; Rong et al., 2020). These results indicated that lncRNA Xist is likely to be a new marker and potential therapeutic target for patients with lung adenocarcinoma.

Non-small cell lung carcinoma (NSCLC), which accounts for 85% of lung cancer cases, is the most common subtype of lung cancer (Zhou et al., 2018). Accumulating evidence has revealed that lncRNA Xist is a pivotal regulator of cell proliferation, EMT, migration, invasion, and drug resistance in NSCLC. lncRNA Xist acts as an oncogene in NSCLC by modulating HIF1A-AS1 and KLF2 expression (Tantai et al., 2015; Fang et al., 2016). lncRNA Xist also positively mediates Bcl-2, LARP1, PXN and Notch-1, CBLL1, and RING1 expression by functioning as a ceRNA of miR-449a, miR-374a, miR-137, miR-212-3p, and miR-744, which are involved in cell proliferation, migration, invasion, EMT, and death in NSCLC (Xu Z.Z. et al., 2017; Zhang Y.L. et al., 2017; Jiang H.J. et al., 2018; Wang et al., 2018c, 2019c; Qiu et al., 2019). In addition, lncRNA Xist (Wang H.Y. et al., 2017), which has a higher expression in NSCLC cell lines and tissues, increases cell proliferation and invasion by negatively regulating miR-186-5p expression; however, the downstream target gene of miR-186-5p remains unclear.

It has been reported (Li C. et al., 2018) that TGF-β (Transforming growth factor β)-induced EMT serves a vital role in NSCLC metastasis and invasion. lncRNA Xist promotes TGF-β-induced EMT by positively regulating ZEB2 via interacting with miR-367 and miR-141 (Li C. et al., 2018). Analogously, lncRNA Xist inhibits NSCLC progression by sponging miR-16, miR-335, and miR-142-5p, and regulating target CDK8, SOD2/ROS, and PAX6 expression (Liu et al., 2019b; Zhou et al., 2019e; Jiang et al., 2020). Drug resistance is one of the most common reasons for therapeutic failure in patients with NSCLC and a persistent issue that requires continued investigation. Emerging evidence indicated that lncRNA Xist is associated with cisplatin resistance in NSCLC by TGF-β effector SMAD2 signaling pathway, miRNA-144-3p/MDR1 and MRP1, and miR-17/ATG7 axis (Sun W. et al., 2017; Tian et al., 2019; Xu et al., 2020). All in all, this evidence suggests that lncRNA Xist may offer a hopeful diagnostic and therapeutic choice for the treatment of NSCLC.



LncRNA Xist in Osteosarcoma

Bone cancer, with respective incidence and mortality rates of 0.20 and 0.28%, occurs frequently in children, adolescents, and young adults aged 15 to 29 years (Siegel et al., 2019, 2020). Osteosarcoma, which accounts for 20 to 40% of all bone tumors, are the most frequent morphological subtypes of bone cancer, representing a worldwide and common primary malignant bone tumor in children and adolescents (Balmant et al., 2019; Muller and Silvan, 2019). Growing evidence from recent studies has shown that lncRNA Xist is aberrantly regulated in osteosarcoma. LncRNA Xist, which participated in osteosarcoma development processes, including cell proliferation, migration, invasion, EMT, and apoptosis, is involved in gene regulation through a variety of mechanisms, primarily by functioning as a miRNA sponge and via interacting with its targets (Li et al., 2017; Wang et al., 2019f; Han and Shen, 2020), such as miR-153/SNAI1 pathway (Wen et al., 2020), EZH2, PUMA, and NF-kB (Xu T. et al., 2017; Gao et al., 2019).

In addition to indirect modulation of ceRNAs, studies published to date have indicated that high lncRNA Xist expression in osteosarcoma results in sponging six miRNAs, namely miR-21-5p, miR-193a-3p, miR-195-5p, miR-320b, miR-137, and miR-375-3p, which affects osteosarcoma progression (Wu D.P. et al., 2017; Zhang and Xia, 2017; Lv et al., 2018; Yang C. et al., 2018; Li H. et al., 2019; Sun X. et al., 2019). lncRNA, which regulates miR-21-5p/PDCD4 axis, miR-193a-3p/RSF1 axis, miR-195-5p/YAP axis, miR-137, miR-320b/RAP2B axis, and miR-375-3p/KT/mTOR axis, contributes to osteosarcoma cell growth, metastasis, and invasion by activating MAPK signaling pathway, NF-kB signaling pathway, and PI3K-AKT-mTOR signaling pathway. Taking all into account, these studies indicated that lncRNA Xist may act as a candidate prognostic biomarker and a promising therapeutic target for osteosarcoma (Wu D.P. et al., 2017; Zhang and Xia, 2017; Lv et al., 2018; Yang C. et al., 2018; Li H. et al., 2019; Sun X. et al., 2019).



LncRNA Xist in Pancreatic Cancer

Pancreatic cancer, with respective incidence and mortality rates of 2.5% (China, 2.1%, 2015) and 4.5% (China, 2.8%, 2015), was the seventh leading cause of cancer death worldwide in both males and females in 2018 (Chen W. et al., 2016; Bray et al., 2018). Accumulating evidence indicated that lncRNA Xist interacts with additional miRNAs, such as miR-133a, miR-140 and miR-124, miR-34a-5p, miR-34a, miR-141-3p, and miR-429 in pancreatic cancer, and is involved in the development and progression of pancreatic cancer (Liang et al., 2017; Wei W. et al., 2017; Sun Z. et al., 2018; Shen et al., 2019; Sun and Zhang, 2019; Zou et al., 2020). As aforementioned, lncRNA Xist promotes pancreatic cancer cells’ proliferation by binding miR-133a, thus affecting the miR-133a downstream target gene EGFR (epidermal growth factor receptor) which is positively correlated with lncRNA Xist (Wei W. et al., 2017). lncRNA Xist also facilitates miR-140/miR-124/iASPP/CDK1 axis, miR-34a/YAP axis, miR-141-3p/TGF-β2 axis, miR-429/ZEB1 axis and miR-34a-5p, which contributes to carcinoma cell growth, EMT, migration, and invasion (Liang et al., 2017; Sun Z. et al., 2018; Shen et al., 2019; Sun and Zhang, 2019; Zou et al., 2020). However, the downstream target gene of miR-34a-5p remains unknown. Taken together, the above research results suggested that lncRNA Xist could be regarded as a candidate prognostic biomarker and a potential therapeutic target in human pancreatic carcinoma.



LncRNA Xist in Retinoblastoma

Retinoblastoma, which has a significant effect on mortality in emerging countries but is more curable in industrialized countries, is an aggressive eye cancer that affects infants and children (Cassoux et al., 2017). Recently, abundant studies demonstrated that dysregulation lncRNA was involved in tumorigenesis and cancer progression of retinoblastoma (Yang and Wei, 2019). Compared to healthy controls, lncRNA Xist was significantly upregulated in plasma of retinoblastoma patients which was inversely associated with lncRNA NKILA (Lyu et al., 2019). LncRNA Xist overexpression promotes retinoblastoma cells proliferation, migration, and invasion rates via negatively regulating lncRNA NKILA, but the causality has not been fully validated. In addition, lncRNA Xist, which indirectly interacts with miR-21-5p, miR-124, miR-101, miR-140-5p, and miR-200a-3p, and positively regulates VEGF, STAT3, ZEB1 and ZEB2, SOX4, and NRP1 expression, facilitates apoptosis, migration, EMT, proliferation, and invasion by activating signaling pathways, such as PI3K-Akt signaling pathway and MAPK-ERK signaling pathway (Hu et al., 2018; Cheng Y. et al., 2019; Dong et al., 2020; Wang et al., 2020c; Zhao H. et al., 2020). All in all, these studies suggested that lncRNA Xist serves a potential and promising clinical application for diagnosis, prognosis, and treatment.



LncRNA Xist in Cervical Cancer

Cervical cancer, with respective incidence and mortality rates of 3.2 and 3.3%, ranked as the fourth most frequently diagnosed cancer and the fourth leading cause of cancer death in women in 2018 worldwide (Chen W. et al., 2016; Bray et al., 2018). Recently, numerous reports found that dysregulation of lncRNA Xist was involved in regulating cervical cancer progression via binding to miRNAs. Zhu H. et al. (2018) demonstrated lncRNA Xist, which is extremely highly expressed in cervical cancer tissues and cell lines, accelerates cervical cancer progression via upregulating Fus through functioning as a ceRNA of miR-200a. In additional, lncRNA Xist upregulation, which positively facilitates ORC1 expression and acts as a ceRNA of miR-140-5p, contributes to the cervical cancer progression by activating miR-140-5p/ORC1 axis (Chen X. et al., 2019c). Similarly, Liu et al. (2020d) found that lncRNA Xist, which was highly expressed in cervical cancer cells and tissue, promoted cervical cancer cells’ proliferation, migration, and invasion and hindered apoptosis by inhibiting miR-889-3p and positively mediating SIXI expression. Taken together these studies demonstrated that lncRNA Xist may play a role in epigenetic diagnostics and therapeutics in cervical cancer.



LncRNA Xist in Gastric Cancer

Stomach cancer (cardia and non-cardiac gastric cancer combined), with respective incidence and mortality rates of 5.7 and 8.2%, was the fifth most frequently diagnosed cancer and the third leading cause of cancer death in 2018 worldwide, and remains an important cancer (Chen W. et al., 2016; Bray et al., 2018). Recently, some reports founded that lncRNA Xist exerts its function in gastric cancer progression by acting as a miRNA sponge, It acts on miRNA, such as miR-101, miR-497, miR-185, and miR-337. lncRNA Xist, which acts as a molecular sponge of miR-101, miR-497, miR-185, and miR-337 to mediate EZH2, MACC1, TGF-β1, and JAK2 expression, is involved in gastric cancer progression through mediating miR-101/EZH2 axis, miR-497/MACC1 axis, miR-185/TGF-β1 axis, and miR-337/JAK2 axis (Chen D.L. et al., 2016; Ma L. et al., 2017; Zhang Q. et al., 2018; Zheng W. et al., 2020). In drug resistance of gastric carcinoma cells, Li Y.D. et al. (2019) demonstrated that lncRNA Xist contributes to drug resistance of gastric cancer cells though positively facilitating the related gene MDR1 (multidrug resistance gene 1) and MRP1 (multi-drug resistance protein 1) of multidrug resistance, and is helpful for the molecule-targeted treatment of gastric cancer. Taken together, these findings suggest that lncRNA Xist may be a candidate prognostic biomarker and a new therapy target in gastric cancer patients.



LncRNA Xist in Melanoma

Melanoma, with respective incidence and mortality rates of 1.6 and 0.6%, was the most fatal form of skin cancer in 2018 worldwide and the rates are increasing faster than any other currently preventable cancers (Chen W. et al., 2016; Bray et al., 2018; Schadendorf et al., 2018). Recently, some findings suggested that a major role of lncRNA Xist is facilitating melanoma progression via acting as a miRNAs sponge to regulate its downstream target genes, such as lncRNA Xist (Zhang et al., 2019f), which promoted malignant melanoma growth and metastasis by functioning as a ceRNA though miR-217. However, the downstream target gene of miR-217 remains unclear. Analogously, lncRNA Xist (Pan et al., 2019; Tian K. et al., 2020), which functions as a ceRNA to positively regulate ROCK1 and PI3KRI and AKT expression by sponging miR-139-5p and miR-21, respectively, facilitates proliferation, invasion, and oxaliplatin resistance of melanoma cells. In summary, this evidence shows that lncRNA Xist could provide a novel insight into the pathogenesis and underlying therapeutic targets for melanoma.



LncRNA Xist in Esophageal Cancer

Esophageal cancer, with respective incidence and mortality rates of 3.2 and 5.3%, ranks seventh in terms of incidence and sixth in mortality overall, the latter signifying that esophageal cancer was responsible for an estimated 1 in every 20 cancer deaths in 2018 worldwide (Chen W. et al., 2016; Bray et al., 2018; Schadendorf et al., 2018). Recently, numerous reports demonstrated that dysregulation of lncRNA Xist was involved in regulating esophageal cancer development via binding to miRNAs. lncRNA Xist involves esophageal squamous cell carcinoma development via regulation of miR-101/EZH2 axis (Wu X. et al., 2017), and facilitates esophageal squamous cell carcinoma proliferation, apoptosis, migration, and invasion via regulation miR-494/CDK6 axis and activation of JAK2/STAT3 signal pathway (Chen et al., 2019f). In addition, lncRNA Xist predicts the presence of lymph node metastases in human esophageal squamous cells (Li and He, 2019; Wang et al., 2020b). Taken together, these results demonstrated that lncRNA Xist may provide a novel candidate prognostic biomarker and a new insight for esophageal carcinoma therapy.



LncRNA Xist in Laryngeal Squamous Cell Carcinoma

Laryngeal cancer, with respective incidence and mortality rates of 1.0 and 1.0%, was one of the most common tumors of the respiratory tract in 2018 worldwide (Chen W. et al., 2016; Steuer et al., 2017; Bray et al., 2018). Squamous cell carcinoma, accounting for approximately 90% of malignant neoplasms of the larynx, is the most common malignancy of the larynx (Thompson, 2017; Bradford et al., 2020). Recently, some evidence suggested that a major role of lncRNA Xist, which is notably up-regulated in laryngeal squamous cell carcinoma tissues and cells, promotes laryngeal squamous cell carcinoma progression via interacting with miRNAs to regulate its downstream target gene. lncRNA Xist increases the aggressiveness of laryngeal squamous cell carcinoma by functioning as a ceRNA sponge of miR-124 to regulate EZH2 expression (Xiao D. et al., 2019), and promotes progression of laryngeal squamous cell carcinoma via activating the miR-144/IRS1 axis (Cui et al., 2020), and promotes the malignance of laryngeal squamous cell carcinoma cells through functioning as a ceRNA of miR-125b-5p to positively modulate TRIB2 expression (Liu et al., 2020b). All together, these studies demonstrated that lncRNA Xist may serve as a new potential prognostic biomarker and putative target in the therapy of laryngeal squamous cell carcinoma.



LncRNA Xist in Ovarian Cancer

Ovarian cancer, which is the leading cause of death for women of reproductive age around the world and has a 5-year survival rate below 45%, is in eighth place among the most common cancers in women and the fifth leading cause of death among women worldwide, including 4% of all cancers (Webb and Jordan, 2017; Moga et al., 2018; Stewart et al., 2019). In order to prove the lncRNA Xist participated in ovarian cancer development, Wang et al. (2018a) revelated that lncRNA Xist is involved in ovarian cancer development by negatively regulating miR-214-3p expression. This confirmed that lncRNA Xist is closely associated with the tumor grade and distant metastasis in the ovarian cancer patients (Zuo et al., 2019). This result suggested that lncRNA Xist plays a role in tumor development. In addition, lncRNA Xist (Wang and Li, 2020), which functions as a ceRNA to positively mediate the expression of PDCD4 (programmed cell death protein 4) through binding to miR-150-5p and is significantly decreased in ovarian cancer tissues and cell lines compared with the normal tissue and cells, inhibits ovarian cancer cell growth and metastasis via regulating miR-150-5p/PDCD4 signaling pathway. All in all, these studies evaluated that lncRNA Xist provides insight into the potential target for the treatment of ovarian cancer, and a new evaluation of the diagnosis and prognosis of ovarian cancer.



LncRNA Xist in Others Cancer

Growing evidence from recent studies has shown that lncRNA Xist facilitates tumor development, including pituitary neuroendocrine tumor, neuroblastoma, thyroid cancer, colon cancer, renal cell carcinoma, and prostate cancer (Chaligne and Heard, 2014; Yang Z. et al., 2018; Liu et al., 2019c). In the pituitary neuroendocrine tumor cells (Zhou et al., 2019b), lncRNA Xist, which functions as a ceRNA to sequester miR-424-5p to elevate the expression of the its target bFGF, and exhibits high expression in invasive pituitary neuroendocrine tumor tissues as compared to non-invasive tumor tissues, promotes cancer progression in invasive pituitary neuroendocrine tumor via activating the miR-424-5p/bFGF signaling pathway. In neuroblastoma (Zhang et al., 2019a), lncRNA Xist, which interacts with EZH2 to downregulate DKK1 by inducing H3 histone methylation, promotes neuroblastoma cell growth, proliferation, migration, and invasion via modulating H3 histone methylation of DKK1 in neuroblastoma. In addition, lncRNA Xist (Yang H. et al., 2020) repressed tumor growth and boosted radiosensitivity of neuroblastoma via modulating the miR-375/L1CAM axis. In thyroid cancer, lncRNA Xist (Liu et al., 2018c), which positively regulates MET by sponging miR-34a, modulates the cell proliferation and tumor growth through activating the PI3K/AKT signaling pathway. Analogously, Xu Y. et al. (2018) demonstrated that lncRNA Xist, whose high expression is positively associated with TNM stage and lymph node metastasis, promotes cell proliferation and invasion by interacting with miR-141 in papillary thyroid carcinoma. However, the downstream target gene of miR-141 remains unknown. In colon cancer cells, lncRNA Xist (Sun N.N. et al., 2018), which functions as a ceRNA by binding to miR-34a and positively modulates WNT1 expression, has a crucial function in colon cancer progression via the miR-34a/WNT1 axis to activate the Wnt/β-catenin signaling pathway.

In addition to indirect regulation of ceRNAs, studies published to date have manifested that low lncRNA Xist expression in renal cell carcinoma results in sponging two miRNAs, miR-106b-5p and miR-302c, which regulates tumor development (Zhang J. et al., 2017; Sun K. et al., 2019). lncRNA Xist, which positively facilitates P21 and SDC1 expression through sponging miR-106b-5p and miR-302c, facilitates cell proliferation and apoptosis via miR-106b-5p/P21 signaling pathway and miR-302c/SDC1 axis. In prostate cancer cells, lncRNA Xist, which weakly expresses in normal prostate tissues but not in leukocytes, contributes prostate cancer development (cell proliferation and metastasis) by activating miR-23a/RKIP signaling pathway (Laner et al., 2005; Du Y. et al., 2017). In addition, SQ. Hai (2020) have indicated that LncRNA XIST/miR-124-3p/iASPP Pathway Promotes Growth of Human Chordoma Cells. Analogously, Lobo et al. (2019) manifested that demethylated and methylated XIST promoter may be involved in testicular germ cell tumor development. Altogether, this evidence pronounced that lncRNA Xist may shed new light on epigenetic diagnostics and therapeutics for cancer patients.



THE ROLE OF LNCRNA XIST IN NON-CANCER DISEASES

Diseases are abnormal conditions that have a specific set of signs and symptoms. Diseases can have an external cause, such as an infection, or an internal cause, such as autoimmune disease (such as Alzheimer’s disease). Accumulating evidence has suggested that lncRNA Xist participates in non-cancer related diseases’ development and progression (Table 2) as a ceRNA regulatory network of miRNA-mRNA. It also provides a window into the understanding of aberrant expression of lncRNA Xist associated with non-cancer related diseases. lncRNA Xist is a novel potential biomarker and could potentially be involved in the diagnosis and therapy of different types of diseases.


TABLE 2. LncRNA Xist and miRNA in non-cancer related disease.
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LncRNA Xist in Cardiac Disease

Cardiac diseases, including coronary artery disease (CAD), myocardial infarction (MI), cardiac hypertrophy, and heart failure (HF), are among the leading causes of morbidity and mortality worldwide (Greco et al., 2018; Colpaert and Calore, 2019). Emerging evidence has revealed that lncRNA Xist acted as powerful and dynamic modifier of cardiac physiological and pathological processes. Cardiac hypertrophy, recognized as a risk predictor of sudden cardiac death, is an adaptive reaction in response to altered stress or injury to maintain cardiac function (Li Y. et al., 2018; Wehbe et al., 2019; Luo X. et al., 2020). lncRNA Xist (Sohrabifar, 2020) participates in the pathogenesis of complex diseases and also serves as a diagnostic marker. lncRNA Xist also positively regulates S100B expression through functioning as a ceRNA to bind miR-330-3p (Chen Y. et al., 2018) and functions as a ceRNA of miR-101 to enhance TLR2 expression (Xiao L. et al., 2019) and modulates the progression of cardiomyocyte hypertrophy by miR-330-3p/S100B pathway and miR-101/TLR2 axis.

Myocardial infarction (MI), colloquially known as “heart attack,” is caused by decreased or complete cessation of blood flow to a portion of the myocardium and by the rupture of atherosclerotic plaques, which results in damage to cardiomyocytes due to lack of oxygen (Colpaert and Calore, 2019; Ojha and Dhamoon, 2020). lncRNA Xist, which positively mediates PDE4D expression via interacting miR-130a-3p (Zhou et al., 2019d) and targets miR-101a-3p through regulating FOS (Lin B. et al., 2020), promotes myocardial infarction development and cell apoptosis, and inhibits cell proliferation though the miR-130a-3p/PDE4D aixs and miR-101a-3p/FOS aixs.

Acute MI (AMI) is characterized by ischemic injury and cardiomyocyte apoptosis, while myocardial injury, which is also an entity in itself, is a prerequisite for the diagnosis of MI in the setting of acute myocardial ischemia (Sandoval and Thygesen, 2017; Sandoval et al., 2017; Colpaert and Calore, 2019). lncRNA Xist, which interacts directly with miRNA (miR-150-5p, miR-122-5p, miR-125b, miR-133a, and miR-449) to positively regulate expression levels of mRNA (Bax, FOXP2, hexokianse 2, SOCS2, and Notch1), protects hypoxia-induced cardiomyocyte injury and represses the myocardial cell apoptosis though miR-150-5p/Bax pathway, miR-122-5p/FOXP2 axis, miR-125b/hexokianse 2 axis, miR-133a/SOCS2 pathway, and miR-449/Notch1 signaling pathway (Li Z.Q. et al., 2019; Zhang et al., 2019c; Fan et al., 2020; Peng et al., 2020; Zhou et al., 2020). These results indicated that lncRNA Xist represents a very promising potential pharmacotherapeutic target and biomarker for cardiac disease.



LncRNA Xist in Neuropathic Pain

Neuropathic pain, including central pain, peripheral pain, and cancer pain, is pain that arises as lesions or diseases of the somatosensory system, either at the peripheral or at the central level, and are treated by first-line (include antidepressants and anticonvulsants acting at calcium channels), second-, and third-line (include topical lidocaine and opioids) pharmacologicals (Xu et al., 2016; Fornasari, 2017; Eberlin, 2019). Growing studies have revealed that lncRNA Xist, which has been characterized as a key modulator of neuronal functions, plays a pivotal role in the development of neuropathic pain. In Down’s syndrome, lncRNA Xist (Czerminski and Lawrence, 2020), which fully corrects trisomy 21 dosage in neural cells, promotes differentiation of trisomic NSCs (neural stem cells) to neurons by silencing Trisomy 21 and activating Notch signaling pathway. In Parkinson’s disease (PD) animals, it has been shown that lncRNA Xist/miR-133b-3p/Pitx3 axis protect dopaminergic neurons through activation of CB2R with AM1241, which alleviates PD (He et al., 2020). In addition, lncRNA Xist participated in neuropathic pain though interacting with miRNAs in CCI (chronic constriction injury) rat models, including miR-154-5p, miR-137, miR-544, and miR-150. lncRNA Xist, which functions as a ceRNA to positively modulate mRNA expression (TLR5, TNFAIP1, STAT3, and ZEB1) by sponging miRNA (miR-154-5p, miR-137, miR-544, and miR-150), contributes to neuropathic pain development by facilitating miR-154-5p/TLR5 axis, miR-137/TNFAIP1 axis, miR-544/STAT3 axis, and miR-150/ZEB1 axis in CCI rat models (Jin et al., 2018; Yan et al., 2018; Zhao Y. et al., 2018; Wei et al., 2019).

Alzheimer’s disease (AD), which is a growing global health concern with huge implications for individuals and society, is a chronic progressive and irreversible neurodegenerative disorder (Scheltens et al., 2016; Lane et al., 2018; Chanda and Mukhopadhyay, 2020). Silencing lncRNA Xist (Wang et al., 2018b) attenuated Aβ(amyloid-beta peptide)25-35-induced toxicity, oxidative stress, and apoptosis in primary cultured rat hippocampal neurons by negatively mediating miR-132 expression. But the downstream target gene of miR-132 remains unclear. Similarly, Du Y. et al. (2020) showed that lncRNA Xist, which was significantly upregulated in hydrogen peroxide (H2O2)-induced AD mice models and in H2O2-treated N2a cells, is involved in Alzheimer’s disease development though positively regulating BACE1 expression by interacting with miR-124. These studies suggested that lncRNA Xist might provide novel therapeutic avenues for neuropathic diseases.



LncRNA Xist in Osteoarthritis

Osteoarthritis (OA), which is the most common joint disorder that affects one or several diarthrodial joints including small joints (such as those in the hand) and large joints (such as the knee and hip joints), is the most frequently diagnosed musculoskeletal disease and leads to functional decline and loss in quality of life (Kraus, 2014; Pereira et al., 2015). Accumulated evidence manifested that lncRNA Xist is associated with development and progression of OA. lncRNA Xist, which acts as a ceRNA of miR-211 to positively mediate miR-211-interacted CXCR4 expression, promotes the proliferation and apoptosis of OA through the miR-211/CXCR4 axis activating MAPK signaling pathway (Li L. et al., 2018). And lncRNA Xist (Liao et al., 2019), which positively regulates AHNAK expression to activate BMP2 Signaling Pathway by target with miR-17-5p, may influence Cervical Ossification of the PLL through facilitating of miR-17-5P/AHNAK/BMP2 axis. In periodontal ligament stem cells (PDLSCs), lncRNA Xist, which was elevated in osteogenic inducted PDLSCs, promoted Osteogenic Differentiation by negatively regulating the expression of miR-214-3p, but the downstream target gene of miR-214-3p remains unknown (Feng et al., 2020).

In osteoporosis (OP), lncRNA Xist (Chen et al., 2019a,d), which was highly expressed in the serum and monocytes of patients with OP, regulates osteoporosis through recruiting DNA methyltransferase and inhibiting bone marrow mesenchymal stem cell differentiation. In addition, a major role of lncRNA Xist is facilitating gene expression and affecting osteoarthritis development and progression via sponging to miRNAs. The lncRNA Xist/miR-9-5p/ALPL (Zheng C. et al., 2020) and lncRNA Xist/miR-1277-5p/MMP-13 and ADAMTS5 (Wang et al., 2019e) signaling pathway has been identified as a ceRNA regulatory network involved in osteoarthritis development. And other ceRNA regulatory networks have also been shown to contribute to the progression of Osteoarthritis, such as lncRNA Xist/miR-376c-5p/OPN signaling pathway (Li et al., 2020b), lncRNA Xist/miR-142-5p/SGTB signaling pathway (Ghaderian et al., 2020), lncRNA Xist/miR-149-5p/DNMT3A signaling pathway (Liu et al., 2020e), and lncRNA Xist/miR-675-3p/GNG5 signaling pathway (Shen X.F. et al., 2020). Increasing studies have shown that lncRNA Xist might act as a novel therapeutic target for OA patients.



LncRNA Xist in Inflammation

Inflammation, which is activated by inflammasomes that are innate immune system receptors and sensors that regulate the activation of caspase-1, is a protective immune response mounted by the evolutionarily conserved innate immune system in response to harmful stimuli, such as pathogens, dead cells, or irritants, and is tightly regulated by the host (Guo et al., 2015). Recent findings demonstrated the pivotal role of lncRNA Xist in the progression of the inflammatory response. NF-κB (nuclear factor-κB) signaling pathway, which plays a vital role in inflammation and innate immunity, were involved in cell proliferation and apoptosis and regulated the production of inflammatory cytokines including tumor necrosis factor (TNF)-α, interleukin (IL)-1β, IL−6, and IL−8 (Ma et al., 2019; Shenoda et al., 2020). lncRNA Xist facilitates acute inflammatory responses and bovine mammary epithelial cell inflammatory responses via NF-κB/NLRP3 inflammasome signaling pathway (Levey and James, 2017; Yang et al., 2019).

In addition to the indirect regulation of ceRNAs, studies published to date have demonstrated that high lncRNA Xist expression in inflammatory cells results in sponging four miRNAs, namely miR-27a-3p, miR-30c, miR-34c, and 146a, which responded to the inflammatory development process (Shenoda et al., 2018; Sun W.B. et al., 2018; Hu W.N. et al., 2019; Zhao Q. et al., 2020). The regulation of lncRNA Xist in most inflammation processes, including acute inflammation response in female cells, apoptosis, and inflammatory injury of microglia cells after spinal cord injury, cell apoptosis of HUVEC (Human umbilical vein endothelial cells) and ox-LDL (oxidized low-density lipoprotein)-induced the inflammatory response and inflammatory pain in rat. The pathways involved included lncRNA Xist/miR-34a/YY1 signaling pathway (Shenoda et al., 2018), lncRNA Xist/miR-27a/Smurf1 signaling pathway (Zhao Q. et al., 2020), lncRNA Xist/miR-30c-5p/PTEN signaling pathway (Hu W.N. et al., 2019), and miR-146a/Nav1.7 signaling pathway (Sun W.B. et al., 2018). These results suggest that lncRNA Xist could be involved in a promising strategy against inflammation and be a potential target for inflammatory patients.



LncRNA Xist in Kidney and Cardiovascular Disease

As the kidney and heart are intricately linked, abnormal function in one can lead to pathological function in the other (Lorenzen and Thum, 2016). Acute kidney injury (formerly known as acute renal failure), which is typically diagnosed by the accumulation of end products of nitrogen metabolism (urea and creatinine) or decreased urine output, or both, is a syndrome characterized by the rapid loss of the function of glomerular filtration rate (Levey and James, 2017; Ronco et al., 2019). Recent studies indicated lncRNA Xist exerts its function by serving as a miRNA sponge in the development of kidney injury. In diabetic nephropathy, lncRNA Xist, which is highly expressed in the kidney tissue of diabetic nephropathy mice and high glucose-exposed HK-2 cells, is involved in diabetic nephropathy development by positively facilitating CDKN1A (cyclin-dependent kinase inhibitor 1A) expression via functioning as a ceRNA of miR-93-5p (Yang et al., 2019). In LPS-induced SCI (Spinal cord injury) microglia cells and lncRNA Xist, which interacts with miR-27a to mediate the downstream target gene of Smurf1 expression, alleviated the apoptosis and inflammatory injury of microglia cells after SCI through activating miR-27a/Smurf1 axis (Zhao Q. et al., 2020). These signaling pathways, which include lncRNA Xist/miR-494/PTEN/PI3K/AKT signaling pathway (Gu et al., 2017), lncRNA Xist/miR-142-5p/PDCD4 signaling pathway (Tang et al., 2020), lncRNA Xist/miR-217/TLR4 signaling pathway (Jin et al., 2019), lncRNA Xist/miR-32-5p/Notch-1 signaling pathway (Cheng X. et al., 2020), and lncRNA Xist/miR-15a-5p/CUL3signaling pathway (Xu et al., 2019), participated in the SCI, acute kidney injury, and nephropathy procession. Cheng and Wang (2020) identified that lncRNA Xist could act as a ceRNA to sponge miR-212-3p and miR-122-5p to facilitate kidney transplant acute kidney injury progression via regulating the expression of ASF1A, BRWD1, and PFKFB2 using GEO database assay.

In contrast to kidney diseases, the study of lncRNA Xist in cardiovascular diseases is still in its infancy. Chen G. et al. (2018) suggested that lncRNA Xist, which is disrupted by aberrant expression of PFOS (Perfluorooctane sulfonate) in prenatal cells, facilitates placental angiogenesis by regulation of miR-429/VEGF-A axis. Similarly, lncRNA Xist (Hu C. et al., 2019), which positively modulates SOX7 (SRY-box 7) expression by sponging miR-485, participated in hypoxia-induced angiogenesis to activate VEGF signaling pathway, ERK1/2, and Akt signaling pathway through regulation miR-485/SCX7 axis. In additional, Stanford Type A Aortic Dissection (TAAD) is one of the most lethal cardiovascular diseases with an extremely high morbidity and mortality rate. Zhang et al. (2020b) have suggested that lncRNA Xist, which positively regulates PTEN expression via its competitive target miR-17, modulates the proliferation and apoptosis of vascular smooth muscle cells to affect Stanford Type A Aortic Dissection. All in all, these findings provide a new orientation for lncRNA Xist in kidney and cardiovascular diseases.



LncRNA Xist in Other Disease and Cells

A growing number of studies exhibited (Agrelo and Wutz, 2010; Shi et al., 2013; Cantone and Fisher, 2017) that lncRNA Xist participated in disease-associated processes, such as pulmonary disease, diabetic nephropathy, dermal diseases, and hereditary diseases, and mediated cellular functions of cells, such as somatic cell, B cells, and embryonic stem (ES) cells. In acute pneumonia, lncRNA Xist was robustly increased in serum of patients with acute-stage pneumonia and LPS (lipopolysaccharide)-induced WI-38 (normal human fibroblast WI-38 cell line) human lung fibroblasts cells, which shows it is involved in the progression of cell inflammatory response (Zhang et al., 2019g). Consequently, knockdown lncRNA Xist, which functions as a ceRNA to positively modulate TLR4 expression by sponging miR-370-3p, remarkably alleviates LPS-induced cell injury through regulating miR-370-3p/TLR4 axis to activate JAK/STAT and NF−κB signaling pathways (Zhang et al., 2019g).

In pulmonary fibrosis, Wang Y.C. et al. (2017) have revealed that lncRNA Xist regulates bleomycin (BLM)-induced extracellular matrix (ECM) and pulmonary fibrosis via modulation of miR-139/β-catenin axis. Primary graft dysfunction (PGD), which is a major cause of fatality post-lung transplantation, is a known acute lung injury (ALI). Li et al. (2020a) found that lncRNA Xist, which positively elevates the expression of IL-12A by acting as a ceRNA of miR-21, induces NET (neutrophil extracellular trap) formation and accelerates PGD after lung transplantation by activating the network of miR-21/IL-12A.

Diarrhea-predominant irritable bowel syndrome (IBS-D) is prevalent and has a high incidence rate in children. Zhang et al. (2020d) have demonstrated that lncRNA Xist, which is highly expressed in visceral hypersensitivity mice with IBS-D, modulates HT (5-hydroxytrytophan)-induced visceral hypersensitivity by epigenetic silencing of the SERT gene in mice with diarrhea-predominant IBS. In addition, Shen X.F. et al. (2020) have suggested that the silencing of lncRNA Xist, which is highly expressed in serum of patients, protects against sepsis-induced acute liver injury via inhibition of BRD4 expression. In diabetic nephropathy, Wang (2020) reported that lncRNA Xist silencing, which positively modulates PSMB8 expression via acting as a sponge for miR-485 in HMCs (human mesangial cells) treated with high glucose, alleviates inflammation and mesangial cell proliferation via interacting with miR-485/PSMB8.

Autoimmune disorders, such as Hashimoto’s thyroiditis, Sjögren’s Syndrome, systemic lupus erythematosus (SLE), and Grave’s disease, where 85–95% of patients are women, exhibited a strong female bias (Syrett et al., 2019, 2020). In recent years, lncRNA Xist (Syrett et al., 2017, 2019, 2020; Zhang et al., 2020c), which serves a vital function in SLE by RNA-seq data, promotes SLE development in NZB/WF1 mice with lupus-like disease. Taken together, these studies provide an important insight into how lncRNA Xist provides a therapeutic opportunity in female-biased autoimmune disorders.

Rett syndrome (RS), which is a debilitating neurological disorder affecting mostly girls, was caused by heterozygous mutations in the gene encoding the methyl-CpG–binding protein MeCP2 on the X chromosome (Sripathy et al., 2017). lncRNA Xist facilitates RS development through regulation of the bone morphogenetic protein (BMP)/TGF-β signaling pathway (Sripathy et al., 2017), and contributes to mouse brain development through reactivating MeCP2 expression (Adrianse et al., 2018).

Acute respiratory distress syndrome (ARDS), which is associated with diffuse alveolar injury and capillary endothelial damage, is a common clinical syndrome with high a mortality rate (Wang et al., 2019d). lncRNA Xist (Wang et al., 2019d), which acts as a ceRNA to negatively upregulate IRF2 (interferon regulatory factor 2) expression to sponge miR-204, significantly decreases the PaO2/FiO2 ratio and aggravates lipopolysaccharide-induced ARDS in mice by regulating the miR-204/IRF2 axis.

In the parthenogenetic development of pigs, silencing lncRNA Xist remarkedly increased the total blastocyst cell number but did not influence the rate of embryo cleavage and blastocyst formation compared with the control group (Chen et al., 2019e). This study suggested that lncRNA Xist may play a role in a new approach for improving the quality of porcine parthenogenetic embryos. lncRNA Xist (Zhang et al., 2019b) facilitates cells development in somatic cells by TALE-based designer transcriptional factor, and regulates embryonic stem cells’ fates (Chelmicki et al., 2014; An et al., 2020). lncRNA Xist promotes hair follicle regeneration in Dermal papilla cells via regulating miR-424/Shh axis to activate hedgehog signaling (Lin B.J. et al., 2020), and regulates HT cell proliferation and invasion in human trophoblast (HT) cells via miR-144/Titin axis by activating the downstream MAPK and MMPs pathway (Yu N.H. et al., 2017). In polycystic ovary syndrome (PCOS), lncRNA Xist is correlated with adverse pregnancy outcomes (Liu et al., 2020c). In addition, these signaling pathways, which include lncRNA Xist/miR-203-3p/ZFPM2 (Niu et al., 2020), lncRNA Xist/let-7c-5p/STAT3 (Wang et al., 2020d), and lncRNA Xist/miR-320/NOD2 (Xu X.H. et al., 2018), have been identified as a ceRNA regulatory network and participated in osteoblast development and ox-LDL (oxidative low-density lipoprotein)-induced endothelial cells injury.

A previous study reported that lncRNA Xist contributed to human skin fibroblasts by serving as a miRNA sponge. However, lncRNA Xist (Guo et al., 2018; Cao and Feng, 2019) regulates these processes containing skin fibroblasts proliferation, migration, and ECM (extracellular matrix) synthesis after thermal injury by sponging miRNAs (miR-29a and 29b-3p) to promote the expression of target genes (LIN28A and COL1A1). Additionally, lncRNA Xist/miR-181a/COL4A1 axis (Tian R. et al., 2020) is involved in the development and progression of keratoconus using transcriptome RNA-seq data assay. All in all, these results demonstrated that lncRNA Xist plays a pivotal function in non-cancer diseases.



DISCUSSION AND PERSPECTIVES

LncRNA Xist, which is conserved among eutherians (human, Rat, mouse, cow, dog, and elephant) but not non-eutherian vertebrates, is an important initiator of the process of XCI in eutherian mammals (Brockdorff et al., 1991; Duret et al., 2006; Galupa et al., 2020). lncRNA Xist is produced by Xist gene and is up-regulated from the Xi chromosome during the XCI process, and recruits protein complexes to reprogram chromosomes [such as H3K27me3 and H2AK119ub trimethylation (Postlmayr et al., 2020)]. In addition to its original XCI functions, numerous studies (Chaligne and Heard, 2014; Dey et al., 2014; Schmitz et al., 2016; Yang Z. et al., 2018; Cheng J.T. et al., 2019; Yan et al., 2019) have also indicated that lncRNA Xist is related to the pathogenic process of multiple diseases by regulating of cell migration, invasion, apoptosis, differentiation, proliferation, and drug resistance. Further investigation of lncRNA, which is considered to function as a miRNA or gene regulator, may aid in addressing disease etiology, such as lung cancer, breast cancer, glioblastoma, osteoarthritis, neuropathic pain, heart disease, and inflammation (Tables 1, 2). By summarizing current knowledge, we noticed that the regulatory network of lncRNA Xist in the majority of biological processions varies considerably. However, lncRNA Xist appears to regulate these processes primarily by interacting with miRNAs to positively facilitate downstream target gene expression (Figure 3). Further studies showed that the regulatory network of lncRNA Xist participated in various signaling pathways, such as TGF-beta signaling pathway, PIK3/AKT signaling pathway, Wnt/β-catenin signaling pathway, FOXO signaling pathway, NF-kB signaling pathway, mTOR signaling pathway, MAPK signaling pathway, Toll-like receptor signaling pathway, JAK-STAT signaling pathway, T cell receptor signaling pathway, and B cell receptor signaling pathway (Tables 1, 2). Although lncRNA Xist taking part in these signaling pathway functions has rarely been demonstrated, there is no reason to believe that the unexplored functions of lncRNA Xist will not be understanded in these ways. These mechanisms of lncRNA Xist action in diseases can indirectly and directly provide recommendations for future research, and more functions of lncRNA Xist can be confirmed.


[image: image]

FIGURE 3. Overview of the regulatory network of lncRNA Xist involved in mammalian diseases and cells. NON, The downstream target Unclear.


In theory, the genes lncRNA Xist over-expresses and silences are numerous. But over-expression of lncRNA Xist, which is a 15–17 kb RNA polymerase II transcript that is both spliced and polyadenylated (Brockdorff, 2019), is different when using plasmids. By contrast, lncRNA Xist may be inhibited using small molecule inhibitors that block specific binding sites (Matoba et al., 2011). Based on the above reasons, understanding of the function of lncRNA Xist is in its infancy for various diseases and cells. With the developing genome editing technology (Du and Qi, 2016; Chen et al., 2019b; Yi and Li, 2020), CRISPR/Cas9 system is emerging as a powerful tool for sequence-specific control of lncRNA Xist expression in mammalian cells. Recently, numerous studies (Yue and Ogawa, 2018; Colognori et al., 2019; Waśko et al., 2019; Deng et al., 2020) have indicated that CRISPR/Cas9 system is useful for studying lncRNA Xist function and related ceRNA regulatory networks. By combining other future technologies, the function and mechanism of lncRNA Xist will certainly be found. Investigation of lncRNA Xist in virous cells may uncover numerous novel therapeutic approaches for disease treatment in the future. At the same time, it might result in a better understanding of how lncRNA Xist contributes to the XCI and diseases in mammals, potentially opening new avenues for research and therapeutic manipulation of these diseases.
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Leukemia-initiating cells play critical role in relapse, resistance to therapies and metastases but the mechanism remains largely elusive. We report that β-catenin is over-expressed in almost all T-ALL patients and flow sorted β-cateninhigh fractions are highly resistant to therapy, leading to liver metastases in nude mice as well as dysregulated lncRNAs. Pharmacological inhibition through XAV-939 as well as si-RNA mediated inhibition of β-catenin is initially effective in re-sensitization to therapy, however, prolonged inhibition shifts dependency from β-catenin to Notch signaling, with particularly high levels of receptors Notch 1 and Notch 2. The results are verifiable in a cohort of T-ALL patients comprising of responders vs. those who have progressed, with β-catenin, Notch 1 and Notch 2 elevated in progressed patients. Further, in patients-derived cells, silencing of Notch 1 or Notch 2 does not counter resistance to β-catenin inhibition, rather pharmacological pan-Notch inhibition is needed to overcome resistance and its effect on in vitro tumor sphere formations as well as in vivo liver metastases. Thus, wnt and Notch signaling are part of a regulatory loop mutually compensating for each other in T-ALL, while ensuring the maintenance of stem cell phenotype.

Keywords: T-cell acute lymphoblastic leukemia, Wnt, notch, cancer stem cells, relapse


INTRODUCTION

T-cell acute lymphoblastic leukemia (T-ALL) is aggressive, as its name suggests, progresses rather quickly. The T-cell variant of ALL accounts for about 15% ALLs in children and about 25% of ALLs in adults (Chiaretti and Foa, 2009; Marks and Rowntree, 2017). Although largely curable, with almost 50% survival after 5 years, the prognosis is rather poor in patients with relapsed disease (Marks and Rowntree, 2017). This calls for better understanding of factors that can potentially lead to T-ALL relapse and progression. Cancer stem cells and the process of “stemness” have long been associated with cancer relapse (Ahmad, 2013; Suresh et al., 2016; Peitzsch et al., 2017; Khandekar et al., 2019; Yin et al., 2021). This is even true for T-ALL with the realization of existence as well as a role of stem cells in relapse, drug resistance and metastasis (Tremblay and Curtis, 2014; Tan et al., 2017), however, the mechanistic details remain largely unexplored.

Giambra et al. (2015) established that T-ALL subpopulations with active wnt signaling are enriched with leukemia-initiating cells, thus establishing a connection between wnt signaling and the cancer stem cell phenotype in T-ALL. Stemness in T-ALL possibly has epigenetic basis as well (Zhu et al., 2018), however, the epigenetic regulation involving Spi1 also needs β-catenin, a component of wnt signaling pathway (Zhu et al., 2018). These findings suggest an essential role of wnt signaling in establishing and/or maintaining the stemness in T-ALL. β-catenin also plays critical role in proliferation and survival of leukemia (Chung et al., 2002) and, thus, offers as an attractive target for therapy.

The goal of this study is to mechanistically dissect the role of β-catenin in stemness of T-ALL, particularly in patient-derived samples. We evaluated the role of β-catenin in inducing drug resistance and metastasis of T-ALL. Further, in view of the relapse observed in clinics, we mimicked such conditions to evaluate alternate signaling pathways that can compensate for the effective targeting of β-catenin. Our results indicate an intricate relationship between wnt and Notch signaling that helps maintain the stemness in T-ALL patients.



MATERIALS AND METHODS


Patients

The study involving human subjects was approved by the Institutional Review Board and the Ethics Committee at Sun Yat-sen University. A signed consent form was received from all patients and volunteers. The identifying information for T-ALL patients as well as healthy volunteers was not revealed to the researchers.



Drug Treatments

Cells were treated with VDL (V: 0.005 μM vincristine; D: 0.05 nM dexamethasone and L: 0.0025 IU L-asparaginase) for 10 days. Control cells were left untreated. Cells were then harvested by centrifugation at 500 rcf for 5 min and re-suspended in DPBS (Dulbecco’s phosphate-buffered saline, Invitrogen) containing FBS at a final concentration of 2.5%. XAV-939 and BMS906024 used in the study were procured from Sigma (China).



ELISA Assays

Active Beta Catenin Pathway Assay Kit (Novus Biologicals) was used to quantitate β-catenin in patient-derived samples, following manufacturer’s suggested protocol. This qualitative ELISA kit is specifically designed to detect the active dephosphorylated form of β-Catenin. Notch family receptors were quantitated using specific ELISA kits for Notch1, Notch2, Notch3 and Notch4 (Seajet Scientific, Shanghai, China—LS Bio—LifeSpan Biosciences). C-myc and Spi1 were also quantitated using specific ELISA kits purchased from Seajet Scientific, Shanghai, China.



Flow Cytometry and Cell Sorting

Single cell suspensions, made using GentleMACS kit (Miltenyi Biotec, China), from patient samples were incubated in phosphate-buffered saline containing 1% FBS with human beta-Catenin APC-conjugated Antibody (R&D Systems, China), and isotype-matched mouse immunoglobulins were used as controls. Samples were analyzed and sorted, using an EPICS ALTRA flow cytometer (Beckman Coulter, China). For the positive and negative population, only the top 10% most brightly stained cells or the bottom 10% most dimly stained cells were selected, respectively.



Animal Studies

Our protocol for in vivo experiments, involving NSG mice (Vital River Laboratories, Co., Ltd., China), was approved by the Animal Research Ethics Committee at the Sun Yat-sen University. All methods were performed in accordance with the relevant guidelines and regulations. All mice were housed in sterilized animal facility. Based on our initial titrations, we injected 50,000 cells into the tail veins of NSG mice and euthanized mice after 7 weeks. The livers were visually inspected for signs of metastases.



Immunohistochemistry

Samples from hepatic metastases were sectioned, conventionally stained with HE and immunohistochemically labeled with anti-cytokeratin using R-IHC and standard IHC and examined by a trained pathologist.



Trypan Blue Assay

Trypan blue dye exclusion assay was used to evaluate cell viability. Trypan blue (Sigma, China) (0.4%) was added in 1:1 ratio with the single cell suspensions and the cells monitored and quantitated under bright field microscope. The live cells did not retain blue stain and their cytoplasm was clear while the dead cells were marked with blue cytoplasm.



Tumorospheres

First, single cell suspensions were ensured enzymatically using trypsin and mechanically using a 22 gauge needle for 2 min. For the generation of tumorospheres, cells were plated in 24-well ultra-low attachment plates (Corning Inc., China) at a density of 5,000 viable cells/well. Average sphere forming efficiency was evaluated after 18–21 days of culture under an inverted Olympus IX70 microscope camera (Olympus, China) by counting spheres that were larger than 50 μm in diameter using the ImageJ Software.



Quantitative RT-PCR

Trizol reagent (Life Technologies, China) was used to isolate RNA following the manufacturer’s protocol. Quantitative RT-PCR reactions were performed on an ABI 7500 RT-PCR system (Applied Biosystems) using validated primers from BioRad (China). Only RNAse-free water was used throughout the assays.



Statistics

All experiments were performed in triplicates. Two-tailed independent Student’s t-test and ANOVA were used to compare tested groups. Differences were considered significant when p < 0.05. Statistical analyses were conducted using Graphpad Prism software.



RESULTS


β-Catenin Expression in T-ALL Patients and Hepatic Metastasis of β-Catenin Expressing Cells

With the information that wnt signaling, in particular, β-catenin is over-expressed in T-ALL patients, we first sought to verify this in our patient cohort of 40 patients diagnosed with T-ALL. We performed ELISA in patient-derived samples for quantitation of active β-catenin and compared the levels of β-catenin in patients with corresponding levels in 40 healthy controls. The levels were found to be significantly (p < 0.0001) elevated in T-ALL patients, compared to controls (Figure 1A). Almost all healthy volunteers, except for one, had lower β-catenin levels than the T-ALL patients (Supplementary Figure 1). We next confirmed the stem cell-like properties endowed by higher expression of β-catenin. Patient-derived cells (with the highest observed β-catenin levels) were subjected to flow cytometric sorting of single cell suspensions and divided into β-catenin-positive and β-catenin-negative fractions. Both fractions of cells were cultured in the lab until the desired number of cells were obtained. Based on our initial titrations, we injected 50,000 cells into the tail veins of NSG mice and euthanized mice after 7 weeks. The livers were visually inspected for signs of metastases. We found hepatic metastases in all the mice injected with β-catenin-positive cells, whereas little to no hepatic metastasis was evident in mice injected with β-catenin-negative cells, as revealed by IHC (Figure 1B). In light of the reports on the effects of lncRNAs on wnt- β-catenin signaling, we evaluated the levels of lncRNAs LINC00673-v4 and SVUGP2, both of which have been implicated in the regulation of this signaling pathway (Guan et al., 2019; Wei et al., 2019; Lin et al., 2020). We found elevated levels of lncRNA LINC00673-v4 in β-catenin-positive fractions (∼3.02 folds; Figure 1C) which is in agreement with the reported literature that this lncRNA promotes cancer aggressiveness via wnt- β-catenin signaling (Guan et al., 2019). lncRNA SVUGP2 was significantly downregulated in β-catenin-positive fractions (∼0.72 folds; Figure 1C) which supports its reported repression in cancers through involvement of wnt- β-catenin signaling (Wei et al., 2019).
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FIGURE 1. β-catenin expression is elevated in T-ALL patients and favors hepatic metastasis. (A) β-catenin expression (active dephosphorylated form) was evaluated, using ELISA, in T-ALL patients (n = 40) and compared with that in healthy volunteers (n = 40). (B) Flow sorting was performed to segregate β-catenin-positive and β-catenin-negative fractions which, after culture, were injected (50,000) into the tail veins of mice (n = 6, each), intra-venously. Mice were euthanized after 7 weeks and hepatic metastases evaluated. Representative immunohistochemistry images are shown (Left top and bottom: β-catenin-negative and Right top and bottom: β-catenin-positive). (C) lncRNAs (LINC00673-v4 and SVUGP2) were evaluated for their expression in β-catenin-positive and β-catenin-negative fractions and the expression levels in β-catenin-positive, relative to β-catenin-negative fractions, are shown.




β-Catenin-Positive Fraction Has Stem Cell Like Properties—Increased Drug Resistance and 3-Dimensional Cell Growth

Increased metastasis, as observed above, is one hallmark of cancer stem cells. Other hallmarks include increased resistance to therapy and 3-dimensional sphere formation. To study resistance to therapy, we subjected both β-catenin-positive and negative cells to VDL treatment for 10 days. Consistent with the role of β-catenin in stemness, the β-catenin-positive cells were highly resistant to VDL, compared to β-catenin-negative cells, as determined by the number of live cells with and without VDL treatment (Figure 2A). Further, pharmacological inhibition of β-catenin, by XAV-939, resulted in sensitization of resistant cells to VDL (Figure 2A), thus, verifying the essential role of β-catenin in determining resistance to therapy. The concentration of XAV-939 was chosen based on the published work at which it is not cytotoxic to cells but still a potent β-catenin inhibitor (Stakheev et al., 2019). When we generated tumorospheres from β-catenin-positive cells, similar results were observed i.e., VDL had minimal effect on the ability of β-catenin-positive cells to form spheres while pharmacological inhibition of β-catenin significantly decreased the ability to form such spheres (Figure 2B).
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FIGURE 2. β-catenin confers drug resistance and 3-dimensional cell growth. (A) Flow sorted β-catenin-positive (BC+) and β-catenin-negative (BC–) cells were subjected to VDL treatment, as described in section “Materials and Methods,” in the presence and absence of 5μM XAV-939 for 10 days. Live cells were estimated by trypan blue exclusion method. (B) Flow sorted β-catenin-positive cells were also allowed to grow in 3-dimensional cultures to generate tumorospheres, in the presence of VDL ± 5μM XAV-939. Representative images of tumorospheres are provided along with the bars representing the number of tumorospheres. ∗p < 0.05 and ∗∗p < 0.01, compared to control, NS, non-significant, compared to control, #p < 0.01, compared to VDL.




Factors Governing Progression to Tolerance of Inhibition of β-Catenin

In clinics, T-ALL patients often stop responding to therapy, resulting in disease relapse. We observed sensitization of T-ALL patient derived cells to VDL when β-catenin was pharmacologically inhibited. We asked if prolonged inhibition of β-catenin could result in similar attenuation of sensitization to therapy, and, therefore, we silenced β-catenin by using si RNA against β-catenin. We noticed that passage of time resulted in decreased sensitizing effect of β-catenin-silencing i.e., whereas silencing of β-catenin significantly sensitized T-ALL patient-derived cells to VDL initially (at 10 days VDL treatment), the sensitization was totally lost at 30 days (Figure 3A). Clearly, the cells were now resistant to β-catenin-silencing. The results were verified with sphere assay as well (Figure 3B). At this point, we were interested in understanding the mechanism of this acquired resistance. Based on the available knowledge, we screened for factors that were most likely to surrogate for β-catenin’s leukemia initiating properties. When we compared 10 days samples (when cells were still responding to β-catenin-inhibition) with 30 days samples (time period at which resistance to β-catenin inhibition was obvious), we found elevated levels of all Notch family receptors as well as c-myc, however, Notch1 and Notch2 clearly stood out as the most differentially expressed factors (Figure 3C).
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FIGURE 3. Acquired drug resistance model and alternate signaling. (A) Flow sorted β-catenin-positive were subjected to VDL treatment, as described in section “Materials and Methods,” in the presence and absence of si-RNA specific for β-catenin. Live cells were estimated at days 10, 20, and 30, by trypan blue exclusion method. (B) Flow sorted β-catenin-positive cells were also allowed to grow in 3-dimensional cultures to generate tumorospheres, in the presence of VDL ± si-RNA specific for β-catenin. Bars represent the number of tumorospheres. (C) Gene expression levels of Notch 1–4, c-myc and Spi1, at days 10 vs. days 30 in flow sorted β-catenin-positive cells, while being treated with VDL, were determined by quantitative RT-PCR. Expression of GAPDH was used as internal control. ∗p < 0.05 and ∗∗p < 0.01, compared to control, #p < 0.01, compared to VDL.




β-Catenin, Notch and c-Myc Expression in Progressed T-ALL Patients

To ascertain whether increased β-catenin as well as Notch levels are relevant to T-ALL patients who have acquired resistance and whose disease has relapsed and/or progressed, we recruited T-ALL patients currently undergoing treatment at our Hospital. For this investigation, we identified 24 T-ALL patients (mostly diagnosed within the last 6 months) who were still responding to their assigned threrapies and another 28 patients whose disease had progressed and these patients had stopped responding to their last assigned therapy. We found β-catenin, Notch1, Notch2 as well as c-Myc to be significantly over-expressed in patients whose disease had progressed (Figure 4).
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FIGURE 4. Expression of β-catenin and alternate genes in T-ALL patients. Expression of (A) β-catenin (active dephosphorylated form). (B) Notch1. (C) Notch2. (D) c-Myc expression was evaluated, using ELISA, in T-ALL patients who had progressed on their therapy (Progressed, n = 28) and compared with those patients who were still responding (Responders, n = 24). P-values are mentioned for individual genes, as found significant.


Next, we identified 2 patients with progressed disease and the highest expression of β-catenin. Tumor cells were isolated, single cell suspensions made and the cells cultured in the lab. We now wished to study the inter relationship between wnt and Notch signaling, with regards to the maintenance of stemness. In assays performed on cells from one patient, VDL resistance was observed as expected (because of increased β-catenin) (Figure 5A). Further, even though silencing of β-catenin was initially found to sensitize cells to VDL, prolonged treatment of 30 days resulted in significant de-sensitization. We speculated that Notch signaling might be mechanistically responsible and therefore we silenced Notch1 as well as Notch 2, using specific siRNAs. Though some re-sensitization was evident, almost a complete reversal of resistance to β-catenin inhibition was achieved only when a pan-Notch inhibitor (BMS906024) was used. BMS906024, at a concentration of 100nM used here, can inhibit Notch signaling (Morgan et al., 2017). The results were further conformed using cells derived from the second such patient (Figure 5B). The observations in cells derived from this patient were even more significant, which prompted us to further test these cells in vivo in a mice metastasis model. Cells from control condition, si-β-catenin and si-β-catenin + BMS906024 were injected in tail veins of mice and as seen in Figure 5C, whereas control cells metastasized to liver, silencing of β-catenin had an inhibitor action. It is possible that the presence of few metastatic hepatic nodules in β-catenin-silenced group might be reminiscent of relapsing disease, which is further supported by the observation that pan-notch inhibitor + β-catenin silencing almost completely blocked the metastasis.
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FIGURE 5. Cells derived from relapsed patients and effect of Notch silencing. β-catenin-high cells derived from (A) patient 1 and (B) patient 2 were subjected to VDL treatment, as described in section “Materials and Methods,” in the presence and absence of si-RNAs specific for β-catenin (BC), Notch1, Notch2 or 100 nM pan-Notch inhibitor, BMS906024. Live cells were estimated at days 10 and 30, by trypan blue exclusion method. (C) Cells (50,000) from patient 2, ± si-β-catenin or si-β-catenin + BMS906024, as indicated, were also injected into the tail veins of mice (n = 6, each), intra-venously. Mice were euthanized after 7 weeks and hepatic metastases evaluated. Bar graphs represent number of metastatic nodules counted. ∗p < 0.05 and ∗∗p < 0.01, compared to control, #p < 0.01, compared to VDL.




DISCUSSION

Even though wnt signaling is often de-regulated in hematological malignancies (Polakis, 2012), its role in etiology of T-ALL is not very well understood. In one of the first studies on the subject (Guo et al., 2007), it was reported that β-catenin stabilization predisposes thymocytes to malignant transformation. β-catenin is an essential factor in the canonical wnt signaling pathway wherein activated wnt signaling and binding of wnt ligand to its cognitive receptor leads to accumulation of β-catenin in cytoplasm followed by its translocation to the nucleus where it functions as a transcription factor.

The relevance of Notch signaling in T-ALL is well regarded (Sanchez-Martin and Ferrando, 2017). A role of Notch signaling in T-ALL in mouse (Aster et al., 2000; Feldman et al., 2000; Hoemann et al., 2000) as well as human models (Weng et al., 2003, 2004) has been investigated. It was suggested that more than 50% T-ALLs have activating mutations that involve the extracellular heterodimerization domain and/or the C-terminal PEST domain of Notch1, thus advocating the need for targeted therapies against Notch signaling T-ALL (Weng et al., 2004). More recent data suggests that even higher number of T-ALLs, upto 75%, have activating Notch1 mutations (Liu et al., 2017). Not just Notch1, but activating mutations in Notch3 have also been implicated in T-ALL (Bernasconi-Elias et al., 2016).

In the report on role of stabilized β-catenin in development of T-ALL, up-regulation of c-Myc was reported as a consistent secondary event (Guo et al., 2007). Moreover, it was noted that such stabilization of β-catenin does not lead to activation of Notch receptors, thus suggesting that wnt signaling-mediated T-ALL might represent T-ALLs that do not depend on Notch signaling. Wnt and Notch signaling, therefore, seemed to be two independent pathways responsible for onset of T-ALLs. Stabilization of β-catenin is perhaps most relevant to childhood T-ALL as more than 85% childhood T-ALL patients, of a total of 71 patients comprising of 53 boys and 18 girls, were reported to express up-regulated β-catenin (Ng et al., 2014). It is important to note that up-regulation of β-catenin was reported to be independent of Notch activation (Ng et al., 2014). While our study does not challenge such notion, we provide evidence in support of a novel regulatory and inter-dependence of wnt and notch signaling pathways. We show that in T-ALLs where β-catenin is activated, its silencing is effective. However, similar to observations in clinics, the therapy is not good forever and eventually T-ALLs become refractory to β-catenin inhibition. It is at this moment that Notch signaling probably takes over as the alternate pathway. This is evident in the multifold increase in expression of Notch receptors, especially Notch 1 and 2. As a sign of further complex regulation, it looks like there is some level of redundancy in this activation of alternate pathway. We report that pan-notch inhibition, as opposed to inhibition of individual Notch receptors is the most effective strategy. This makes it apparent that both Notch 1 and Notch 2 seem to be ready to drive T-ALL growth in case the other Notch and β-catenin is inhibited.

Based on our observations, we propose that future investigations should evaluate simultaneous inhibition of multiple signaling pathways, particularly those that are closely related. Even though we investigated Notch signaling as an alternate pathway when β-catenin was inhibited because of its relevance to T-ALL and the probability of taking up almost all the functions, particularly those connected to stemness, our unpublished preliminary results from high throughput assays indicate that Notch family members indeed are among the top potential candidates that can control the proliferation and metastasis of T-ALL cells when β-catenin inhibition is rendered ineffective.

A number of drugs that target either Notch signaling or β-catenin are progressing through the clinical trials (Ran et al., 2017; Savvidou et al., 2017; Wu et al., 2017; Krishnamurthy and Kurzrock, 2018; Massard et al., 2018). This is an exciting time, however, it cannot be stressed enough that targeting a single signaling molecule/pathway is highly unlikely to yield long term benefits to patients. The future treatment strategy will perhaps include a cocktail of highly effective targeted drugs that will be administered cyclically to help prevent toxicity as well acquisition of resistance. For T-ALL patients, β-catenin as well Notch—targeting drugs will definitely be part of such cocktail.
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Hepatocellular carcinoma is the fifth-ranked cancer worldwide with a relatively low five-year survival rate. Long non-coding RNAs are a group of RNAs with remarkable aberrant expression which could act on multiple bioprocesses and ultimately impact upon tumor proliferation, invasion, migration, metastasis, apoptosis, and therapy resistance in cancer cells including hepatocellular carcinoma cells. In recent years, long non-coding RNAs have been reported to be indispensable targets in clinical target therapy to stop the growth of cancer and prolong the lifespan of patients with hepatocellular carcinoma. In this review, we enumerate the signaling pathways and life activities affected by long non-coding RNAs in hepatocellular carcinoma cells to illustrate the role of long non-coding RNAs in the development and therapy resistance of hepatocellular carcinoma.
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Introduction

Liver cancers comprise diverse, histologically distinct primary hepatic neoplasms, which include hepatocellular carcinoma (HCC), intrahepatic bile duct carcinoma (holangio carcinoma), hepatoblastoma, bile duct cystadenocarcinoma, hemangiosarcoma, and epitheliod hemangioendothelioma (1). Among them, HCC is one of the most prevalent liver cancers worldwide (2, 3). The main risk factors for HCC vary from region to region. Chronic hepatitis B virus (HBV) infection and AFB1 exposure are major risk factors in most high-incidence regions like Asia and Africa. In contrast, HCV infection, excessive drinking, and diabetes/obesity/metabolic syndrome play a more important role in low-incidence areas, with the primary risk factor being HCV infection. In addition, some hereditary metabolic disorders such as hemochromatosis, α1 anti-trypsin deficiency, tyrosinemia, and several porphyrias also increase the risk (4–8). Till now, lots of treatments for HCC such as resection, ablation, transplantation, chemoembolization, and targeted drugs like sorafenib and lenvatinib are put into clinical practice (9–11). Despite all those treatments, the current five-year survival rate provided by the National Cancer Institute is still not satisfactory, so we still devote a lot of effort to create more effective methods (12). LncRNAs which are aberrant expressions are proved to be associated with tumorigenesis and poor prognosis of HCC. Given that, lncRNAs are promising potential biomarkers or targets of HCC.

LncRNAs belong to the ncRNA class, which consists of small interfering RNAs (siRNAs), microRNAs (miRNAs), PIWI-interacting RNAs (piRNAs), promoter-associated RNAs (PARNAs), small nucleolar RNAs (snoRNAs), and other recently described classes such as X-inactivation RNAs (xiRNAs), sno-derived RNAs (sdRNAs), microRNA-offset RNAs (moRNAs), tRNA-derived RNAs and MSY2-associated RNAs (MSY-RNAs) (13). LncRNAs are approximately 200 bp to 100 kb in length (14). Although most lncRNAs are not directly involved in gene coding and protein synthesis, they are indispensable in genomic imprinting, chromatin modification, post-transcriptional regulation, cleavage and modification (15–17). We screened lncRNAs in human HCC cells by using EVLncRNAs (a database) (Table 1) and selected some well-studied lncRNAs to describe in detail. Some well-known regulatory pathways of lncRNAs in HCC have also been demonstrated (Table 2).


Table 1 | Human lncRNAs related to HCC (EVLncRNAs).




Table 2 | Dysregulated lncRNAs in HCC, their biological functions, and related molecules/pathways.





FUNCTIONS of lncRNAs in HCC


LncRNAs and miRNAs


LncRNAs Acting as miRNA Sponges or miRNA Inhibitors

MALAT1 (LncRNA metastasis-associated lung adenocarcinoma transcript 1) binds to and inhibits miR-143-3p expression to decrease ZEB1 (zinc finger E-box binding home box 1) (21). Also, MALAT1 acts as molecular sponge of miR-146b-5p and miR-204 to facilitate HCC cells (22, 23). The UCA1 gene belongs to the HERV-H family. It contains the gag region, the protease–polymerase region, but no envelope region. In three regions, the UCA1 full-length cDNA consists of an unusual number of stop codons that transcribe non-coding RNA (45, 46). UCA1 facilitates FGFR1–ERK pathway by inhibiting expression of miR-216b (76). CCAT1 (The long non-coding RNA Colon Cancer Associated Transcript 1) contains two predicted let-7 targeting sites. It is reported that let-7 decreases tumor proliferation and induces apoptosis. Let-7 binds to CCAT1 but does not induce degradation of CCAT1. In other words, CCAT1 is physically related to let-7 and serves as a miRNA sponge for let-7. At the same time, CCAT1 regulates HMGA2 and c-Myc by competitively binding to let-7 (49). HOTAIR (Hox transcript antisense intergenic RNA), which is overexpressed in HCC tissues, enhances EMT by inhibiting miR-23b-3p, leading to malignant tumors of HCC and increased tumor metastasis (28–30). TUG1 is proved to act as a molecular sponge of miR-144. It interacts with miR-144 to promote proliferation and migration of HCC cells by activating the JAK2/STAT3 pathway. After knocking out TUG1 in tumor cells, the JAK2/STAT3 pathway is inactivated, and miR-144 is up-regulated to inhibit HCC tumor growth in vivo. To sum up, the interaction of TUG1 and miR-144 promotes proliferation, migration, and tumorigenesis by activating the JAK2/STAT3 pathway in HCC (54). PTENP1 regulates the PTEN/Akt pathway through interaction with miR-193a-3p (65). HULC promotes HCC via depleting miR-9-mediated RXRA signaling pathway (40). Overexpressed PTENP1 induces miR-17, miR-19b, and miR-20a, targeting PTEN, PHLPP (negative AKT regulatory factor) and autophagy genes such as ULK1, ATG7, and p62 (66).



LncRNAs Acting as Competing Endogenous RNAs of miRNAs

LncRNA-ATB (activated by TGF-β) which is up-regulated in HCC is activated by TGF-β and up-regulates ZEB1 and ZEB2 by competitive binding to the miR-200 family (77–79). ZEB1 gene encodes a zinc finger transcription factor that plays an important role in normal embryonic development which induce EMT (24). EMT converts cancerous epithelial cells into mesenchymal-like cells, confers migration and invasion properties, enables primary tumor cells to move, settles distant organs, and forms secondary tumors (18, 19, 80). As a result, the silence of ZEB1 hinders the metastasis and invasion of HCC through EMT inhibition. TUG1 promotes HCC development by competing with miR-132 to combine sonic hedgehog (Shh) as well as Kruppel-like factor 2 (KLF2) to combine polycomb repressive complex 2 (PRC2) (58, 59). Overexpression of MEG3 competitively inhibits miR-664, thereby releasing the inhibitory effect of miR-664 on ADH4 and promoting the expression of ADH4 (81).



MiRNAs Acting as lncRNA Inhibitors

HOTTIP (HOXA transcript at the distal tip) is mainly present in the nucleus, binds to AGO2 in the nucleus, and is regulated by some miRNAs. The level of HOTTIP is significantly decreased in cells when miR-192, miR-204, and miR-125b are overexpressed (82). MiR-192 and miR-204 inhibit the activity of HOTTIP through their target molecules such as DHFR, ZEB2, BCL2, and so on, thereby achieving the purpose of inhibiting the activity of HCC cells (55).



LncRNAs Acting on Proteins

HOTAIR up-regulates ATG3 and ATG7 to activate autophagy and promote HCC cell proliferation (31). In addition, OGFr (Opioid Growth Factor Receptor) which prominently impedes tumor growth is depleted in HCC because of HOTAIR (32). Besides, CCND1, RBM38, P14, P16, GLUT1, and mTOR signaling also participate in HOTAIR signaling to promote HCC progress (33–36). Meanwhile, HULC activates protective autophagy through Sirt1 (silent information regulator 1 protein)–USP22 (ubiquitin-specific peptidase 22) pathway and increases HCC proliferation through COX2–USP22 pathway. HULC reduces Sirt1 and COX2 degradation by elevating the expression of USP22 (83). TUC338 (Transcribed ncRNA encoding uc.338) post-transcriptionally regulates plasminogen activator inhibitor-1 RNA binding protein (PAI-RBP1), occupying a genomic region rich in unique or known motifs homologous to the tumor suppressor Pax6 and p53 (48). C-Myc directly binds to the promoter of CCAT1 and promotes HCC development (50). Activation of TCF/LEF by β-catenin is one of the most common molecular changes in HCC cells as well as a general regulator of stem cell self-renewal, tumorigenicity and tumor progression. DANCR (Differentiation antagonizing non-protein coding RNA) regulates the stability of above molecular changes to affect tumor proliferation (51, 84). Linc00152 (Long intergenic non-protein coding RNA 00152) prevents E-cadherin expression by interacting with EZH2 and promotes EMT in HCC cells (61). MEG3 (Maternally expressed gene 3) promotes p53 expression and inhibits MDM2 expression, and increasing p53 also inhibits the expression of MDM2. So that the ubiquitination of P53 by MDM2 is prevented, promoting apoptosis and inhibiting tumor proliferation (62, 63, 85, 86).




Interactions Within lncRNAs

It is reported that MALAT1/HULC is positively correlated with the expression of TRF2 in human hepatocellular carcinoma tissues. MALAT1 and TRF2 are highly expressed in HCC tissues and are positively correlated. The increased TRF2 binds to HULC and MALAT1 to form a complex, which is loaded into the telomere region of the chromosome. Therefore, the telomeres are greatly extended, leading to the rapid growth of HCC stem cells (25). Overexpression of HULC (highly up-regulated in liver cancer) prevents PTEN and miR15a, which leads to high expression of LC3I and LC3II (autophagy marker) and more autophagy in hepatoma cells. HULC inhibits PTEN by autophagy and P62-mediated ubiquitin–protein system and finally activates the AKT–PI3K–mTOR pathway to promote cell growth, colony-forming ability, and cell growth in vivo (41).




Roles of lncRNAs in HCC


LncRNAs as Tumor-Suppressive Genes in HCC

MEG3 expression is down-regulated in both HCC cell lines and tissues. Re-expression of MEG3 in HCC cells significantly reduces anchorage-dependent and independent cell growth and induces apoptosis (64, 87). Also, adenosine can resist HCC through up-regulating the expression of MEG3 (88).

Phosphatase and tensin homolog pseudogene 1 (PTENP1) is a pseudogene of the tumor suppressor gene phosphatase and tensin homolog deleted on chromosome ten (PTEN) (67, 68). It is shown that PTENP1 and PTEN are down-regulated in HCC cells. Over-expression of PTENP1 and PTEN in HCC cells can inhibit the oncogenic PI3K/AKT pathway, inhibit cell proliferation, migration, invasion, and induces autophagy, apoptosis, and inhibition of angiogenesis.



LncRNAs as Oncogenes in HCC

lncRNA-ATB promotes HCC colonization by inducing autocrine induction of IL-11 and activating STAT3 signaling (20). Plasma Linc00152 can be used as a potential non-invasive biomarker to predict the diagnosis of HCC (42). MALAT1 is up-regulated in HCC and plays an oncogenic role through activating the Wnt pathway and inducting oncogenic splicing factor SRSF1 to activate the mTOR pathway and resist apoptosis (26). HOTAIR with a length of 2,158 bp is remarkably associated with poor prognosis of HCC. It affects the histone H3 tri-methylated at lysine 27 (H3K27me3) by recruiting poly bulking inhibitor complex 2 (PRC2 complex) at the 5′ end, so that LSD1 (lysine-specific demethylase 1)/CoREST (RE1-silencing transcription factor co-repressor)/REST (RE1-silent transcription factor) complex promotes histone H3 Lysine 4 demethylation, eventually leading to gene silencing (37–39). UCA1 (urothelial cancer associated 1) is overexpressed in HCC, making it a potential biomarker to detect progression and prognosis in patients with HCC (89). Decreasing the expression level of UCA1 inhibits the proliferation, migration, and invasion of HCC cells and induces apoptosis. Moreover, bioinformatics analysis indicates that UCA1 may significantly disrupt the hippo signal pathway (47). TUC338 is a super-conservative lncRNA that contributes to the growth of transformed cells in HCC (HCC). TUC338 functions in a manner similar to transcription factors to regulate cell proliferation and transform cell growth in HCC. Overexpression of CCAT1 in hepatoma cells promotes proliferation, invasion, and metastasis of tumor cells (50). As a newly discovered cancer-associated lncRNA, HOTTIP is located at the 5′ end of the HOXA gene. Overexpression of HOTTIP could promote cell proliferation, migration, and invasion of HCC cells (54, 56, 90–92). Linc00152 is up-regulated in the human HCC cell line. Overexpressed Linc00152 in HCC cells increased cell proliferation and invasion. Knocking out Linc00152 inhibits the mTOR signaling pathway. The underlying mechanism is that expression of Linc00152 increases EpCAM levels, leading to activation of the mTOR signaling pathway and causing proliferation of HCC (49). DANCR positively regulates proliferation in cells by regulating miR-634, miR-496 miR-33a-5p, CDKN1A (cell cycle inhibitor p21), etc, indicating that it may be a carcinogenic lncRNA, and plays potential roles as an adenocarcinoma (ADC) biomarker and therapeutic target (52, 53). The combination of sorafenib-induced enhanced tumor growth inhibition and overexpression of RASAL1 in tumor xenografts suggests that the TUC338/RASAL1 axis may be a potential therapeutic target for current HCC treatment (93).



LncRNAs and Therapeutic Sensitivity in HCC

LncRNAs not only influence HCC proliferation, invasion, and migration through specific cell signaling pathways and molecules, but also induce HCC therapy resistance, which covers chemotherapy resistance and radiotherapy resistance. It has been found that lncRNA ROR reduces the sensitivity of HCC to radiotherapy (94). For chemotherapy, the most commonly used chemotherapy drugs for HCC include sorafenib, oxaliplatin, 5-fluorouracil, cisplatin, etc (95). Figure 1 is a schematic diagram of the relationship between lncRNAs and chemotherapeutic resistance.




Figure 1 | Diagram of the mechanism of lncRNA mediating chemotherapy resistance. Part of the mechanism is related to microRNAs, and part is related to Akt pathway. The promotion arrow in the panel refers to the promotion of drug resistance to the corresponding chemotherapeutic drug, and the inhibition arrow refers to the increase of the sensitivity to the chemotherapy drug.




Sorafenib

SNHG1, SNHG3, and SNHG16 in the small nucleolar RNA host gene (SNHG) family are related to sorafenib resistance in HCC cells (96–98). SNHG1 serves miR-21 as a mediator, as well as SNHG3 to produce positive feedback on the downstream Akt signaling pathway, and ultimately induces sorafenib resistance (99). Coincidentally, nuclear-enriched abundant transcript 1 (NEAT1) also acts on the downstream Akt signaling pathway through the miR-335/c-Met axis to induce sorafenib resistance (100). Other lncRNAs related to sorafenib resistance in HCC cells include linc00160, FOXD2-AS1, MALAT1, H19, ROR, etc (101). Linc00160 promotes phosphoinositide-3-kinase regulatory subunit 3 (PIK3R3) to induce sorafenib resistance by inhibiting miR-132 (102). FOXD2-AS1 acts as a competitive endogenous RNA of miR-150-5p to increase sensitivity to drugs (103). MALAT1 and H19 have similar mechanisms when inducing HCC resistance, which both promote EMT through intermediary molecules to induce resistance (104–106).



Oxaliplatin

The lncRNAs associated with oxaliplatin resistance contain KCNQ1OT1, HULC, and NR2F1-AS1 (107). Both KCNQ1OT1 and HULC act on resistance-related molecules through microRNA, which are miR-7-5p, miR-6825-2p, miR-6825-5p, and miR-6886-3p (83, 108).



Doxorubicin

The lncRNAs associated with oxaliplatin resistance contain HCC associated long non-coding RNA (HANR) and ARSR. HANR triggers GSKIP/GSK3β pathway (71). ARSR decreases the negative molecule PTEN of Akt pathway (109).



5-Fluorouracil

The above pathways of HULC also induce 5-fluorouracil and pirarubicin resistance (83). While H19 promotes presenilin-1 (PSEN1) through miR-193-3p, which distinguishes from the above mentioned, to achieve 5-fluorouracil resistance (110). lncRNA KRAL mediates 5-fluorouracil resistance in HCC by acting as ceRNA against miR-141 (111).



Cisplatin

Linc01234/miR-31-5p/melanoma-associated antigen A3 (MAGEA3) axis prompts cisplatin resistance in HCC cells when linc01234 is overexpressed (112).





Discussion

LncRNA-related clinical trials have not been conducted on hepatocellular carcinoma, but a clinical trial from Wuhan Union Hospital on lncRNA as a potential target for lung cancer diagnosis is underway. This clinical trial is mainly based on the identification of early lung-cancer-specific exosomal lncRNA biomarkers to improve the diagnosis rate of early lung cancer (113). Also, a clinical trial which is related to HOTAIR and thyroid cancer is being processed (114).

In this review, we discussed a variety of lncRNAs that are proved to involve in HCC (Figures 2–4). In the past few years, a series of studies have shown the essential role of lncRNAs on cell proliferation, invasion, migration, and therapy resistance through diverse signaling pathways and molecules. Based on current studies, lncRNAs are expected to be a marker for tumor diagnosis, prognosis, and expected therapeutic effects, while lncRNA-targeted drugs still have a long way to go. Especially, considering that lncRNAs are related to the sensitivity of HCC radiotherapy and chemotherapy, lncRNAs can be used as a molecular marker to predict the clinical treatment effect of therapy treatment, and it can also be used as a target in conjunction with chemotherapy or radiotherapy to increase treatment sensitivity. Our ideal expectation for lncRNA-targeted drugs is that lncRNA-targeted drugs will serve as independent targeted drugs to treat HCC, or they will be used as adjuvant drugs to increase the efficacy of existing chemotherapeutic drugs. First, given that more than a single lncRNA is confirmed to function in HCC, to make sure which type plays a leading role in development of HCC is fatal for further research. Not only in HCC, in tumors of various tissue sources, the tissue specificity of lncRNAs is also indispensable. If future research studies prove that it is unfeasible to aim at a single lncRNA to achieve better effect, perhaps using drug that has a targeted effect on several major lncRNAs with a certain commonality based on clinical research and individual differences in patients, or employ these drugs as adjuvants can be the solutions. Also, existing studies have shown that almost each lncRNA found is involved in a variety of cell signaling pathways, but these studies are far from sufficient. Moreover, the functions of lncRNAs remained undetected, which is also a burning question. Finally, due to the structural particularity of lncRNA molecules and the characteristics of being easily degraded, how to target lncRNA molecules is also an urgent problem to be solved. With further studies, the clinical transformation of lncRNA is bound to be more mature, bringing more effective treatments to patients suffering from HCC, and contributing to the fight against cancer in humans.




Figure 2 | (A) Signaling pathway of ATB: ATB affects cell invasion, metastasis, and colonization by up-regulating EMT and STAT3 pathway. (B) Signaling pathway of MALAT1: MALAT1 affects cell invasion, metastasis, proliferation, migration, and apoptosis mainly through up-regulating EMT, Wnt pathway, STAT3 pathway, and mTOR pathway. (C) Signaling pathway of HOTAIR: HOTAIR affects cell invasion, migration, autophagy, proliferation, metastasis, and glycolysis by up-regulating EMT, mTOR pathway, and STAT3 pathway. (D) Signaling pathway of HULC: HULC affects cell proliferation and autophagy by up-regulating AKT/PI3K pathway.






Figure 3 | (A) Signaling pathway of UCA1: UCA1 affects cell metastasis, proliferation, and apoptosis by up-regulating FGFR1–ERK pathway. (B) Signaling pathway of TUC338: TUC338 affects cell proliferation by down-regulating Pax6 and P53. (C) Signaling pathway of CCAT1: CCAT1 affects cell proliferation and migration by regulating let-7, c-Myc, and HMGA2. (D) Signaling pathway of HOTTIP: HOTTIP affects cell proliferation by down-regulating AGO2.






Figure 4 | (A) Signaling pathway of TUG1: TUG1 affects cell invasion, metastasis, and proliferation by up-regulating EMT and JAK2/STAT3 pathway. (B) Signaling pathway of LINC00152: LINC00152 affects cell invasion, metastasis, and proliferation by up-regulating EMT and mTOR pathway. (C) Signaling pathway of MEG3: MEG3 affects cell proliferation and apoptosis by up-regulating P53 and ADH4. (D) Signaling pathway of PTENP1: PTENP1 affects cell invasion, proliferation, migration, and autophagy by up-regulating miR-17, miR-19b, and miR-20a as well as down-regulating the PI3K/AKT pathway.
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Circular RNAs (circRNAs) are a recently discovered type of covalently-closed circular non-coding RNAs, mainly formed by non-sequential back-splicing of precursor mRNAs (pre-mRNAs). Recent studies have demonstrated that circRNAs can have either oncogenic or tumor-suppressor roles depending on the cellular context. CircRNA mitochondrial tRNA translation optimization 1 (circMTO1), a recently reported circular RNA originating from exons of MTO1 located on chromosome 6q13, was proved to be abnormally expressed in many malignant tumors, such as hepatocellular carcinoma, gastric carcinoma and colorectal cancer, resulting in tumor initiation and progression. However, there are no reviews focusing on the roles of circMTO1 in cancer. Here, we first summarize the main biological characteristics of circMTO1, and then focus on its biological functions and the possible underlying molecular mechanisms. Finally, we summarize the roles of circMTO1 in cancer and discuss future prospects in this area of research.
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INTRODUCTION

Circular RNAs (circRNAs), which represent a special type of endogenous non-coding RNAs, have attracted great attention in the RNA field in recent years. Unlike linear RNAs, which have terminal 5′ caps and 3′ tails, circular RNAs are covalently closed loops without polyadenylated tails or 5′–3′ polarity (Chen and Yang, 2015; Qu et al., 2015). CircRNAs were first identified in RNA viruses in the 1970s (Sanger et al., 1976). Unfortunately, circRNAs were only serendipitously reported following this discovery, and were typically considered to be products of intermediates of intron lariat debranching or RNA splicing errors. Thus, circRNAs were largely ignored and were considered unlikely to play a critical role in biological processes (Jeck et al., 2013). However, with the emergence of bioinformatics and RNA deep sequencing technology, recent studies found abundant circRNAs of different types in mammalian cells. Moreover, circRNAs appear to be a conserved and diverse class of stable RNA molecules (Jeck et al., 2013; Memczak et al., 2013; Salzman et al., 2013; Zhang et al., 2013; Guo et al., 2014; Li Y. et al., 2015; Li Z. et al., 2015). Thousands of circRNAs have been detected in human tissues by high-throughput sequencing, and they are now known to be widely expressed in eukaryotic cells (Xia et al., 2017). In some cases, the expression level of a circRNA can be 10-fold higher than that of its cognate linear mRNA (Jeck et al., 2013). Generally, circRNAs are primarily located in the cytoplasm, and only a small number of circRNAs reside in the nucleus (Memczak et al., 2013). Approximately one third of all circRNA molecules appear to be conserved among different species (Xia et al., 2017), with dynamic tissue-specific expression changes at different developmental stages (Salzman et al., 2013). Notably, circRNAs exhibit longer half-lives than mRNAs, and can serve as important regulators of transcription and post-transcriptional gene expression (Chen et al., 2016).

According to the positions of their encoding genes, circRNAs can be categorized as exonic circRNAs (ecircRNAs) (Jeck et al., 2013), intronic circRNAs (ciRNAs) (Aucamp et al., 2016), and exon-intron circRNAs (EIciRNAs) (Li Z. et al., 2015). Generally, most ecircRNAs are cytoplasmic (Jeck et al., 2013; Memczak et al., 2013), while ciRNAs and EIciRNAs are mainly found in the nucleus, indicating that they have a potential role in transcriptional regulation (Li Z. et al., 2015; Chen et al., 2016). In contrast with the canonical splicing of linear RNAs most circRNAs discovered today are produced by back-splicing of pre-mRNAs, which (Chen, 2016; Chen et al., 2017). Jeck et al. (2013) proposed two models for the biogenesis of circRNAs, respectively, named intron-pairing-driven circularization and lariat-driven circularization. Shortly thereafter, another model of circRNA biogenesis was also reported. This model assumes that flanking introns are connected via RNA binding proteins (RBPs), bringing the splice donor and acceptor closer to each other, thereby facilitating the circularization of exons (Figure 1; Ashwal-Fluss et al., 2014; Conn et al., 2015). In addition, using advanced high-throughput sequencing and bioinformatics analysis, the roles of circRNAs were clarified (Han et al., 2018). Their functions in gene regulation are as follows:


(1)Regulating transcription or alternative splicing. RNA can be bound by stable nuclear circRNAs, thereby promoting transcription. For example, EIciRNAs can undergo a specific RNA-RNA interaction with U1snRNPs (U1 small nuclear ribonucleoproteins), and the resulting complexes can interact with the RNA Pol II transcription complex to enhance gene expression (Li Z. et al., 2015). Moreover, circRNAs can reduce linear mRNA production by competing with canonical pre-mRNA splicing to alter the composition of processed mRNAs (Chen et al., 2017).

(2)Acting as competing endogenous RNAs (ceRNAs) or sponging microRNA (miRNAs). CircRNAs contain miRNA response elements (MREs), and therefore might act as ceRNAs to reduce miRNA binding to their target genes, thereby indirectly regulating the expression of the miRNA targets (Hansen et al., 2013; Hou and Zhang, 2017). For example, circMTO1 was found to inhibit the initiation and development of gastric carcinoma by increasing the expression of Phosphatidylethanolamine-binding protein 1 (PEBP1) via sponging of miR-3200-5p (Hu et al., 2020).

(3)Protein translation. Increasing numbers of studies show that circRNAs have protein-coding potential (Jeck and Sharpless, 2014; Legnini et al., 2017). It was found that one way to achieve translation of circRNAs is driven by an internal ribosome entry sequence (IRES) to promote direct binding of the ribosome or initiation factors to the translatable circRNA (Lener et al., 2015; Legnini et al., 2017; Pamudurti et al., 2017; Zhang et al., 2018).

(4)Interaction with RBPs. CircRNAs may regulate the transcription of target genes through protein binding, and enhancing protein-protein interactions (Chen et al., 2017). For example, there is direct binding between Y-box binding protein-1 (YBX1) and circFAT1 (e2) from exon 2 of FAT atypical cadherin 1 (FAT1), which can inhibit the progression of gastric cancer (Fang et al., 2019).




[image: image]

FIGURE 1. The biogenesis of circular RNAs (circRNAs). (A) Lariat-driven circularization. EIciRNAs or ecircRNAs are generated by exon skipping. The 3′splice site is attacked by exons 5′, forming an mRNA composing of exon 1 and exon 4 and an RNA lariat embodying skipped exon 2 and exon 3. Then, an RNA double lariat and an EIciRNA were further generated. (B) Intron-pairing-driven circularization. The pairing of the inverted complementary sequences in the flanking introns makes the splicing sites close to each other, promoting the circularization of intervening exons. And EIciRNAs or ecircRNAs are formed by retaining or removing introns. (C) RNA-binding protein (RBP)-driven circularization. RBPs binding to the flanking introns, which act as a bridge to make flanking introns close to each other, facilitating the process of circularization.


In recent years, circRNAs have garnered great interest in the RNA field due to their critical roles in human disease initiation and progression, especially in tumorigenesis (Guarnerio et al., 2016; Holdt et al., 2016; Bai et al., 2018; Geng et al., 2018; Luan et al., 2018; Zhou et al., 2018; Guo et al., 2019). Undoubtedly, expanding our understanding of the roles circRNAs play in the stemness, drug resistance, and potential biomarkers of cancer will provide new insights for tumor therapy (Lux and Bullinger, 2018; Qu et al., 2018; Su et al., 2019). The circRNA mitochondrial tRNA translation optimization 1 (circMTO1) has been verified to play a critical regulatory role in tumor progression by sponging multiple miRNAs, including miR-6893 and miR-9 (Han et al., 2017; Chen M. et al., 2019). Moreover, circMTO1 was found to promote tumorigenesis in cervical cancer cells by sponging miR-6893 (Chen M. et al., 2019). However, circMTO1 was also found to suppress hepatocellular cancer growth by sponging miR-9 to up-regulate p21 expression (Han et al., 2017). This indicates that circMTO1 plays dual roles in tumor progression by sponging different miRNAs and affecting different target proteins or signaling pathways. Considering the importance of circMTO1 in the field of non-coding RNAs and the underlying mechanisms of its roles in tumor development, summarizing the published data will help further research in this respect. In the subsequent sections, we will summarize the current researches on the clinical significance of circMTO1 in the initiation and progression of human tumors and the underlying mechanisms, with the aim to inspire new directions for the clinical diagnosis and targeted therapy of tumors.



THE BIOLOGICAL FEATURES OF CIRCMTO1

The circular RNA MTO1 (circMTO1) originates from exons 2 and 3 of the mitochondrial tRNA translation optimization 1 (MTO1) gene with a 318bp splice length (Figure 2), and was first reported in hepatocellular carcinoma (Han et al., 2017; Fan et al., 2019). CircMTO1 is formed by non-linear splicing of the MTO1 pre-mRNA, but it remains unclear whether circMTO1 influences the transcript levels of the linear mRNA (Li K. et al., 2020). Thus, the relationship between circMTO1 and linear MTO1 needs further research. Similar to other circRNAs, circMTO1 is a single chain circular RNA without a polyadenylated tail or 5′–3′ polarity (Barrett and Salzman, 2016; Rao et al., 2018). The closed structure makes circMTO1 more resistant RNA degradation. It has been demonstrated that circMTO1 is abundantly and stably expressed in different human tissues, where it is mainly present in the cytoplasm (Li Z. et al., 2019; Wang et al., 2019; Hu et al., 2020). Receiver operating characteristic curve analysis indicated that serum circMTO1 may act as a potential diagnostic biomarker for liver fibrosis in chronic hepatitis B (CHB) patients. Overexpression of circMTO1 was found to suppress the activation of hepatic stellate cells (HSCs) by transforming growth factor-β1, thereby inhibiting the progression of liver fibrosis (Wang et al., 2019). Moreover, overexpression of circMTO1 was found to attenuate acute kidney injury (AKI) by sponging miR-337 and regulating the expression of Kruppel like factor 6 (KLF6) (Shi et al., 2020). In addition, circMTO1 was also confirmed to be involved in the initiation and development of various tumors (Zhang X. et al., 2019; Wang X. et al., 2020).
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FIGURE 2. Genomic locus of MTO1 and circMTO1. In humans, MTO1 gene is located on chromosome 6 at chr6q13 (73461737–73509236), gene ID: 25821, and contains 14 exons (www.ncbi.nlm.nih.gov/gene/25821). The exons that generate circMTO1 are located at chr6q13 (74175931–74176329).




CIRCMTO1 FUNCTIONS AS A MIRNA SPONGE

The available data on circMTO1 from PubMed and other relevant databases indicates that circMTO1 can act as a miRNA sponge to regulate gene expression by interacting with several miRNAs (Figure 3), most of which have oncogenic roles, such as miR-19b-3p and miR-630, which promote tumor cell proliferation in rectal cancer and osteosarcoma, respectively. By sponging miR-19b-3p and miR-630, circMTO1 inhibits their activity and thus suppress the growth of cancer cells (Fan et al., 2019; Liu et al., 2021). However, circMTO1 sponges miR-6893 to promote the proliferation, migration, invasion of cervical cancer cells (Chen M. et al., 2019). CircMTO1 is also able to sponge miR-3200-5p and miR-17 in gastric carcinoma and lung adenocarcinoma, respectively (Zhang B. et al., 2019; Hu et al., 2020). In addition, circMTO1 also plays a role in the in the progression of ovarian cancer by regulating miR-760 and miR-182-5p (Li L. et al., 2020; Wang N. et al., 2020). MiR-9 is a target of circMTO1 in hepatocellular carcinoma and renal cell carcinoma (Han et al., 2017; Li K. et al., 2020). In glioblastoma, there is a potential binding site for circMTO1 sponging of miR-92, through which it regulates cancer progression (Zhang X. et al., 2019). On the other hand, circMTO1 negatively regulates miR-17-5p expression, and it was found to be related to the progression of prostate cancer, including the pathological T stage and N stage (Hu and Guo, 2020). Table 1 shows the miRNAs regulated by circMTO1 in various tumors.
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FIGURE 3. Schematic diagram of circMTO1 function as a miRNA sponge. CircMTO1 exits the nucleus and can act as a sponge for the designated miRNAs, which regulate their respective target genes, thereby promoting or inhibiting tumor progression. T-shaped arrow: inhibition; Standard-shaped arrow: stimulation.



TABLE 1. Expression levels and functions of circMTO1 in different tumors.
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CIRCMTO1 IN VARIOUS HUMAN CANCERS

Recent studies have reported that circRNAs has both oncogenic and tumor-suppressive roles depending on the cellular context. With advancement of circRNA research, differences in circMTO1 expression have been detected in normal and diseased tissue. Many studies have verified that circMTO1 is abnormally expressed in a large number of tumors, including rectal cancer, osteosarcoma, glioblastoma, cervical cancer, gallbladder cancer, gastric carcinoma, lung adenocarcinoma, ovarian cancer, hepatocellular carcinoma, renal cell carcinoma, prostate cancer, bladder cancer, colorectal cancer, and breast cancer (Han et al., 2017; Liu et al., 2018; Rao et al., 2018; Chen M. et al., 2019; Fan et al., 2019; Li Y. et al., 2019; Zhang B. et al., 2019; Hu and Guo, 2020; Hu et al., 2020; Li K. et al., 2020; Li L. et al., 2020; Liu et al., 2021; Song et al., 2020; Wang J. et al., 2020; Wang N. et al., 2020; Wang X. et al., 2020). Furthermore, upregulation of circMTO1 expression was reported to inhibit cell proliferation in rectal cancer, osteosarcoma, glioblastoma, gastric carcinoma, lung adenocarcinoma, ovarian cancer, renal cell carcinoma, hepatocellular carcinoma, prostate cancer, colorectal cancer, and breast cancer. Moreover, overexpression of circMTO1 was also found to suppress cell migration and invasion in rectal cancer, osteosarcoma, renal cell carcinoma, gastric carcinoma, ovarian cancer, hepatocellular carcinoma, and bladder cancer. Downregulation of circMTO1 expression showed a positive correlation with lymph-node metastasis in lung adenocarcinoma and colorectal cancer, while low expression of circMTO1 was closely related to poorer overall survival in glioblastoma, lung adenocarcinoma, hepatocellular carcinoma, prostate cancer, bladder cancer, and colorectal cancer. These studies show that the expression of circMTO1 is dynamically regulated during tumor progression, and that circMTO1 exerts its regulatory functions through multiple ways.


Cervical Cancer

Globally, cervical cancer is the fourth most common cancer affecting women. In spite of significant improvements in the treatment of cervical cancer due to the introduction of angiogenesis inhibitors, the 5-year overall survival rate is still low (Kagabu et al., 2019). It is therefore essential to reveal the molecular mechanisms driving the development and progression of cervical cancer, which may provide useful novel therapeutic targets.

In 2019, it was found that circMTO1 is significantly upregulated in cervical cancer tissues and cell lines. CircMTO1 interacts directly with miR-6893, which was found to restore the chemoresistance of cervical cancer cells. In addition, they found that S100 calcium binding protein A1 (S100A1) is a downstream target through which circMTO1/miR-6893 promotes the cell proliferation, migration and invasion of cervical cancer. Moreover, western blot analysis revealed that circMTO1 and miR-6893 inhibitors promote Beclin1 expression and downregulated p62 levels, thereby inhibiting apoptosis. Additionally, the autophagy inhibitor 3-MA increased the apoptosis rate of HeLa cells treated with circMTO1 and miR-6893 inhibitors (Chen M. et al., 2019). These results suggested that circMTO1 might play a critical role in cervical cancer development, which makes it a potential new therapeutic target for cervical carcinoma.



Gallbladder Cancer

Although gallbladder cancer (GBC) is a rare disease overall, it is the most frequent malignant tumor of the biliary tract worldwide, as well as having higher mortality than in many other types of cancer (Kanthan et al., 2015). Moreover, most patients are diagnosed too late and thus have a poor prognosis. Even where surgical resection is possible, the prognosis of GBC is still unsatisfactory (Dwivedi et al., 2015; Wang S. et al., 2020). Hence, it is urgent to discover effective early biomarkers and therapeutic targets.

Wang X. et al. (2020) reported that circMTO1 expression was significantly upregulated in GBC tumor tissues and the increase was detectable in the plasma. The expression of circMTO1 was found to be closely correlated with lymph node metastasis, TNM stage, tumor size, differentiation, and distant metastasis. Overexpression of circMTO1 acted as an independent prognostic factor of shorter progression-free survival and overall survival in GBC patients. Furthermore, the increase of plasma circMTO1 levels was significantly related to tumor development (Wang X. et al., 2020). These results demonstrated that circMTO1 might act as a potential early diagnostic and therapeutic biomarker for GBC.



Rectal Cancer

Rectal cancer is a malignant tumor with a high mortality rate due to its strong invasion and metastasis ability, as well as a high recurrence rate (Wietek and Kratt, 2012; Yang et al., 2015). Although various treatment methods such as minimally invasive and laparoscopic surgery have made great advances, the prognosis of rectal cancer patients remains poor (Fleshman et al., 2019). Accordingly, it is urgent to discover novel efficient treatment methods for rectal cancer.

Fan et al. (2019) demonstrated that circMTO1 expression was significantly reduced in rectal cancer tissues compared with adjacent normal tissue specimens. They also found that overexpression of circMTO1 could inhibit cell proliferation, migration and invasion while promoting apoptosis by downregulating miR-19b-3p. Moreover, overexpression of circMTO1 exerted an antitumor effect by negatively regulating miR-19b-3p to suppress the Janus kinase 1 (JAK1)/signal transducer and activator of transcription 3 (STAT3) and AMP-activated protein kinase (AMPK) signaling pathways, inhibiting SNU-61 and SW837 cell proliferation, migration, and invasion and promoting apoptosis (Fan et al., 2019). These results indicated that circMTO1 might have an inhibitory effect on rectal cancer, which makes it a potential therapeutic target and prognostic biomarker.



Osteosarcoma

Osteosarcoma is an invasive and most prevalent type of primary bone malignancy that derives from osteogenic mesenchymal cells (Misaghi et al., 2018). Despite significant advancements in recent decades, the prognosis of osteosarcoma patients is not satisfactory (Marina et al., 2004; Harrison et al., 2018). Hence, there is an urgent need to investigate the underlying mechanisms of osteosarcoma progression and explore novel therapeutic targets.

Liu et al. (2021) verified that lower level of circMTO1 was expressed in osteosarcoma tissues and cell lines. Moreover, low expression level of circMTO1 was associated with Enneking stage and poor overall survival. Overexpression of circMTO1 restrained cell proliferation, migration and invasion, promoted apoptosis in HOS and U2OS cells. Furthermore, they also confirmed that overexpression of circMTO1 could promote Kruppel like factor 6 (KLF6) expression by sponging miR-630, thereby playing a tumor suppressor role in osteosarcoma (Liu et al., 2021). In summary, these findings suggest that circMTO1 may be a novel therapeutic target for osteosarcoma.



Glioblastoma

Glioblastoma is one of the brain tumors with the highest incidence, and is considered an invariably lethal malignancy due to its quick reproduction (Delgado-Lopez and Corrales-Garcia, 2016). At present, the standard treatments for glioblastoma patients under 70 years old mainly relies on surgical resection plus adjuvant temozolomide (TMZ) (Hanif et al., 2017). However, its effects are unsatisfactory because of the chemoresistance of glioblastoma, with very poor overall survival (Linz, 2010). Hence, it is imperative to explore the molecular mechanisms driving the progression of glioblastoma and find novel therapeutic targets.

In recent years, the potential functions of circMTO1 in glioblastoma and underlying molecular mechanisms have been explored. Zhang X. et al. (2019), as well as Rao et al. (2018), reported that circMTO1 expression was significantly downregulated in glioblastoma tissue samples and cell lines. Moreover, circMTO1 expression decreased with the progression of clinical stages, while overexpression of circMTO1 restrained cell proliferation and induced apoptosis. Zhang X. et al. (2019) found that circMTO1 might serve as a ceRNA binding to miR-92 to upregulate WW domain containing oxidoreductase (WWOX) expression and inhibit the proliferation of glioblastoma cells. Moreover, Rao et al. (2018) also found that circMTO1 could attenuate the resistance of glioblastoma cells to TMZ, but its downstream genes have not been further studied. In summary, all these data prove that circMTO1 is involved in glioblastoma pathogenesis and may act as a novel therapeutic target of glioblastoma.



Gastric Carcinoma

Gastric carcinoma (GC) is the most common gastrointestinal malignancy and a major cause of cancer-related deaths worldwide (Thrift and El-Serag, 2020). Despite a certain amount of progress in recent decades, the 5-year overall survival rate of GC remains low due to the high recurrence rate (Chan et al., 2019). Therefore, it is urgent to study the molecular regulation of GC and discover new biomarkers for early diagnosis, treatment and prognosis of GC.

Hu et al. (2020), as well as Song et al. (2020), reported that the expression level of circMTO1 was much lower in GC tissues. Moreover, low expression of circMTO1 was related to advanced TNM stage, lymphatic invasion, tumor size, and poor overall survival. Overexpression of circMTO1 slowed down GC progression by inhibiting the epithelial-mesenchymal transition (EMT), cell proliferation, migration, and invasion. Hu et al. (2020) reported that circMTO1 had a negative effect on the expression of miR-3200-5p by sponging it. Moreover, circMTO1 was confirmed to compete with phosphatidylethanolamine binding protein 1 (PEBP1) for binding to miR-3200-5p to decelerate the progression of GC (Hu et al., 2020). Furthermore, Song et al. (2020) also found that circMTO1 might serve as a ceRNA that binds to miR-199a-3p, thereby increasing the expression of PRKC apoptosis WT1 Regulator (PAWR), and ultimately effectively inhibiting GC progression. Overall, these findings indicate that circMTO1 exerts a tumor suppressor effect in GC and may be a new therapeutic target for this cancer.



Lung Adenocarcinoma

Accounting for approximately 40% of all lung cancer cases, lung adenocarcinoma (LUAD) is the most frequent type of lung cancer. Despite major achievements in recent years, the overall survival of most LUAD patients is still poor (Denisenko et al., 2018). Accordingly, it is necessary to more comprehensively understand the molecular mechanisms driving the progression of LUAD to find effective early biomarkers and therapeutic targets.

Zhang B. et al. (2019) found that circMTO1 was downregulated in LUAD tissues compared to normal controls. Moreover, overexpression of circMTO1 could suppress the proliferation of LUAD cells in vivo and in vitro. Subsequent mechanistic investigations indicated that circMTO1 acts as a sponge for miR-17 to promote the expression of the RNA-binding protein QKI, KH domain containing RNA binding (QKI-5), thereby inhibiting Notch signaling. Furthermore, the increase in QKI-5 expression caused by the overexpression of circMTO1 in turn promoted the expression of circMTO1, further inhibiting the proliferation of LUAD cells (Zhang B. et al., 2019). Overall, these results indicate that circMTO1 plays a negative regulatory role in LUAD and may be a potential prognostic marker and therapeutic target.



Ovarian Cancer

Ovarian cancer (OVA) is a prevalent and fatal malignancy affecting millions of women worldwide (Khalifa et al., 2019). Although great progress has been made in multiple therapies such as surgery, radiotherapy and chemotherapy, OVA patients still have a poor prognosis, and the 5-year overall survival rate is less than 30% (Prado et al., 2014). Therefore, it is urgent to reveal the molecular mechanisms of OVA carcinogenesis and explore novel therapeutic targets.

Li L. et al. (2020), as well as Wang X. et al. (2020), revealed that circMTO1 expression was downregulated in OVA cell lines. Conversely, upregulation of circMTO1 suppressed the proliferation, migration and invasion of OVA cells. Li L. et al. (2020) found that circMTO1 could absorb miR-760 to promote the expression of suppressor of cytokine signaling 3 (SOCS3), thereby inhibiting the proliferation and migration of OVA cells. In addition, Wang X. et al. (2020) also demonstrated that upregulation of circMTO1 expression could inhibit miR-182-5p to promote Kruppel like factor 15 (KLF15) expression, thereby inhibiting cell proliferation and invasion of OVA cells (Li L. et al., 2020; Wang N. et al., 2020). These results confirmed that circMTO1 plays a critical role in OVA development and may be a new therapeutic target for this highly lethal cancer.



Hepatocellular Carcinoma

Hepatocellular carcinoma (HCC) ranks among the most commonly diagnosed malignancies and is the third leading cause of cancer-related death. In early stage HCC patients, the optimal approach to surgical hepatic resection can be used for diagnosis and effective treatment, but the prognosis for advanced HCC patients remains unsatisfactory and the overall survival is still poor (Yin et al., 2019). Thus, exploring the molecular biological mechanisms that affect the prognosis of HCC and finding novel prognostic biomarkers is crucial for individualized treatment and better prognosis.

Recent studies have investigated the potential biological function of circMTO1 in HCC and the underlying molecular mechanisms. Han et al. (2017), as well as Wang X. et al. (2020), found that circMTO1 was significantly downregulated in HCC tissues and cell lines. Conversely, overexpression of circMTO1 inhibited the proliferation, migration and invasion of HCC cells, inducing apoptosis. Han et al. (2017) found that circMTO1 could act as a sponge of the oncogenic miR-9 to promote the expression of p21, thereby inhibiting cell proliferation and invasion of HCC cells. In addition, Wang X. et al. (2020) also found that overexpression of circMTO1 could upregulate NADPH oxidase 4 (NOX4) expression by sponging miR-9-5p, thereby promoting apoptosis (Han et al., 2017; Wang J. et al., 2020). Overall, these results suggest that reduced expression of circMTO1 may be a prognostic biomarker, as well as a potential therapeutic target for the treatment of HCC.



Renal Cell Carcinoma

Renal cell carcinoma (RCC) is by far the most frequent kidney cancer, accounting for approximately 90% of all adult renal malignancies (Siegel et al., 2015). However, the standard method for treating RCC is limited to surgical resection even today. Despite the continuous development of surgical approaches, the prognosis of RCC is still unsatisfactory, with a 5-year overall survival rate of only 5–10% (Garcia and Rini, 2007). Hence, it is of great significance to reveal the underlying mechanisms of RCC progression and find novel therapeutic targets.

In recent years, Li L. et al. (2020) investigated the role of circMTO1 and demonstrated that overexpression of circMTO1 could inhibit the proliferation and metastases in both 786-O and A497 renal cancer cells, while circMTO1 silencing promoted tumorigenesis in OS-RC-2 and SNI2C renal cancer cells. It was found that circMTO1 sponges miR9 and miR223 and thereby reduces their levels. In addition, silencing circMTO1 in RCC could downregulate the miR-9 target LIM homeobox transcription factor 1 alpha (LMX1A), thereby promoting the proliferation and invasion of RCC cells (Li K. et al., 2020). Thus, circMTO1 inhibits the progression of RCC via the circMTO1/miR9/LMX1A axis, suggesting that circMTO1 may be a potential target for RCC therapy.



Prostate Cancer

Prostate cancer is a leading cancer affecting men, and it remains a major global public health issue (Erratum: Global cancer statistics, 2018). Although great progress has been made in the treatment of prostate cancer, the earl-stage patients who respond well to treatment often suffer from sequelae, even though the survival rates are reasonably high. For advanced patients in which the treatment effect is not satisfactory, the overall survival rate is still poor (Litwin and Tan, 2017). Accordingly, it is necessary to find more biomarkers to help improve the clinical prognosis of prostate cancer.

Hu et al. (2020) corroborated the downregulation of circMTO1 expression in tumor tissues of prostate cancer patients. Moreover, high expression of circMTO1 in tumor tissues was related to a lower pathological T stage and N stages. In addition, circMTO1 was found to inhibit invasion, miR-17-5p expression and proliferation of prostate cancer cells, but the downstream genes need to be further explored (Hu and Guo, 2020). Overall, these results indicate that circMTO1 may be a novel biomarker and therapeutic target for the treatment of prostate cancer.



Bladder Cancer

Bladder cancer is a common malignancy of the urinary system that is characterized by high morbidity and mortality. Although various advanced therapies have recently become available for bladder cancer patients, the 5-year cancer-specific survival rate remains unsatisfactory (Chen Z. et al., 2019). Therefore, it is of great significance to reveal the molecular mechanisms driving the progression of bladder cancer and explore novel therapeutic targets.

Li Z. et al. (2019) firstly reported that circMTO1 is frequently downregulated in bladder cancer tissues, and the decrease in circMTO1 levels was correlated with increased metastasis and shorter survival of bladder cancer patients. In addition, they also found that circMTO1 could sponge miR-221. Additionally, overexpression of circMTO1 was found to negatively regulate the E-cadherin/N-cadherin pathway by competing for miR-221, thereby inhibiting the epithelial-to-mesenchymal transition (EMT) of bladder cancer cells (Li Y. et al., 2019). Taken together, these results provide comprehensive evidence that circMTO1 is a biomarker for bladder cancer and indicate that circMTO1 may be a new therapeutic target for this highly lethal malignancy.



Colorectal Cancer

Colorectal cancer (CRC) is one of the most frequent malignancies worldwide. Despite significant progress in diagnosis and treatment, CRC patients with advanced disease still have a poor prognosis (Yuan et al., 2019). Accordingly, it is urgent to clarify the molecular mechanisms that drive the progression of CRC and find more effective therapeutic targets.

Ge et al. (2018) demonstrated that circMTO1 levels were decreased in CRC tissue specimens than in adjacent normal tissues. Moreover, low expression of circMTO1 was related to advanced TNM stage, lymph node metastasis and poor overall survival. Overexpression of circMTO1 inhibited the proliferation and invasion of CRC cells. In addition, further experiments confirmed that circMTO1 suppress the proliferation and invasion of CRC cells by regulating the Wnt/β-catenin signaling pathway (Ge et al., 2018). These results indicate that circMTO1 might be a potential predictor and therapeutic target for CRC.



Breast Cancer

Breast cancer is a major cause of cancer-associated deaths and the most prevalent malignancy in women (Januskeviciene and Petrikaite, 2019). Most patients are diagnosed too late and have a poor prognosis. Currently, the most commonly used treatment strategy is adjuvant chemotherapy and radiotherapy after surgical resection, but the 5-year overall survival rate of breast cancer still remains low (Castaneda and Strasser, 2017). Hence, it is urgent to discover promising prognostic markers and therapeutic targets for breast cancer.

Liu et al. (2018) demonstrated that monastrol resistance was associated with downregulated circMTO1 expression in breast cancer cells. Conversely, overexpression of circMTO1 reduced the cell viability. In addition, they also found that circMTO1 serves as a ceRNA that binds to tumor necrosis factor receptor associated factor 4 (TRAF4), thereby reducing Eg5 protein levels and reversing monastrol resistance and controlling cell viability (Liu et al., 2018). Thus, circMTO1 may act as a critical functional regulatory factor, and restoration of circMTO1 levels may be a future direction to overcome chemoresistance in breast cancer.




CONCLUSION

In this review, we summarized the current research on circMTO1 and highlighted its biological functions and clinical value in a variety of tumors. The expression of circRNAs is cell type- and tissue-specific (Barrett and Salzman, 2016; Qian et al., 2020; Zhang et al., 2020), hinting that circRNAs can have either oncogenic or tumor-suppressor roles, which are influenced by the specific cellular context. Numerous circRNAs are expressed in a tissue dependent manner. Some studies have also shown that the overall levels of circRNA and mRNA are not associated, and the diversity of circular isoforms from specific genes can vary in a group of cell types (Salzman et al., 2013; Szabo et al., 2015). Even in fission yeast, the abundance changes of some circRNAs during nitrogen starvation are independent of their linear isoform (Luo et al., 2018). In summary, these results strongly show that the expression of circRNAs is a dynamically regulated process.

Many studies have demonstrated that circMTO1 acts as a tumor suppressor in most cases, inhibiting the proliferation, migration and invasion of tumor cells, as well as inducing apoptosis. Functionally, circMTO1 was found to serve as a miRNA sponge, competitively binding different miRNAs. CircMTO1 was also found to inhibit multiple signaling pathways such as the AMPK, Wnt/β-catenin, JAK1/STA T3, and E-cadherin/N-cadherin pathways. Moreover, as circRNAs lack polyadenylated tails or 5′–3′ polarity, they are more resistant to exonuclease RNase R digestion and exhibit longer half-lives than linear mRNAs (Barrett and Salzman, 2016). Meantime, some studies found that stable in human body fluids, such as plasma and serum. CircMTO1 was upregulated in plasma samples from GBC patients compared to healthy controls and in human GBC tissues compared to non-tumorous tissues. Its expression levels were closely correlated with lymph node metastasis, TNM stage, tumor size, differentiation, distant metastasis. The area under the receiver operating characteristic curve (AUC) of circMTO1 in plasma was 0.8825 (Wang X. et al., 2020). In another study, circMTO1 was shown to significantly downregulated in serum from chronic hepatitis B (CHB) patients. The low expression level of circMTO1 was negatively associated with liver fibrosis progression. The area under the AUC of circMTO1 in serum was 0.914 (95% CI 0.860–0.953) (Wang et al., 2019), which indicated that liver fibrosis patients from healthy controls could be effectively differentiated by serum circMTO1. Furthermore, circMTO1 was found that other tumor, such as lung adenocarcinoma, bladder cancer and colorectal cancer. The abnormal expression of circMTO1 in tumor tissues is also closely related to clinicopathological features, such as overall survival, lymph node metastasis, distant metastasis, TNM stage and poor prognosis. These properties indicate that circMTO1 might become an ideal diagnostic or prognostic biomarkers in diseases.

CircRNAs are more stable compared with linear RNAs due to their unique structure (Li Y. et al., 2015; Wang et al., 2017), and studies have found that circMTO1 can act as a miRNA sponge to regulate the expression of miRNA and downstream genes (Han et al., 2017; Zhong et al., 2018; Chen M. et al., 2019). These results suggest that circMTO1 can act as a potential therapeutic target. CircMTO1 containing oncogenic miRNAs binding sites can inhibit the proliferation or induce apoptosis of tumor cells. Some strategies might help to achieve more accurate treatment, such as restricting the expression of circMTO1 to certain types of cell through cell specific promoters or designing different therapeutic combinations of circMTO1, miRNAs and/or protein binding sites in the light of sponge maps to target specific carcinogens. Hence, circMTO1 could provide useful information for the clinical diagnosis and treatment.
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Circular RNAs (circRNAs) are newly classified noncoding RNA (ncRNA) members with a covalently closed continuous loop structure that are involved in immune responses against hepatitis B virus (HBV) infections and play important biological roles in the occurrence and pathogenesis of HCC progression. The roles of circRNAs in HBV-associated HCC (HBV-HCC) have gained increasing attention. Substantial evidence has revealed that both tissue and circulating circRNAs may serve as potential biomarkers for diagnostic, prognostic and therapeutic purposes. So far, at least four circRNA/miRNA regulatory axes such as circRNA_101764/miR-181, circRNA_100338/miR-141-3p, circ-ARL3/miR-1305, circ-ATP5H/miR-138-5p, and several circulating circRNAs were reported to be associated with HBV-HCC development. Notably, TGF/SMAD, JAK/STAT, Notch and Wnt/β-catenin signaling pathways may play pivotal roles in this HBV-driven HCC via several circRNAs. Moreover, in non-HBV HCC patients or HCC patients partially infected by HBV, numerous circRNAs have been identified to be important regulators impacting the malignant biological behavior of HCC. Furthermore, the role of circRNAs in HCC drug resistance has become a focus of research with the aim of reversing chemoresistance and immune resistance. Herein, we review the molecular biology of circRNAs in HBV-HCC and their potential in therapeutic strategies.
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Introduction

Hepatocellular carcinoma (HCC), mainly induced by hepatitis B (HBV) or C viral (HCV) infection and accounting for the bulk of primary liver cancers, ranks as the fourth most common cause of cancer-related death globally in 2018 and has a notably poor prognosis (1). Unfortunately, most HCC patients are diagnosed at advanced disease stages and miss the opportunity for curative resection. Although some locoregional therapy approaches (e.g., radiofrequency ablation, RFA; transcatheter arterial chemoembolization, TACE; transcatheter arterial infusion, TAI), several approved systemic therapies (such as sorafenib, lenvatinib, and cabozantinib), and immunotherapy can partially improve the outcomes of these patients, the long-term outcomes are still generally poor (2, 3). Therefore, exploring the molecular biology of valuable biomarkers for early diagnosis of HCC and therapeutic strategies against HCC is extremely important. Circular RNAs (circRNAs) are newly classified noncoding RNA (ncRNA) members that form a covalently closed continuous loop structure and are more stable than linear mRNAs (4). Many studies have indicated that host circRNAs are involved in immune responses against HBV infection. To date, dozens of circRNAs have been reported to play important biological roles in the occurrence and pathogenesis of HCC progression (5), and they are closely related to immune responses against HBV infection and regulation of HCC tumorigenesis, including self-sustenance in growth signals, cell proliferation, angiogenesis, cell apoptosis, and tumor metastasis. In this review, we discuss the molecular biology underlying HBV-associated HCC (HBV-HCC) and thereby provide insight into the role of circRNAs in therapeutic strategies.



General Features of circRNAs

Unlike conventional linear splicing of RNAs, circRNAs are generated from back-splicing of exons, introns, or both, which prevents them from being degraded by RNA exonucleases or RNase R. Back-splicing in circRNA synthesis occurs both cotranscriptionally and posttranscriptionally and is favored by a high rate of transcription elongation (4). Additionally, alternative back-splicing events, in particular N6-methyladenosine (m6A) modification, can occur and produce multiple circRNA isoforms (6). Hence, circRNAs have a longer half-life and more inherent stability than linear mRNAs. There are three types of circRNAs: circular exonic circRNAs (EcircRNAs), circular intronic RNAs (ciRNAs) and exon-intron circRNAs (EIciRNAs) (6). EcircRNAs are abundant in the cytoplasm, constitute the majority of circRNAs and serve as miRNA sponges. However, ciRNAs and EIciRNAs are predominantly nuclear and may modulate gene transcription and posttranscription modification (7). Exosomal circRNAs has been recognized as a potentially effective way to clear or degrade circRNAs (8). circRNAs have been found to be involved in various biological functions, including microRNA (miRNA) and protein sponging, transcriptional and protein regulation, and alternative splicing modulation, and can act as protein translation templates (7). Moreover, many studies have revealed that circRNAs can contribute to cell growth, angiogenesis, unlimited replicative potential, and cancer invasion and metastasis by acting as different miRNA sequesters or sponges and directly targeting protein-coding genes (7).



Molecular Biology Relationship Between circRNAs and hepatitis B Virus

At present, it is impossible to completely eliminate HBV infection in the human body due to the persistence of covalently closed circular DNA (cccDNA) in the nuclei of infected hepatocytes (9). Recent evidence has shown that viruses can encode a repertoire of circRNAs (10). In accordance with the pivotal roles in the biogenesis and functions of circRNAs during virus infection, the novel mechanisms underlying the pathogenesis and progression of chronic hepatitis B (CHB) involving circRNAs are slowly being validated. To identify hepatic circRNAs associated with chronic hepatitis B (CHB), Zhou et al. performed RNA sequencing using liver biopsies from untreated CHB patients and found that a total of 99 dysregulated circRNAs were correlated with CHB. CHB-related circRNA-miRNA-mRNA pathway analysis hinted that hsa_circ_0000650 regulated transforming growth factor-β2 (TGFβ2) by sponging miR-6873-3p (11). Moreover, circRNAs regulate HBV replication by mediating host-virus interactions. It was found that viral-derived circRNAs are produced during HBV replication and are regulated by the host DHX9 (DEAH-box helicase 9) protein, which did not affect the levels of HBV DNA. Therefore, in HBV infection, the RNA binding factor DHX9 may function as a crucial regulator of viral-derived circRNAs or viral proteins (12). Furthermore, circRNAs induce an antiviral immune response. An in vitro study (13) revealed a high hsa_circ_0004812 expression level in CHB patients and HBV-infected hepatoma cells. The knockdown of hsa_circ_0004812 promoted IFN-α/β expression to inhibit viral replication. The overexpression of hsa_circ_0004812 stimulated HBV-induced immunosuppression through the circ_0004812/miR-1287-5p/Follistatin-related protein (FSTL) 1 axis, which promoted FSTL1 expression by inhibiting miR-1287-5p. However, due to our presently poor understanding of their expression, regulation and biological function, further investigations are needed to determine the potential mechanisms behind the different circRNA regulation patterns associated with HBV infection.



Roles of circRNAs in HBV-HCC

Among circRNA/miRNA interaction networks, at least five circRNA/miRNA regulatory axes might contribute to CHB development, including hepatitis B, inflammatory mediator regulation of transient receptor potential (TRP) channels, T cell receptor, TGF-β and MAPK signaling pathways (14). Obviously, these signaling pathways are closely involved in the development of HCC, including cell proliferation, apoptosis, migration, and invasion and so on. However, there are a few mechanistic studies, especially in HBV-HCC, on other circRNA/miRNA regulatory axes. Therefore, the information about the detailed mechanisms of circRNA/miRNA regulatory axes is limit. Here, we systematically summarize the literature on other validated circRNA/miRNA/target gene axes associated with HBV-HCC (Figure 1 and Table 1).




Figure 1 | A summary diagram of circular RNAs (circRNAs) involved in circRNA-microRNA (miRNAs)-mRNA axis in hepatocellular carcinoma (HCC) with or without hepatitis B virus (HBV). CircRNAs can be found in liver tissues, cells, serum, plasma, peripheral blood mononuclear cells (PMBC) and exosomes. Most circRNAs can act as miRNA sponges or sequesters. CircRNAs may function as sponges or decoys for proteins and thereby regulate their activity. At least four reported circRNA/miRNA regulatory axes and several circulating circRNAs might contribute to the development of chronic hepatitis B (CHB) related HCC. We list the validated circRNAs on the right of this figure.




Table 1 | Overview of the identified circular RNA in HBV associated hepatocellular carcinoma.




circRNA_101764/miR-181

circRNA/miRNA interaction networks were constructed to predict the function of these circRNAs in CHB. Increased evidence from circRNA microarrays has confirmed that circRNA-miRNA-mRNA networks based on specific functional circRNAs may facilitate hepatocarcinogenesis in HBV-HCC. For example, bioinformatics analyses of a circRNA microarray from three HCC and paired adjacent nontumorous tissues indicated 24 upregulated and 23 downregulated differentially expressed circRNAs (HCC vs nontumors, fold change>2.0 and P<0.05) (21). Then, 3 upregulated (hsa_circRNA_102814, 100381, and 103489) and 3 downregulated (hsa_circRNA_101764, 100327, and 103361) miRNAs were verified by qRT-PCR. Of them, hsa_circRNA_101764, coexpressed with the miR-181 family, was the largest node in the circRNA/microRNA coexpression network (21). By activating epigenetic upregulation of miR-181, HBV-encoded X antigen (HBx) could promote “stemness” in the pathogenesis of HCC (22). GO analysis of this circRNA microarray revealed that genes in the PI3K-Akt signaling pathway were the most abundant target genes involved in circRNA/miRNA interactions (21). The PI3K-Akt signaling pathway has already been verified to include oncogenes that functionally contribute to hepatocarcinogenesis by inducing malignant transformation of hepatocytes (23). Hence, circRNA_101764/miR-181/PI3K may play an important role in the cell network during HBV-HCC hepatocarcinogenesis.



circRNA_100338/miR-141-3p

Another circRNA microarray of HBV-HCC performed by Huang et al. (15) identified a total of 189 significantly upregulated and 37 downregulated circRNAs. Of note, circRNA_100338, which is significantly more highly expressed in HCC tissue than in paired pericancerous tissue, is closely correlated with HBV-HCC metastatic progression and consequently the cumulative survival rate. In silico and experimental analyses suggested that miR-141-3p is a direct target of circRNA_100338 to regulate the gene expression necessary for HCC carcinogenesis (15). On the other hand, this study also found that metastasis suppressor 1 (MTSS1) is very likely a potential target of miR-141-3p, which may act as an oncogene and a driver of metastasis in HBV-HCC through a potential circRNA_100338-miR141-3p-MTSS1 interaction pathway. As a tumor inhibitor in HCC, miR 141 can suppress HCC cell growth, invasion and metastasis by directly targeting TGFβR1 (24), sperm-associated antigen 9 (25), hepatocyte nuclear factor-3β (26), T lymphoma invasion and metastasis 1 (27) and their downstream signaling cascade. In a study employing an orthotopic nude mouse model and cell lines (28), downregulation of MTSS1 decreased the invasion potential of HBV-HCC in vitro and averted the extent of lung metastasis in vivo. Based on these findings, circRNA_100338/miR-141-3p/MTSS1 could be used as a prediction biomarker for HBV-HCC patient outcomes and as a potential therapeutic target.



circ-ARL3/miR-1305

circ-ARL3, also known as hsa_circ_0092493, was reported to be significantly upregulated in HBV-positive HCC cells and tissues (16). A circRNA expression profile in HBV+ HepG2.2.15 cells and their parental HBV− HepG2 cells found 22 upregulated and 63 downregulated circRNAs. Among them, circ-ARL3 had the greatest differential expression, which was positively associated with positive HBsAg test results, larger tumor size and advanced clinical stage. The upregulation of circ-ARL3 is attributed to N6-methyladenosine (m6A) modification induced by HBx protein (16). Importantly, circ-ARL3 serves as a molecular sponge of miR-1305, antagonizing the inhibitory effects of miR-1305 in a cohort of target oncogenes (16), including WNT2 (29), ubiquitin-conjugating enzyme E2 T (UBE2T) (30), double minute 2 homolog (MDM2) (31), transforming growth factor-beta2 (TGF-β2) (32), and RNA Polymerase III Subunit G (POLR3G) (33), thereby facilitating HBV-HCC progression. Wei et al. demonstrated that miR-1305 targeted ubiquitin-conjugating enzyme E2T (UBE2T) to suppress the Akt signaling pathway and then prevented the self-renewal and tumorigenicity of cancer stem cells in HCC (30). Therefore, circ-ARL3/miR-1305 is a critical carcinogenic signaling pathway involved in the primary pathogenesis of HBV-HCC.



circ-ATP5H/miR-138-5p

circ-ATP5H, also known as hsa_circ_0006942, is expressed at high levels in HBV+ HCC tissues and cells (17). circ-ATP5H knockdown prevented HBV DNA replication and hindered HBsAg and HBeAg expression in HBV-positive cells. Moreover, circ-ATP5H sponges miR-138-5p to upregulate tumor necrosis factor alpha-induced protein 3 (TNFAIP3) (17). Several recent studies have revealed that miR-138-5p plays a pivotal regulatory role in HCC by mediating a series of biological processes, including chemoresistance, cell proliferation, cell migration, invasion, metastasis and tumorigenesis (34, 35). Furthermore, TNFAIP3 has already been identified as an important regulator of HBV DNA replication and of cell proliferation and apoptosis in HBV-HCC (36). Thus, circ-ATP5H may play an important role in HBV-HCC development and progression by modulating the miR-138-5p/TNFAIP3 axis.



Circulating circRNA

In addition to circRNAs expressed in tissues and cells, some circulating circRNAs have been demonstrated to be involved in HBV-HCC occurrence. In a microarray-based high-throughput screening of HBV-HCC-related circulating circRNAs, stratified risk score analysis verified that circ_0009582, circ_0037120 and circ_0140117 were candidate circulating fingerprints for distinguishing HCC patients from those with chronic hepatitis and healthy people (18). Zhu et al. investigated plasma circRNAs in 10 HBV-HCC patients and 5 HBV-related liver cirrhosis patients using a microarray to screen differentially expressed circRNAs (20). A total of 157 upregulated and 161 downregulated circRNAs were found. Of them, hsa_circ_0027089 exhibited the highest significance and further distinguished HCC patients from cirrhosis patients and healthy participants. A large-scale, multicenter study also employed a microarray and qPCR to explore plasma circRNAs increased in HBV HCC patients (19). They identified a plasma circRNA panel (CircPanel) containing three circRNAs (hsa_circ_0000976, hsa_circ_0007750 and hsa_circ_0139897) that could detect HBV-HCC. Although there have been few in-depth mechanistic studies of circulating circRNAs, these findings provide evidence that these circRNAs might participate in HBV-HCC progression.



circRNAs in Non-HBV and Potential HBV-HCC

In this review, we have mainly focused on the roles of circRNAs in HBV-HCC. However, to date, in non-HBV HCC patients or HCC patients partially infected by HBV, numerous circRNAs have been reported to be important regulators impacting the malignant biological behavior of tumors. Additionally, in some research, although HBV-HCC was not the focus of the studies, the majority of the HCC population had HBV infection. We also found that the expression and roles of some circRNAs in HCC have been inconsistently reported, such as circRNA-103809 (37–39). Functionally, circRNA activations are closely associated with cancer cell proliferation, cycle progression, cell apoptosis, migration, invasion and Epithelial-mesenchymal transition (EMT) during HCC process. Herein, we also summarize the relationship between circRNAs and non-HBV or potential HBV-HCC from biological function to clinical significance. Whether these circRNAs can be biomarkers for the diagnosis of HBV-HCC patients and prognosis determination should be evaluated in the future (Table 2).


Table 2 | Summary of circular RNA in non- and potential HBV infected hepatocellular carcinoma population.







Undoubtedly, virally-encoded circRNAs (vcircRNAs) have different mechanisms and effects in the regulation of signaling pathways involved in viral infection and oncogenesis between HBV-HCC and non-HBV HCC (157). Nevertheless, the vcircRNA research is in signaling pathways regulation where many puzzles remain to be solved. HBV_circ_1, a recently identified HBV-encoded circRNA, is derived by the intronless pgRNA, which is produced via the homologous recombination of the inverted repeat sequences at both 3′ and 5′ ends of the pgRNA, promoting viral replication (12, 158). Particularly, herpesviruses cannot express antigenic viral proteins during the latency in order to escape the host immune surveillance. Due to immunogenicity lack, circRNAs is likely an ideal strategy for the viruses to regulate themselves and the host environment (157). Therefore, we hypothesize various innate and adaptive immune-associated pathways enhance the chronic viral infection and viral replication, and finally tumor initiation. More efforts are warranted to investigate the pathways involved immunoevasion of foreign circRNAs in HBV-HCC.



Animal Model for circRNAs Study

Various circRNAs are expressed in serum, plasm, liver tissues, liver tumors, liver cancer cells and exosomes. Also, several tumor-bearing mouse models transplanted with circRNAs were used to analyze the detailed mechanisms in HCC development. For example, HCCLM3 cells with or without reduced circUHRF1 were injected into the male NOD/SCID mouse. And then, NK cells were injected intravenously through the tail vein when the tumor reached a volume of approximately 100 mm3. The implantation of circUHRF1 knockdown cells resulted in sensitivity to anti-PD1 therapy and overall survival improvement (48). In another experiment, C57BL/6 mice implanted with Hep1–6-circMET cells had a larger tumor burden compared to the controls. Importantly, these experiments showed that the density of tumor-infiltrating CD8+ lymphocytes in tumors injected with Hep1–6-control cells was significantly higher (49). A xenograft assays using female BALB/c mice subcutaneously injected HepG2 cells with or without transfection of circ_0008305 siRNA found that downregulation of circ_0008305 repressed HCC tumor growth in vivo (105). These circRNAs behaved in tumor-bearing mice could help us further understand the mechanisms in HCC development in depth.



Several Critical Cell Signaling Pathways Regulated by circRNAs in HBV-HCC

Importantly, the interplay between circRNAs and miRNAs for the regulation of different signaling cascades has enabled us to develop a better understanding of the mechanism of HBV-HCC development (159). For example, A differential expression of the circulating miRNAs from 50 patients diagnosed with chronic HBV infection and hepatic fibrosis based on Scheuer’s staging criteria found the majority of the target genes of the identified miRNAs affected hepatic fibrosis via the TGF−/Smad, Wnt, MAPK, Jak/STAT and VEGF pathways (160). As a tumor suppressor, circSMAD2 can remarkably impede TGF/SMAD signaling and epithelial to mesenchymal transition (EMT) by inhibiting microRNA-9 (161). Overexpressed circSMAD2 inhibited migratory and invasive potential of HCC cells and considerably reduced TGFβ1-CircSMAD2 sponging for miR-629 (162). Notably, hsa_circ_0000517 regulated SMAD6 expression through competing endogenous RNA (ceRNA) for miR-326. Up-regulation of AMAD6 overturned the inhibitory impacts of miR-326 mimics on cell proliferation, colony formation, migration, and invasion of HCC cells (112).

Notch signaling pathway facilitates HBV cccDNA transcription via triggering PKA-phospho-cAMP response element-binding protein (CREB) cascade and is regulated by E3 ubiquitin ligase-modulation of the Notch intracellular domain (163). Meanwhile, studies have shown that NOTCH pathway is involved in different steps of carcinogenesis of HCC. Hsa_circ_0005986 was associated with chronic hepatitis B infection history. Both hsa_circ_0005986 and Notch1 were targets of miR-129-5p, and that hsa_circ_0005986 knockdown decreased the expression level of Notch1 and accelerated cell proliferation by facilitating the G0/G1 to S phase transition of HepG2 and Huh7 cells (154). In SMMC-7721 cells, high expression of circ-CDYL could promote distinguished rise of survivin and HIF1AN expression levels, and enhance the interactions between NOTCH2 and HIF1AN in SMMC-7721 cells (56).

In recent years, series of studies have provided evidence that the JAK/STAT signaling pathway is closely related to the occurrence and development of liver fibrosis and HCC caused by HBV (164). Some experiments have documented that H3K27ac and H3K4me3 expression modification (active gene transcription hallmarkers), and circSOD2 expression were further increased after histone writer EP300 and WDR5 binding to circSOD2 promoter. On one side, CircSOD2 could promote cell growth, migration, and tumor growth of liver cancer. On the other side, circSOD2 acted as a sponge on miR-502-5p and rescued DNMT3a expression, which could inhibit SOCS3 expression and accelerate JAK2/STAT3, SOCS3 downstream signaling pathway activation. In a feedback way, activated STAT3 regulated circSOD2 expression (79). Circ-LRIG3 worked with EZH2 and STAT3 together and facilitated EZH2-induced STAT3 methylation and activation. In turn, activated STAT3 could positively respond to circ-LRIG3 promoter to facilitate circ-LRIG3 transcription activity. Finally, Circ-LRIG3 promoted malignant biological behavior of HCC cell (165). In additional, circ9119 targeted JAK1/STAT3 in HepG2/Huh-7 cells by competitively binding miR-26a, resulting in less proliferation of HCC cells and increasing apoptosis after circ9119 silence (166).

The Wnt/β-catenin signaling pathway has a key role of the modulation of immune responses and in the orchestration of a chronic low-level inflammation state favoring HCC development infected by HBV (167). Of note, circβ-catenin has higher expression in liver cancer tissues than that in adjacent normal tissues. Also, circβ-catenin could affect a wide spectrum of Wnt pathway-related genes. 370-amino acid β-catenin isoform can activate the Wnt pathway by antagonizing GSK3β-induced β-catenin phosphorylation and degradation. In the nude mice injected with circβ-catenin-silenced Huh7 cells, tumors were smaller in size and had a marked reduction in the pulmonary metastatic lesions (120). Similarly, tumor growth was remarkably reduced in mice transplanted with circFBLIM1-silenced Huh7 cancer cells. Here, circFBLIM1 acted as a sponge for miR-338 and promoted HCC progression via targeting LRP6 (129). In sorafenib-resistant HCC cells, circRNA-SORE sequestered miR-660–3p and miR-103a-2-5p-mediated targeting of Wnt2b and β-catenin pathway and inducing sorafenib resistance. This was involved in an increased level of N6-methyladenosine (m6A) at a specific adenosine in circRNA-SORE (67).




Therapeutic Strategies for HBV-HCC Involving circRNAs

Given the association of different circRNA expression patterns with HBV-HCC, emerging evidence indicates that both tissue and circulating circRNAs may serve as potential biomarkers for diagnostic, prognostic and therapeutic purposes (Table 1).


circRNA Diagnostic Biomarkers in HBV-HCC

Currently, effective biomarkers for early and accurate diagnosis of HBV-HCC are still lacking. As classic diagnostic biomarkers, α-fetoprotein (AFP), AFP-L3, and desgamma-carboxyprothrombin (DCP) are only modestly beneficial in diagnosis of HCC. Due to their higher stability and abundance in HCC, circRNAs may be perfect diagnostic indicators, especially in AFP-normal HCC patients. Combined with AFP, three circulating circRNAs (circ_0009582, circ_0037120 and circ_0140117) were reported to have higher sensitivity and specificity as potential diagnostic biomarkers for predicting HBV-HCC occurrence (18). The risk score analysis with the ROC curve in the training set and validation set showed values of 0.988 and 0.955, respectively. According to a circRNA microarray analysis, Zhu et al. (20) found that plasma hsa_circ_0027089 exhibited the highest significance and further distinguished HBV-HCC patients from non-HCC patients. The combination of hsa_circ_0027089 and AFP had better sensitivity but poorer specificity in HBV-HCC than in cirrhotic, healthy and non-HCC patients. Yu et al. built an HBV-HCC diagnostic model, CircPanel, containing three circRNAs (hsa_circ_0000976, hsa_circ_0007750 and hsa_circ_0139897). In addition, CircPanel+AFP was calculated as Logit = −2.152 + 3.321 × CircPanel+2.241 × AFP. They found that both CircPanel and CircPanel+AFP showed a higher accuracy than AFP alone in distinguishing individuals with HBV-HCC from those with non-HCC liver disease. Furthermore, both CircPanel and CircPanel+AFP performed well in detecting small HCC lesions (≤3 cm) and AFP-negative HBV-HCC, indicating the high diagnostic value of hsa_circ_0000798 in HBV-HCC (19).



circRNA Prognostic Biomarkers in HBV-HCC

To date, dozens of noncoding RNAs (ncRNAs) have been reported to have essential roles in HCC progression and to be potential prognostic biomarkers of HBV-HCC. For example, a miRNA panel including seven miRNAs provided high diagnostic accuracy for HBV-HCC (168). circRNAs are newly classified endogenous ncRNA members that have been identified as outcome predictors for patients with HBV-HCC in some studies. Huang et al. (169) revealed that an elevated circRNA-100338/miR-141-3p/RHEB axis was involved in activation of the mTOR signaling pathway in HCC. Clinical specimen analysis indicated that circRNA-100338 was upregulated in HCC tissues, which also showed an increased RHEB RNA level. Correlation analysis of RHEB expression with the clinicopathological parameters of HBV-HCC patients suggested that circRNA-100338 was an indicator of poor prognosis in HBV-HCC. Clinically, high expression of circ-ARL3 was observed in HBV+ HCC tissues compared to HBV−HCC tissues. circ-ARL3 expression was positively associated with HBsAg+ status, and in HBV-HCC patients, a high circ-ARL3 expression level was related to a shorter survival time than observed in patients with a low circ-ARL3 expression level (16), verifying its ability to predict the prognosis of patients with HBV-HCC.



circRNA Therapeutic Biomarkers in HBV-HCC

Recently, some circRNAs have been demonstrated to regulate gene expression via circRNA-miRNA-mRNA interaction networks to facilitate HBV-HCC hepatocarcinogenesis and thus might be useful in guiding HCC treatment decisions. In addition to being diagnostic and prognostic biomarkers, these circRNAs can also be used as targets for HCC clinical intervention. As mentioned above, the crucial antagonistic roles of circRNA_100338 and miR-141-3p in the regulation of metastatic potential in HBV-HCC have been confirmed (15). Based on computational analyses followed by experimental verification, circRNA_100338 can directly interact with miR-141-3p in the context of HCC, thus mediating downstream gene regulation in HCC. This indicates that circRNA_100338 could potentially be used as a target in HBV-HCC clinical treatments. Rao et al. (16) found that knockdown of circ-ARL3 suppressed HBV-positive cell proliferation and invasion, whereas these effects were inhibited by silencing of miR-1305, suggesting that the circ-ARL3/miR-1305 regulatory axis exists in HCC cells and may be a promising treatment target for patients with HBV-HCC. Additionally, Jiang et al. (17) found that circ-ATP5H was remarkably expressed in HBV-HCC tissues compared to adjacent noncancer tissues (P<0.0001). Moreover, the expression level of circ-ATP5H was significantly increased in HBV-specific cells compared to HCC cells. These results suggest that circ-ATP5H could be a new biomarker for HBV-HCC treatment.



Roles of circRNA in HCC Drug Resistance

At present, chemotherapy and immunotherapy agents for advanced HCC are greatly limited by drug resistance, leading to cancer relapse and intractable tumors. Mechanistically, the efflux of hydrophobic cytotoxic drugs by cancer cells and induced cell apoptosis contribute to this resistance (170). Recently, the role of circRNAs in HCC drug resistance has become a focus of research in this field (Table 3). For instance, circ_0003418 not only exerts an antitumorigenic role in HCC but also facilitates the sensitivity of HCC cells to cisplatin by restraining the Wnt/β-catenin pathway (136). Similarly, the circRNA_101505 expression level is decreased in cisplatin-resistant HCC tissues and cell lines, and circRNA_101505 can sensitize HCC cells to cisplatin by promoting the miR-103/oxidored-nitro domain-containing protein 1 (NOR1) pathway (147). In contrast, circARNT2 is significantly upregulated in HCC tissues and cell lines and facilitates HCC progression in vivo. This circRNA suppresses the sensitivity of HCC cells to cisplatin through the miR-155-5p/PDK1 pathway (107). circRNA_102272 may facilitate HCC cisplatin resistance by regulating the miR-326-RUNX2 axis (88). Similarly, silencing of circ_0031242 can mitigate cisplatin resistance while enhancing cisplatin sensitivity. circ_0031242 can also suppress cell viability, migration, and invasion and promote the apoptosis of cisplatin-resistant HCC cells by directly interacting with miR-924 and modulating POU3F2 expression (100). Resistance to doxorubicin, another chemotherapy agent, can be enhanced in HCC cells by the circ_0003998/miR-218-5p/EIF5A2 axis (90). Notably, acquisition of sorafenib resistance is a primary limitation of sorafenib-based chemotherapy. circRNA-SORE hampers YBX1 nuclear interaction with the E3 ubiquitin ligase PRP19 and thus blocks PRP19-mediated YBX1 degradation, which mediates sorafenib resistance in HCC cells (66). circFN1 was demonstrated to mediate sorafenib resistance in HCC cells by sponging miR-1205 and promoting E2F1 expression (90). A mechanistic study of circRNA-SORE found that it sequestered miR-103a-2-5p and miR-660-3p by acting as a microRNA sponge, thereby activating the Wnt/β-catenin pathway and inducing sorafenib resistance (83). Additionally, some patients who receive immune checkpoint therapy do not show a durable or gratifying response. In 2020, two studies showed that dysregulation of certain circRNAs in HCC contributes to immunosuppression. Zhang et al. reported that tumor-derived exosomal circUHRF1 induced natural killer cell exhaustion by upregulating the expression of TIM-3 via degradation of miR-449c-5p, thereby driving resistance to anti-PD1 immunotherapy in HCC patients (48). Another study found that circMET promoted HCC progression by inducing epithelial to mesenchymal transition and enhancing immunosuppression and anti-PD1 therapy resistance through regulation of the miR-30-5p/Snail/dipeptidyl peptidase 4 (DPP4)/CXCL10 axis (49). Although there are few studies on the molecular function of circRNAs in chemotherapy and immunotherapy agents, especially for HBV-HCC, the mechanisms and roles of circRNAs in drug resistance must be mined to advance HBV-HCC treatment, which may offer better approaches to reverse chemoresistance and immune resistance.


Table 3 | Deregulation and roles of circular RNAs in drug resistance of hepatocellular carcinoma.






Conclusion and Perspectives

With the rapid development of advanced experimental techniques, including next-generation sequencing technology and bioinformatics tools, allowing the characterization of novel molecular biology circRNAs associated with HBV-HCC, circRNAs are being increasingly identified and attracting increasing attention from researchers worldwide. CHB-related circRNA-miRNA-mRNA pathway analyses have revealed that dysregulated circRNAs are correlated with CHB and regulate HBV replication. As multifaceted regulators, circRNAs contribute to regulation of gene expression and signaling pathways and to translation of proteins directly via the miRNA-mRNA axis. Therefore, circRNAs induce aberrant functions in the tumor microenvironment and can become novel biomarkers for HBV-HCC diagnosis, prognosis determination and treatment response. Recently, an increasing number of circRNAs have been found to participate in HCC drug resistance, and the involved molecular biology mechanisms are gradually being revealed. However, knowledge of the emerging functions of circRNAs in drug resistance or other aspects of HCC development is only the tip of the iceberg, and their roles in HBV-HCC are still unclear. In the future, targeting dysregulated endogenous circRNAs may be a promising way to reverse drug resistance. circRNAs from a potential RNA virus may act as new tumor antigens for HBV-HCC vaccines and oncolytic viruses to activate or induce antitumor immunity. Further in-depth translational research and clinical trials are urgently needed and may ultimately open potential approaches for antitumor therapy for HBV-HCC.
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Breast cancer (BRCA) has become the highest incidence of cancer due to its heterogeneity. To predict the prognosis of BRCA patients, sensitive biomarkers deserve intensive investigation. Herein, we explored the role of N6-methyladenosine-related long non-coding RNAs (m6A-related lncRNAs) as prognostic biomarkers in BRCA patients acquired from The Cancer Genome Atlas (TCGA; n = 1,089) dataset and RNA sequencing (RNA-seq) data (n = 196). Pearson’s correlation analysis, and univariate and multivariate Cox regression were performed to select m6A-related lncRNAs associated with prognosis. Twelve lncRNAs were identified to construct an m6A-related lncRNA prognostic signature (m6A-LPS) in TCGA training (n = 545) and validation (n = 544) cohorts. Based on the 12 lncRNAs, risk scores were calculated. Then, patients were classified into low- and high-risk groups according to the median value of risk scores. Distinct immune cell infiltration was observed between the two groups. Patients with low-risk score had higher immune score and upregulated expressions of four immune-oncology targets (CTLA4, PDCD1, CD274, and CD19) than patients with high-risk score. On the contrary, the high-risk group was more correlated with overall gene mutations, Wnt/β-catenin signaling, and JAK-STAT signaling pathways. In addition, the stratification analysis verified the ability of m6A-LPS to predict prognosis. Moreover, a nomogram (based on risk score, age, gender, stage, PAM50, T, M, and N stage) was established to evaluate the overall survival (OS) of BRCA patients. Thus, m6A-LPS could serve as a sensitive biomarker in predicting the prognosis of BRCA patients and could exert positive influence in personalized immunotherapy.
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INTRODUCTION

Breast cancer (BRCA) has become the highest incidence of human cancer, accounting for 11.7% of global new cancer cases in 2020, according to the latest data provided by the International Agency for Research on Cancer (IARC) (Ferlay et al., 2020). Treatments for BRCA have progressed in recent years, including chemotherapy, surgery, targeted therapies, hormone replacement therapy, radiation therapy, complementary therapies, gene therapy, and stem cell therapy (Harbeck and Gnant, 2017). Conventionally, tumor size, nodal status, hormonal receptor status, and the existence of metastatic are employed to evaluate the therapeutic strategies and survival outcomes. However, the traditional diagnostic methods cannot satisfy the advanced diagnosis and treatments. Besides, the heterogeneity of BRCA is significant, leading to the diversity of tumor evolution scenarios, thus limiting the application of conventional methods. Hence, it is urgent to identify sensitive biomarkers for accurate prognostic prediction of patients with BRCA and help improve personalized therapy managements.

N6-methyladenosine (m6A) is one of the most common and abundant modifications among more than 100 post-transcriptional modifications found in RNA species. It plays a major important role in biological processes including stem cell biology, tumor development, immunology, and cancer biology (Huang et al., 2020; Wang et al., 2020). The level of m6A is tightly regulated by methyltransferases (METTL3, METTL14, and WTAP), m6A-interacting proteins (YTHDF2 and YTHDF3), and demethylases (FTO and ALKBH5) (Hong, 2018). Recently, solid evidence suggests that aberrant regulation of m6A is in connection with various kinds of human cancers, including BRCA. Zhang et al. (2019) reported that m6A-loss-mediated activation of oncogenic signaling (such as Wnt and PI3K-Akt) could promote the progression of gastric cancer. As presented in Chen et al.’s (2019) research, m6A RNA methylation regulators, including WTAP, YTHDC1, and FTO, could be used for a prognostic prediction of bladder cancer. YTHDF1 was found to be involved in promoting ovarian cancer progression via controlling EIF3C’s translation in Liu et al.’s (2020b) investigation. Niu et al. (2019) explored the role of FTO in the promotion of BRCA progression through downregulation of BNIP3. Long non-coding RNAs (lncRNAs; >200 nucleotides) are significant in the pathogenesis of cancers (Qi et al., 2016). Several studies prove the association among lncRNAs and the progression of specific subtypes of BRCA. In Yi et al.’s (2019) research, lnc-SLC4A1-1 was activated by H3K27ac acetylation, promoting the development of BRCA. And the downregulated expressions of lnc-ANGPTL1-3:3 and lnc-GJA10-12:1 are important regulators of sentinel lymph node (SLN) metastasis in BRCA (Sun et al., 2020a). However, few efforts have been devoted to the research of the role of m6A regulators in the dysregulation of lncRNAs in BRCA. Therefore, with the aid of genome sequencing technology and bioinformatics, the investigation of m6A-related lncRNAs focuses on the potential biomarkers in the survival outcomes of BRCA.

In this work, based on The Cancer Genome Atlas (TCGA) dataset and RNA sequencing (RNA-seq) data derived from our previous work, the prognostic value of m6A-related lncRNAs could be obtained by bioinformatics and statistical analysis. Then, 12 lncRNAs with strong correlations with prognosis were filtrated and employed to construct the m6A-related lncRNAs prognostic signature (m6A-LPS). The risk scores of the BRCA patients could be derived from the m6A-LPS. Then, the patients with BRCA could be classified into two groups (the high- and low-risk groups) according to the median risk scores. Considering effects of immune mechanism, the variations of the risk scores were further explored. And the tumor hallmarks were more common in the high-risk group. Moreover, the nomogram model was designed to evaluate the prognosis of BRCA patients with different clinical characteristics. Effective guidance could be offered by m6A-LPS to predict the survival outcome for BRCA.



RESULTS


Identification of m6A-Related Long Non-coding RNAs in Breast Cancer Patients

In our study, 16,501 lncRNAs from TCGA dataset and 17,573 lncRNAs (196 patients diagnosed with BRCA) from the RNA-seq data were identified. An m6A-related lncRNA was defined by a lncRNA whose expression was associated with one or more of the 21 m6A-related genes reported (| Pearson R| > 0.5 and p < 0.05). Figure 1A illustrates the study flowchart of this work. According to Pearson’s correlation analysis, 1,509 m6A-related lncRNAs in both two datasets were filtrated. Then, 1,089 BRCA patient samples obtained from TCGA dataset were randomly divided into the training cohort (545 cases) and validation cohort (544 cases). With the employment of univariate and multivariate Cox regression analysis, 12 of the 1,509 m6A-related lncRNAs were linked to the overall survival (OS) of BRCA patients (Figures 1B,C). Among them, OTUD6B-AS1, LINC02296, and AC022150 were defined as risk factors with hazard ratio (HR) values >1, whereas the remaining nine lncRNAs, TGFB2-AS1, LINC01725, AP002478, AL352979, AL033543, ZNF197-AS1, AL592546, AC092653, and AP005131, were defined as protective factors with HR values <1 (Figure 1C). Additionally, the correlations between the m6A-related genes and the 12 prognostic m6A-related lncRNAs were also displayed (Figure 1D).


[image: image]

FIGURE 1. (A) Study flowchart. (B,C) Forest plots of m6A-related lncRNAs associated with prognosis via univariate and multivariate analyses. (D) Heatmap of the correlations between m6A-related genes and the 12 prognostic m6A-related lncRNAs. m6A-related lncRNAs, N6-methyladenosine-related long non-coding RNAs.




Construction and Validation of the m6A-LPS in the Cancer Genome Atlas Cohort

An m6A-LPS consisting of the 12 m6A-related lncRNAs was constructed. Based on the different expressions of 12 lncRNAs, risk scores were calculated. The distribution of risk scores and survival time of patients in the training cohort and validation cohort was respectively shown in Figures 2A,B. The heatmap results demonstrated that the expression of protective lncRNAs (including TGFB2-AS1, LINC01725, AP002478, AL352979, AL033543, ZNF197-AS1, AL592546, AC092653, and AP005131) increased with decreasing risk score, while risky lncRNAs (OTUD6B-AS1, LINC02296, and AC022150) were upregulated with increasing risk score. Besides, in the training cohort, the area under the receiver operating characteristic (ROC) curve (AUC) value for the risk signatures was 0.772; and in the validation cohort, the AUC value was 0.698. Moreover, BRCA patients in the training cohort and the validation cohort were both classified into two groups (high- and low-risk groups) by median risk score. The Kaplan–Meier curves in Figures 2A,B revealed that patients with low-risk scores had better OS than patients with high-risk scores in the two cohorts. Thereby, the ability of the risk score based on 12 risk signatures in predicting the prognosis of BRCA patients was proved.


[image: image]

FIGURE 2. Heatmap, distribution of risk scores, survival status, and Kaplan–Meier curves of OS for BRCA patients in TCGA training cohort (A) and validation cohort (B). (C) The infiltrating levels of 22 immune cell types in high-/low-risk subtypes. *p < 0.05 and **p < 0.01. (D) Heatmap of correlations between 22 immune cell types with risk scores and clusters. (E) Immune score in the high- and low-risk groups. (F–H) Activated B cell, effector memory CD4 T cell, and neutrophil in two risk groups. OS, overall survival; BRCA, breast cancer; TCGA, The Cancer Genome Atlas.




Association of m6A-LPS With Distinct Immune Cell Infiltration and Immune-Oncology Targets

We investigated the immune infiltrate levels between the high- and low-risk groups for exploring the interactions of m6A-LPS with tumor immune microenvironment (TIME) of BRCA (Figure 2C). Between the two groups, the fraction of 28 immune cell types was analyzed. Obviously, the infiltration levels of CD56dim natural killer cell, neutrophil, were higher in the high-risk group, while the low-risk group was more associated with activated B cell, effector memory CD4 T cell, effector memory CD8 T cell, memory B cell, type 1 T helper cell, type 2 T helper cell, eosinophil, mast cell, natural killer cell, natural killer T cell, and plasmacytoid dendritic cell. Moreover, the association of 28 immune cell types with different risk scores and clusters is shown in Figure 2D. The difference of immune score in two groups was equally significant, and the low-risk group had higher immune score (Figure 2E). And the results revealed that the infiltration levels of activated B cell and effector memory CD4 T cell were lower in the high-risk group in Figures 2F,G. Figure 2H displays the higher infiltration level of neutrophil in the high-risk group. In addition, the differences of the remaining immune cell types between the two groups are shown in Supplementary Figures 1A–J. To assess the correlation of immune-oncology targets with m6A-LPS, we compared their different expressions in risk models including two subtypes. It illustrated that the expressions of CTLA4, PDCD1, CD274, and CD19 were all distinctly unregulated in the low-risk group and lower in the high-risk group (Figure 3A). And the correlations of the four targets with 12 lncRNAs were also evaluated (Figure 3F).
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FIGURE 3. (A) The expression level of CTLA4, PDCD1, CD274, and CD19 in high-/low-risk subtypes in TCGA cohort. (B,C) Waterfall maps of eight mutated genes in high-/low-risk subtypes. (D) The difference of tumor mutational burden between the high- and low-risk subtypes. (E) Gene set enrichment analysis (GSEA) showed the tumor hallmarks enriched in the high-risk subgroup and the relevance between biological process, molecular function, and hallmarks and m6A-LPS. (F) Heatmap of the correlations between four immune targets and the 12 prognostic m6A-related lncRNAs. (G) Kaplan–Meier curves of OS for BRCA patients in the chemotherapy subgroup. (H) ROC curve for patients with chemotherapy. TCGA, The Cancer Genome Atlas; OS, overall survival; BRCA, breast cancer; ROC, receiver operating characteristic; lncRNAs, long non-coding RNAs.




Risk Scores Correlated With Single-Nucleotide Polymorphisms, Tumor Mutation Burden, Gene Set Enrichment Analysis, and Chemotherapy

As revealed in Figures 3B,C, the condition of single-nucleotide polymorphisms (SNPs) in the risk model was further analyzed. Among genes altered in 420 (84.68%) of the 496 samples with high-risk scores obtained from TCGA dataset, eight genes were proved to have higher expression than others. TP53, PIK3CA, and TTN account for 36, 34, and 17%, respectively (Figure 3B). In the low-risk group, the expressions of eight genes including TP53 (33%), PIK3CA (32%), and CDH1 (15%) were higher than those of others altered in 387 (80.12%) of 483 samples (Figure 3C). And patients with high-risk scores had a significantly higher tumor mutational burden than patients with low-risk scores (Figure 3D). Besides, gene set enrichment analysis (GSEA) suggested that the high-risk group was more associated with Wnt/β-catenin signaling and JAK-STAT signaling pathways (Figure 3E). Cyclic nucleotide phosphodiesterase activity [normalized enrichment score (NES) = 1.86, nominal (NOM) p-value = 0.002, false discovery rate (FDR) q-value = 0.36] was the most relevant molecular function of the m6A-LPS; and Wnt/beta-catenin signaling pathway (NES = 1.65, NOM p-value = 0.036, FDR q-value = 0.25) was the most relevant cancer hallmark.

Furthermore, we explored the prognostic value of risk score for BRCA patients with chemotherapy. Obviously, patients with the application of chemotherapy had better survival outcome whether in the high-risk group or low-risk group (Supplementary Figures 2A,–B). Then, the subgroup (patients with chemotherapy) was further analyzed. Supplementary Figure 2C displayed the distribution of risk scores and survival time of the subgroup. It was observed that patients with high-risk scores had worse survival outcome in the subgroup (Figure 3G), and the AUC value was 0.819 (Figure 3H). The AUC values for patients with 3. 5-, 5-, and 7.5-year survival times were 0.748, 0.825, and 0.738, respectively (Supplementary Figure 2D). To further understand the effects of the risk scores on drug response, we assessed the association between risk scores and the IC50 of nelarabine, ZM-336372, cyclophosphamide, and dexamethasone Decadron from CellMiner database. For lack of sufficient data, only ZNF197-AS1 of the 12 lncRNAs was identified. Significant differences of IC50 could not be discovered between the high and low expressions of ZNF197-AS1 groups (Supplementary Figure 3A). A significant positive correlation was observed between the expression of ZNF197-AS1 and IC50 of Nelarabine (p < 0.001), ZM-336372 (p = 0.002), cyclophosphamide (p = 0.007), and dexamethasone Decadron (p = 0.007; Supplementary Figure 3B).



Stratification Analysis and Independent Prognostic Value of m6A-LPS

The heatmap (Figure 4A) demonstrated that TGFB2-AS1, LINC01725, AP002478, AL352979, AL033543, ZNF197-AS1, AL592546, AC092653, and AP005131 expressions decreased with increasing risk score, whereas the expressions of the OTUD6B-AS1, LINC02296, and AC022150 increased with increasing risk score. Their expression levels were also related to the clinicopathological features of BRCA, such as age, gender, stage, T, M, N, and PAM50. Results in the research suggested that clinicopathological features (including age, gender, stage, T stage, M stage, N stage, and PAM50 intrinsic subtypes) were linked to the risk scores. The Kaplan–Meier curves showed that patients with the following features (aged ≤65, female, stage I–II, T1–2, M0, N0, N1–3, Basal, Her2, and LumA subtypes) all had better OS with low-risk scores (Supplementary Figure 4).
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FIGURE 4. (A) Heatmap of the association between the expression levels of the 12 m6A-related lncRNAs and clinicopathological features in The Cancer Genome Atlas (TCGA) dataset. (B,C) Risk score was an independent prognostic predictor by univariate and multivariate analyses. (D) ROC curves for the risk score, age, gender, stage, T, M, N, and PAM50. (E) Nomogram based on risk score, age, gender, stage, T, M, N, and PAM50. (F) Calibration plots of the nomogram for predicting the probability of OS at 3.5, 5, and 7.5 years. ROC, receiver operating characteristic; lncRNAs, long non-coding RNAs.


Next, univariate and multivariate Cox regression analyses were applied to prove that m6A-LPS was an independent prognostic factor for BRCA patients. Univariate Cox regression analysis illustrated that the risk score based on m6A-related lncRNAs was significantly associated with OS (HR: 1.005, 95% CI: 1.002–1.008, p < 0.001; Figure 4B). Furthermore, multivariate Cox regression analyses indicated that m6A-LPS was able to independently predict the prognosis for BRCA (HR: 1.006, 95% CI: 1.003–1.009, p < 0.001; Figure 4C). The ROC curve in Figure 4D shows that the AUC value for the m6A-LPS was 0.776, which was higher than the AUC values for gender (AUC = 0.522), stage (AUC = 0.745), T stage (AUC = 0.726), M stage (AUC = 0.560), N stage (AUC = 0.661), and PAM50 (AUC = 0.615).



Construction of the m6A-LPS-Based Nomogram

A nomogram based on m6A-LPS was established to estimate the 3. 5-, 5-, and 7.5-year survival by using risk score and other clinicopathological factors such as age, gender, stage, PAM50, T, M, and N stage (Figure 4E). Herein, as showed in Figure 4F, the actual 3. 5-, 5-, and 7.5-year survival times were consistent with the predicted ones by calibration plots of the nomogram.



External Validation of the m6A-LPS in the RNA-Sequencing Data and Comparison With the Signature Including Protein-Coding Genes

To validate the prognostic value of the m6A-LPS in BRCA, an external validation cohort was designed, consisting of 196 cases from our RNA-seq data. The AUC value (0.744) for the risk signatures is shown in Figure 5A. Patients in the low-risk group had better OS than patients in the high-risk group (Figure 5B). Additionally, Figure 5C displays the distribution of risk scores and survival time of patients in the external validation cohort. The association of 12 lncRNAs with risk scores was also observed in the heatmap (Figure 5C). These findings were consistent with the analysis of TCGA data. Furthermore, we added the protein-coding genes to the signature. The Kaplan–Meier curve was shown, and the AUC value for the risk signatures including protein-coding genes was 0.677, which was lower than that of m6A-related lncRNA signature (AUC = 0.749; Supplementary Figure 5). Considering this, m6A-related lncRNA signature was constructed to predict the prognosis of BRCA patients.
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FIGURE 5. (A) ROC curve for the 12 lncRNAs in the external validation cohort. (B) Kaplan–Meier curve of OS for BRCA patients in the external validation cohort. (C) Heatmap, distribution of risk scores, and survival status in the external validation cohort. ROC, receiver operating characteristic; lncRNAs, long non-coding RNAs; OS, overall survival; BRCA, breast cancer.





DISCUSSION

Breast cancer is one of the most frequent causes of cancer death for females globally. Although recent advances in early diagnosis and effective treatment diminish mortality, many patients still succumb to metastasis due to therapeutic limitation and disease recurrence. The extreme heterogeneity of BRCA in histology and molecular brings certain differences in incidence, biology, treatment sensitiveness, and prognosis (Holm et al., 2017; Yeo and Guan, 2017). TIME consisting of endothelial cells, fibroblast, macrophages, and a variety of other infiltrating immune cells plays a critical role in tumor growth and metastasis (Brown et al., 2020). Tumor heterogeneity and its interaction with immune cells in the tumor microenvironment lead to the challenge for BRCA immunotherapy.

N6-methyladenosine methylation, discovered in the 1970s, is the abundant internal modification of mRNA and lncRNA in the majority of eukaryotes. Regulators of m6A are involved with tumor proliferation, migration, and invasion among different cancers including gastric cancer, ovarian cancer, bladder cancer, and BRCA (Chen et al., 2019; Niu et al., 2019; Zhang et al., 2019; Liu et al., 2020b; Yi et al., 2020). LncRNAs, the largest class of ncRNAs, mediate their functions including altering cancer progression through interactions with proteins, RNA, DNA, or a combination of these (Qian et al., 2019; Yang et al., 2019). So far, numerous studies have explored the correlations of m6A and lncRNA with different cancers. More importantly, new researchers emphasize the role of m6A-related lncRNAs in human cancers and tumor microenvironment (Ban et al., 2020; Sun et al., 2020b; Zuo et al., 2020). For instance, m6A-related LINC00958 was upregulated in hepatocellular carcinoma cell lines and tissues, the high level of which could independently predict poor OS (Zuo et al., 2020). Overexpression of LNCAROD related to m6A methylation took part in malignant development of head and neck squamous cell carcinoma through facilitating YBX1–HSPA1A interaction (Ban et al., 2020). Sun reported that LNC942 targeted METTL14 and regulated the expression and stability of genes CXCR4 and CYP1B1 in BRCA progression. Thus, in this study, a LNC942–METTL14–CXCR4/CYP1B1 signaling axis was put forward (Sun et al., 2020b). These studies indicated the occurrence of m6A modulating function commonly in the lncRNAs and potential regulatory mechanism in tumorigenesis. However, the role of m6A-related lncRNAs as prognostic biomarkers and their correlations with immune infiltration in BRCA has not been explored. It is essential to investigate the prognostic value of m6A-related lncRNAs and their interactions with TIME, a benefit for personalized immunotherapy management.

In this work, to identify sensitive prognostic biomarkers and explore the role in the tumor microenvironment of BRCA, data in TCGA dataset were evaluated by a series of bioinformatics analyses. First, we identified 1,509 lncRNAs associated with 21 m6A-related genes from TCGA dataset and RNA-seq data via Pearson’s correlation analysis. Besides, 1,089 cases obtained from TCGA were divided randomly into the training cohort and validation cohort. In the two cohorts, the risk scores were calculated based on univariate and multivariate Cox regression analyses and median risk score stratified patients into high- and low-risk groups, respectively. Results revealed that the low-risk group has better OS than the high-risk group. Besides, the prognostic ability of the risk score was further confirmed by the AUC values. Ultimately, through analyzing and comparing the training cohort and validation cohort, 12 m6A-related lncRNAs linked closely with prognosis were derived from 1,509 lncRNAs. Additionally, the external validation cohort (196 cases) from our RNA-seq data further confirmed the ability of these signatures in predicting prognosis of BRCA patients. Among these signatures, OTUD6B-AS1 functioned as a prognostic factor for clear cell renal cell carcinoma patients and is mediated through Wnt/β-catenin pathway and the epithelial-to-mesenchymal transition (EMT)-related pathway (Wang et al., 2019). AP002478 served as a prognostic biomarker for patients with Helicobacter pylori (+) gastric cancer impacted by three unique pathways (cytokine-cytokine receptor interaction, HIF-1 signaling pathway, and Wnt signaling pathway) (Liu et al., 2019). TGFB2-AS1 induced by transforming growth factor β (TGF-β) was involved in malignant progression of tumors through Smad and protein kinase pathways (Papoutsoglou et al., 2019). These researches exposed the mechanism of lncRNAs in tumors. Furthermore, prognostic signatures based on 12 lncRNAs related with m6A were established, which played vital roles in BRCA.

In this study, we explored the roles of tumor microenvironment in BRCA to explain the distinction of survival rates between the high- and low-risk groups. Patients in the low-risk group showed a higher expression of CTLA4, CD274, PDCD1, and CD19, as compared with the high-risk group. The results were consistent with findings of the following studies. Liu et al. (2020a) reported the important roles of CTLA4 and PDCD1 in tumorigenesis, tumor immunity, and prognosis in Pan-Cancer. Park et al. (2020) showed that CD274 expression on tumor cells was associated with prognosis in BRCA patients. Gheybi et al. (2017) disclosed the involvement of CD19 in BRCA’s immune response, linked with outcomes of BRCA patients. Thus, the different expressions of four immune checkpoints were observed, and they may be potential targets for promoting the immunotherapy of BRCA. Similarly, we observed that the low-risk group had higher infiltration levels of 12 immune cells including activated B cell, effector memory CD4 T cell, effector memory CD8 T cell, memory B cell, type 1 T helper cell, type 2 T helper cell, eosinophil, mast cell, natural killer cell, natural killer T cell, and plasmacytoid dendritic cell. Conversely, CD56dim natural killer cell and neutrophil levels were higher in the high-risk group than in the low-risk group. Tekpli et al. (2019) found a new immune-related subtype in BRCA with relevance for prognosis, and the clusters were associated with levels of immune infiltration. The significant survival difference between the two risk subgroups may be related to the distinct expression of immune-oncology targets and immune cell infiltration. Moreover, we estimated the potential effects of SNP on the OS of patients in different groups. Results in the study demonstrated that the difference in the amount of overall gene mutations between the high- and low-risk groups was significant. SNPs are common in the human genome and a universal type of human heritable variation. Many researchers considered SNPs as potential markers in various tumor types, especially BRCA (Gao et al., 2019; He et al., 2019). Due to the effects on cancer risk, analyses of SNPs may help to identify prognostic biomarkers for BRCA therapy.

As revealed in the GSEA results, the tumor functional patterns including Wnt/β-catenin signaling and JAK-STAT signaling pathways were enriched in the high-risk group. In addition, cyclic nucleotide phosphodiesterase activity was identified as the most relevant molecular function of m6A-LPS. UV response DN and Wnt/beta-catenin signaling pathway were more associated with the signature. Recent studies have shown that Wnt/β-catenin signaling is involved in BRCA immune microenvironment regulation, proliferation, metastasis, etc. (Xu et al., 2020). For instance, Tang et al. (2019) reported that LncCCAT1 was associated with BRCA progression through Wnt/β-catenin signaling. Considering this, 12 m6A-related lincRNAs and these pathways were involved in the differences of BRCA TIME between the two groups. Moreover, results suggested that chemotherapy was beneficial for survival outcome for patients in both the high- and low-risk groups. Through the analysis of the subgroup (patients with chemotherapy), the role of risk score in predicting the chemotherapy response could be noticed. Besides, the expression of ZNF197-AS1 was positively associated with IC50 of Nelarabine, ZM-336372, cyclophosphamide, and dexamethasone Decadron.

Twelve m6A-related lncRNAs constructed the prognostic signatures for patients with BRCA in TCGA dataset. For further investigation, the risk score could be derived from the prognostic signatures. Univariate and multivariate Cox regression analyses proved that the risk score was an independent prognostic factor for patients with BRCA. Compared with clinicopathological features, risk score displayed more accuracy in predicting prognosis. Furthermore, a nomogram model was established as an applicable quantitative tool to predict the OS of BRCA patients, combining m6A-LPS with other clinical features.

It is an undeniable fact that several limitations exist in our study. First, due to the lack of available data about lncRNA sequencing in the Gene Expression Omnibus (GEO) database and other databases, further verification could not be performed. Next, an external verification was performed based on the data from our center, whereas the prognostic follow-up period was insufficient. We will continue to follow up sequencing cases in the future to improve the prediction model. Additionally, the regulation mechanism of m6A-related lncRNAs in BRCA TIME is still indistinct and needed further exploration.

In summary, this study constructed an m6A-related lncRNA prognostic signature and evaluated the involvement of TIME in BRCA patients. The signature might provide potential targets for accurate prognosis and improvement in immunotherapy for patients with BRCA.



MATERIALS AND METHODS


Datasets

mRNA expression files, sectional lncRNA annotation files, and the corresponding clinical data of BRCA patients were obtained from TCGA data1. And the other lncRNA annotation files were derived from RNA-seq data from experiments. Then, we acquired TCGA dataset involving 1,089 patients and RNA-seq data involving 196 BRCA patient samples. Moreover, expression matrixes of 21 m6A-related genes included expression data on writers [METTL3, METTL14, METTL16, WTAP, VIRMA (KIA1499), RBM15, RBM15B, and ZC3H13], erasers (FTO and ALKBH5), and readers (YTHDC1, YTHDC2, IGF2BP1, IGF2BP2, IGF2BP3, YTHDF1, YTHDF2, YTHDF3, HNRNPC, HNRNPA2B1, and RBMX), which were obtained from TCGA databases based on previous publications. In addition, we identified 16,501 lncRNAs in TCGA dataset and 17,573 lncRNAs from the RNA-seq data. The profiles for drug response measurements as IC50 were downloaded from CellMiner database2.



Bioinformatics Analysis

First, we applied Pearson’s correlation analysis to extract m6A-related lncRNAs in each dataset (with the | Pearson R| > 0.5 and p < 0.05). The lncRNAs screened from the two datasets were intersected to obtain 1,509 shared lncRNAs. Then, univariate Cox regression analysis and multivariate Cox regression analysis were performed respectively in the training cohort and validation cohort to identify 12 m6A-related lncRNAs correlated with the prognoses closely. Thus, an m6A-related lncRNA prognostic signature for BRCA patients was developed. The risk score was calculated based on the formula: [image: image]. Coefi means the coefficients and Xi means the value of each m6A-related lncRNA. Then, we computed the risk scores for all patients including in TCGA dataset. In addition, tumor hallmarks were more common in the high-risk group than the low-risk group by GSEA software. The relative abundance of 28 immune-cell types in the TIME was quantified using single sample GSEA (ssGSEA). For marking immune cell types, special feature gene panels were curated from recent studies (Charoentong et al., 2017; Jia et al., 2018).



Statistical Analyses

The Kaplan–Meier curves were implemented to compare the different OS between the high- and low-risk groups and other subgroups based on distinct clinicopathological features. Student’s t-test was applied to compare the diverse expressions of CTLA4, CD274, PDCD1, and CD19 and numbers of gene mutations in the high- and low-risk groups. Correlation of immune infiltration levels was analyzed by using Pearson’s correlation test. Univariate and multivariate Cox regression analyses were used to assess the independent prognostic value of the m6A-LPS. A nomogram was established via multivariate Cox regression, and the calibration plots illustrated the accuracy of the nomogram in predicting prognoses. We used ROC curves and the AUC values to evaluate the prognostic abilities of the risk score and other clinicopathological features. The statistical analysis in this study was using R programming language (version 3.6.3), SPSS Statistics 25 software, and GraphPad Prism (version 8.4.0).
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Supplementary Figure 1 | Effector memory CD8 T cell, memory B cell, type 1 T helper cell, type 2 T helper cell, eosinophil, mast cell, natural killer cell, natural killer T cell, plasmacytoid dendritic cell, and CD56dim natural killer cell in two risk groups.

Supplementary Figure 2 | (A) Kaplan–Meier curves of OS for BRCA patients with high-risk scores based on the chemotherapy. (B) Kaplan–Meier curves of OS for BRCA patients with low-risk scores based on the chemotherapy. (C) Distribution of risk scores, survival status for BRCA patients in the chemotherapy subgroup. (D) ROC curve for patients with 3. 5-, 5-, and 7.5-year survival times in the chemotherapy subgroup.

Supplementary Figure 3 | (A) Differences of IC50 of drugs (nelarabine, ZM-336372, cyclophosphamide, and dexamethasone Decadron) between low and high expression of ZNF197-AS1 groups. (B) Correlations of IC50 of drugs (nelarabine, ZM-336372, cyclophosphamide, and dexamethasone Decadron) with various expressions of ZNF197-AS1.

Supplementary Figure 4 | Kaplan–Meier curves showed the stratification analysis of the m6A-LPS. The m6A-LPS retained its prognostic value in multiple subgroups of BRCA patients (including patients aged ≤65 or >65 years, female or male, stage I and II or stage III and IV, T1 and 2 or T3 and 4, M0 or ≥M1, N0 or N1–3 and PAM50 molecular subtypes).

Supplementary Figure 5 | (A) Kaplan–Meier curve of OS for BRCA patients and ROC curve based on the signature including the protein-coding genes. (B) ROC curve for the 12 lncRNAs of all BRCA patients in TCGA database.


FOOTNOTES

1
https://portal.gdc.cancer.gov/

2
https://discover.nci.nih.gov/cellminer/home.do
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The importance of miRNA prognostic signature in cancer, particular cancer metastasis is increasingly being realized. Bone metastasis from several primary human cancers can be managed in clinics by surgical intervention but the prognostic impact of miRNA signature on post-surgery outcome of patients is unknown. This study evaluated a miRNA signature for post-operative outcome of patients with bone metastatic disease. First, the miRNAs, miR-135, miR-203, miR-10b, miR-194, miR-886, and miR-124 were evaluated in bone metastatic tissues, relative to adjacent control tissue. The cohorts of samples (n = 44) consisted of bone metastatic cancer patients with primary lung (n = 18) or breast cancer (n = 26). miR-203 was significantly down-regulated while miR-10b was significantly up-regulated in bone metastasis. Additionally, miR-135 was significantly differentially expressed in the primary lung cancer patients while miR-194 in primary breast cancer patients. The low miR-203- high miR-10b expression was designated high risk group and, compared to the low risk group (high miR-203-low miR-10b expression). Patients with the signature high risk fared significantly better with surgical intervention, in terms of survival at 12 months time point (40% survival with surgery vs. 10% survival without surgery), as revealed by retrospective analysis of patient data. This work reveals potential utilization of miRNA expression levels in not only the general prognosis of cancer metastasis but also the prognosis of surgical intervention with implication for better stratification of patients.
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INTRODUCTION

Primary cancers from other organs metastasize to bones very frequently, with some evidence that metastasis to bones are third most common metastasis, ranked just behind metastasis to lungs and livers (Bellido and Plotkin, 2011; Sevimli and Korkmaz, 2018). This represents a major clinical issue as metastasis to bones are commonly presented in the clinics than the primary bone tumors (Macedo et al., 2017; Sevimli and Korkmaz, 2018; Jayarangaiah and Kariyanna, 2021). Tumor cells from any primary site can metastasize to bones but the most frequently reported primary sites from where tumors metastasize to bones are lung, breast, prostate, kidney, and thyroid (Maccauro et al., 2011; Macedo et al., 2017).

Bone metastasis are generally lethal particularly because of their typical late stage diagnosis (Cetin et al., 2015). Some treatment options are available for the patients and these mainly include radiation therapy or surgical interventions. Surgery is often performed with the aim of improving quality of life. Surgery is needed to stabilize fractured or vulnerable bones. Surgery also relieves spinal cord compression that can have many secondary manifestations such as numbness, difficulty walking or using arms, loss of bowel or bladder control, and even paralysis. While the clear numbers on the lethality of bone metastatic cancers, particularly post-surgery, are not available, it has been estimated that 30 day post-surgery mortality rate could be as high as 7.1% (Gallaway et al., 2020). Furthermore, the progression of disease varies in individual patients making it important to understand the underlying genetic or epigenetic factors predisposing patients to advanced disease.

Epigenetic changes, particularly dysregulated expression levels of miRNAs, can be of prognostic importance (Ahadi, 2020; Chen et al., 2020; Lv et al., 2020) and, therefore, this study was conducted to evaluate such potential of miRNAs, especially with regards to the success of surgery of metastatic bone cancers. Expression of select miRNAs was first analyzed in the bone metastasis of 44 patients with bone metastasis, relative to the adjacent bone material and then I applied this information to evaluate the impact of surgery on outcome of patients by diving the patients into a high risk vs. low risk group based on the miRNA signature.



MATERIALS AND METHODS


Patients Information

Patient data was extracted from the patients enrolled at JiaoZuo People’s Hospital between January 2014 and December 2020. The study was conducted after approval from the Ethics Committee at the JiaoZuo People’s Hospital (Approval Number 18/1334). Informed consent was obtained from all patients prior to the collection of samples. Two patient cohorts were selected for the study with a total of 44 patients. One cohort consisted of patients with primary lung cancer with bone metastasis (n = 18) and the other cohort consisted of patients with primary breast cancer with bone metastasis (n = 26). The lung cancer cohort consisted of 11 males and seven females. All this information is provided in Table 1.


TABLE 1. Patient data.
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RNA Isolation

Biopsy tissues were immediately froze upon collection. At the time of analysis, they were thawed and homogenized with mechanical force using metal bead agitation at 4 °C (Next Advance Bullet Blender® Storm with Navy 5 mL Lysis Kit). High-quality total RNA was purified from bone tissues lysed with TRIzol® using Direct-zolTM RNA MiniPrep (Zymo Research), as per vendor’s protocol and as detailed by other researchers (Cho et al., 2016). The quality of RNA was tested using a Nanodrop 2000 instrument (ThermoFisher Scientific, China) and Bioanalyzer (Agilent Technologies, Japan).



qRT-PCR and miRNA Analysis

Primers and detection reagents from Qiagen (China) were used to detect miRNAs in patient samples, as described by other researchers (Pan et al., 2020). Commercially available RNAs-free water was used throughout the analysis. RT2 First Strand Kit (Qiagen, China) was employed to synthesize first strand of cDNA using 1 μg RNA, to which 2 μl of genomic DNA elimination mix was added, mixed and incubated 10 min at 42°C, followed by immediate transfer to ice for 1 min. Reverse transcription mix, consisting of 5× buffer and Reverse Transcriptase, was then prepared, as per vendors protocol and added to RNA. Further incubation was for 15 min at 42°C. Thereafter, the reaction was halted by 5 min incubation at 95°C.



Statistical Methods

All experiments were independently performed at least three times with triplicate repeats. The data was analyzed by a biostatistician to whom the identity of samples was not revealed. To evaluate if two datasets were significantly different, a p value was calculated using Student t test or one way ANOVA assuming equal variables and two-tailed distribution (Pan et al., 2020). Prior to the statistical tests, datasets were log-transformed to ensure normal distribution. Only the p values ≤0.05 were considered to represent statistically significant miRNA expression levels.



RESULTS


microRNAs Differentially Expressed in Bone Metastasis

I began the investigation by surveying the literature for miRNAs that could potentially serve as biomarkers for bone metastatic cancers. Based on the samples which consisted of bone metastasis from primary lung and breast cancers (Table 1), I focused on miRNAs that were earlier reported to be of importance in this context. I chose miR-135, miR-203, miR-10b, miR-194, miR-886, and miR-124 because of the reports on their ability to play a role in bone metastasis from either primary lung cancer or breast cancer (Cao et al., 2013; Wu et al., 2014; Taipaleenmäki et al., 2015; Yoo et al., 2017; Cai et al., 2018). When analyzed for expression in bone metastasis, relative to adjacent non-cancerous tissues, I found significantly down-regulated miR-203 and significantly up-regulated miR-10b (Figure 1) with p < 0.01. The other miRNAs tested (miR-135, miR-194, miR-886, and miR-124) were not found to be differentially expressed.
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FIGURE 1. Differential expression of miRNAs. miRNAs were evaluated by qRT-PCR for their expression levels in bone metastatic tissue (BM), relative to their expression in the adjacent control tissue (AT). ∗p < 0.01.




Differentially Expressed miRNAs in Lung Cancer Bone Metastasis

Since the patient cohort consisted of bone metastasis from primary lung and breast cancers, I next looked at the differential expression of the six miRNAs in individual samples to evaluate a possible role in metastasis from specific tissues. I first evaluated samples from patients who reported bone metastasis from primary lung cancers. As shown in Figure 2, now I observed three miRNAs (miR-135, miR-203, and miR-10b) to be significantly differentially expressed (p < 0.01) in the bone metastasis. This was interesting because miR-135 did not turn up significant values when checked in the pooled samples above. This suggests its possible role as a biomarker in bone metastasis from primary lung cancers. The rest three miRNAs (miR-194, miR-886, and miR-124) were still found to be expressed at almost same levels in bone metastasis as well as adjacent tissues.
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FIGURE 2. Differential expression of miRNAs in lung cancer cohort. miRNAs were evaluated by qRT-PCR for their expression levels in BM from patients with primary lung cancer, relative to their expression in the AT. ∗p < 0.01.




Differentially Expressed miRNAs in Breast Cancer Bone Metastasis

Next, I focused on the samples that were bone metastasis from primary breast cancers. An analysis of 26 such samples for the expression of six miRNAs revealed that whereas the expressions of miR-135, miR-886, and miR-124 were not significantly different in bone metastasis, relative to adjacent tissue, the expressions of miR-203, miR-10b, and miR-194 were (Figure 3). While miR-203 and miR-10b returned significant values with p < 0.01, miR-194 was significantly differentially expressed with p < 0.05. This was another interesting observation as miR-194 was not found to be differentially expressed in pooled samples above.
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FIGURE 3. Differential expression of miRNAs in breast cancer cohort. miRNAs were evaluated by qRT-PCR for their expression levels in BM from patients with primary breast cancer, relative to their expression in the AT. ∗p < 0.01; #p < 0.05.




Gender Specific Differentially Expressed miRNAs in Lung Cancer Bone Metastasis

The cohort of patients representing bone metastasis from primary lung cancers consisted of both males (61.1%) and females (38.9%) (Table 1) and therefore I asked the question if there could be gender specific differences in the expression of miRNAs. For this evaluation, I only focused on three miRNAs that were found to be differentially expressed at statistically significant levels in bone metastasis from primary lung cancers, i.e., miR-135, miR-203, and miR-10b. miR-135 was found to be expressed differentially in males and females with p < 0.05 while miR-203 and miR-10b were found to be expressed differentially in males and females with p < 0.01 (Figure 4). Interestingly, miR-135 seemed to be more differentially expressed in males while miR-10b seemed to be relatively more differentially expressed in females.
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FIGURE 4. Gender-specific differential expression of miRNAs in lung cancer cohort. miRNAs were evaluated by qRT-PCR for their expression levels in BM from patients with primary lung cancer further stratified by gender, relative to their expression in the AT. ∗p < 0.01; #p < 0.05.




miRNA Signature and Impact on Post-surgical Outcome

In the analyses thus far, I found two miRNAs (miR-203 and miR-10b) that were consistently differentially expressed in bone metastasis from primary lung and primary breast cancers. These two miRNAs could be the biomarkers for aggressive disease with poor outcomes. This could be of significance with regards to the post-surgery outcomes as well. Therefore, I next grouped all the patients in the cohort according to their status of miR-203 and miR-10b expression, for this retrospective analysis. The patients with low miR-203 and concomitant high miR-10b were presumed to be a high risk group while the patients with high miR-203 and low miR-10b were presumed to be the low risk group. Based on the available records on the survival of these patients, I analyzed whether surgical intervention in these groups impacted the overall survival. As revealed by statistical analyses (Table 2), the high risk group had poor overall survival compared to the low risk group. Interestingly, surgical intervention improved the survival in both groups. In the low risk group, surgical intervention increased survival at 12 months from 70 to 80% while in the high risk group, the effect of surgical intervention was even more significant and the survival improved from 10 to 40% at 12 months time point.


TABLE 2. Impact of surgical intervention on disease outcome, based on miRNA signature.
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DISCUSSION

The value of miRNAs as biomarkers and possible targets of therapy with respect to metastatic cancers has been realized in many studies (Croset et al., 2015; Zhao et al., 2015). Thus, this study was designed using clinical samples to focus on the prognostic relevance of differentially expressed miRNAs in bone metastatic cancers. The cohort of samples consisted of bone metastasis from primary lung and breast cancers. These represent two of the very common primary sites from which tumors metastasize to bones (Al Husaini et al., 2009; Pulido et al., 2017; Guerrieri et al., 2020).

Firstly pooled samples were analyzed, i.e., samples representing bone metastasis from primary lung as well as breast cancers. This was followed by analyses in specific cohorts, i.e., samples representing bone metastasis from either primary lung cancers or the breast cancers. This led to an interesting observation that one miRNA (miR-194) was differentially expressed in the breast cancer cohort (and not in the lung cancer cohort) while a different miRNA (miR-135) was differentially expressed in the lung cancer cohort (and not in the breast cancer cohort). This justified the analyses in specific cohorts as the pooled samples did not return significant values. Also, this suggests that these two miRNAs might play a role in metastasis from specific primary sites and future studies should focus on this aspect of these two miRNAs.

Even though miR-135 was found to be differentially expressed in bone metastasis from primary lung cancer in this study, it is interesting that this miRNA has actually been shown to play a role in bone metastasis from primary breast cancer (Taipaleenmäki et al., 2015). On the other hand, miR-194, which we report here to be differentially expressed only in bone metastasis from primary breast cancers (and not from the primary lung cancers) has actually been reported to be involved in bone metastasis from lung cancers (Wu et al., 2014). Thus, these observations provide novel information about the possible role of these miRNAs. More importantly, this points to the lack of clear information available with regards to the role of specific miRNAs in cancer metastasis. This is further supported by the observation with the two miRNAs (miR-886 and miR-124) which were never found to be statistically differentially expressed even though they were chosen, like the other four miRNAs, based on the published literature. For miR-886, its reported role in bone metastasis has been recorded from primary small cell lung carcinoma (Cao et al., 2013) while the patients in current cohort represented non-small cell lung carcinoma, the more common form of lung cancer (Molina et al., 2008), and this could be the reason for discrepancy.

In addition to cancer specific cohort analysis, gender specific analysis in the lung cancer cohort was also performed. This was considered to be of relevance as breast cancer cohort consisted of 100% females. This approach was clearly justified as some differences in differential expression of miRNAs were observed between the genders. For example, miR-10b was more highly expressed in bone metastasis of female lung cancer patients. Interestingly, miR-10b was also found to be the most differentially expressed miRNA in breast cancer cohort. Similarly, the results also revealed gender specific differential expression of miR-135. It was relatively more differentially expressed in males from lung cancer cohort. Interestingly, it was not significantly different in breast cancer cohort and that’s why possibly did not return significant values in overall pooled samples.

Based on the overall analyses, the two miRNAs that stood out as possible biomarkers for bone metastatic cancers were miR-10b and miR-203. While miR-203 was down-regulated in bone metastasis, miR-10b was up-regulated. The results support the published tumor suppressive role of miR-203 (Deng et al., 2016; Zhou et al., 2017) and the metastasis-inducing activity of miR-10b (Ma et al., 2007; Ahmad et al., 2014). I, therefore, focused on these two miRNAs for further evaluation even though two miRNAs, i.e., miR-135 and miR-194 seemed to be of interest in individual cohorts.

miRNAs and their role in precision medicine, particularly with respect to bone metastasis, is increasingly being appreciated (Zoni and van der Pluijm, 2016; Wood and Brown, 2020). The overarching goal of this study was to evaluate if the miRNA signature can help predict the post-surgical outcome of patients with bone metastasis. There is no information on the subject and a miRNA signature consisting of tumor suppressive miR-203 and the oncogenic miR-10b was evaluated. The combined expression of this miRNA signature indeed seemed to suggest a clear advantage of surgical intervention in patients. Thus, the benefits of surgery can go much beyond the known benefits involving quality of life. The miRNA signature can help predict the patient outcome and the information such as this can go a long way in furthering precision medicine, particularly precision microsurgery, on which there is almost complete lack of data.
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Long Non-coding RNA Signature for Liver Metastasis of Colorectal Cancers
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Colorectal cancer ranks within the top three cancers both in terms of incidence as well as deaths. Metastasis is often the major cause of mortality and liver is the primary and most common site to which colorectal cancers metastasize. We tested the prognostic ability of a long non-coding RNA (lncRNA) signature in liver metastatic colorectal cancers. We first evaluated expression levels of several lncRNAs in eight excised liver metastases from primary colorectal cancers and found significantly upregulated lncRNAs HOTAIR and MALAT1 along with significantly downregulated LOC285194. We further compared the expression levels of HOTAIR, MALAT1 and LOC285194 in primary colorectal tumors at the time of initial diagnosis and correlated them with disease progression and liver metastasis. HOTAIR and MALAT1 were significantly upregulated and LOC285194 was significantly downregulated in twelve patients who were diagnosed with liver metastasis within 5 years of initial diagnosis, compared to the five patients with no metastasis. A positive signature comprising of high HOTAIR/MALAT1 and low LOC285194 also correlated with progression to higher grade tumors. Thus, the lncRNA signature comprising of high HOTAIR/MALAT1 and low LOC285194 could be a prognostic signature for liver metastasis as well as overall poor survival.
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INTRODUCTION

Colorectal cancers are some of the most frequently diagnosed cancers worldwide (Ferlay et al., 2021). In the United States, colorectal cancers are the third most commonly diagnosed cancers as well as the third most common cause of cancer-related deaths, in both males as well as females (Siegel et al., 2021). More than half of the patients diagnosed with this cancer succumb to this disease (Riihimaki et al., 2012). China accounts for almost 30% of global cancer deaths with colorectal cancers being rated among the top five and the deaths dues to liver cancer increasing in the numbers (Cao et al., 2021). Like almost all other human cancers, colorectal cancers can metastasize and such metastatic colorectal cancers are the primary cause of death. To make matters worse, it is believed that approximately one in five patients diagnosed with colorectal cancers already have metastatic disease at the time of diagnosis (van der Geest et al., 2015) and almost one in four patients have metastatic disease at the time of primary resection (Valderrama-Trevino et al., 2017). While there is evidence that the overall survival is better in patients with solitary lung or liver metastases (Riihimaki et al., 2016), the overall mortality due to metastatic diseases remains an issue of concern.

Liver is the primary site of metastasis in patients with metastatic colorectal cancer (Valderrama-Trevino et al., 2017; Zarour et al., 2017). As many as 70% of patients diagnosed with primary colorectal cancer are expected to develop liver metastases (Valderrama-Trevino et al., 2017). Interestingly, it has been reported that there are differences in the survival rates of right-sided vs. left-sided liver metastatic colorectal cancers with significantly higher mortality rates associated with the right-sided liver metastatic cancers (Engstrand et al., 2018). For the unresectable liver metastases due to the large size of metastases or the involvement of multiple nodes, it has been reported that treating patients with a combination of 5-fluorouracil, leucovorin and oxaliplatin can reduce tumor size making them presentable for surgery and resulting in significantly increased survival (Giacchetti et al., 1999). Liver metastases are just not more prevalent, but the associated mortality rate is much higher as well, compared to, for example, patients with lung metastases (Wang et al., 2020).

The power of non-coding RNAs as colorectal cancer prognostic biomarkers is undeniable (Zarate et al., 2012; Ferracin et al., 2016; Ahadi, 2020). In recent years, such power of a subtype of non-coding RNAs, the long non-coding RNAs (lncRNAs) has been reported by several investigators (Chen et al., 2014; Han et al., 2015; Li et al., 2016a) with indications for the ability of lncRNAs to play a role in liver metastases of colorectal cancers (Ye et al., 2015). We designed this study to first elucidate the lncRNAs that are differentially expressed in liver metastatic colorectal cancers and then to correlate an lncRNA-based signature with disease progression and outcome.



MATERIALS AND METHODS


Patients

All patients were enrolled at China-Japan Friendship Hospital. The study was conducted after approval from the Ethics Committee at the China-Japan Friendship Hospital (Approval Number 5647). Informed consent was obtained from all patients prior to the collection of samples. For the initial assessment of lncRNAs, eight patients’ samples were analyzed (Table 1). These samples were selected based on liver metastasis diagnosis and the availability of adjacent non-cancer liver tissues. For the validation of lncRNA signature, 17 patients’ samples were analyzed. Only those samples were evaluated that had complete medical history so that the expression levels could be correlated with progression of disease and the disease outcome. Exclusion criteria was the diagnosis of metastatic disease at initial cancer diagnosis.


TABLE 1. Patient data.
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lncRNA Detection

Primers and detection reagents were purchased from Qiagen (China) to detect lncRNAs in samples. Only RNAse-free water was used throughout the assays. RT2 First Strand Kit (Qiagen, China) was used for the synthesis of cDNA to eliminate genomic DNA. The starting amount of RNA was 1 μg to which 2 μl of genomic DNA elimination mix was added and mixed by pipetting, followed by incubation for 5 min at 42°C and then immediate transfer to ice for 1 min. Reverse transcription mix, consisting of 5× buffer and Reverse Transcriptase, was prepared exactly as suggested and added to the tube containing RNA. This was incubated for 15 min at 42°C and then the reaction stopped by transfer for 5 min to 95°C.

RT2 lncRNA qPCR assay (Qiagen, China) was used for the detection of lncRNAs. The product from RT2 First strand step was mixed with RT2 SYBR green mastermix (Qiagen, China) and run on an ABI 7500 RT-PCR system (Applied Biosystems) with the following PCR cycle conditions—1 cycle—10 min/95°C, followed by 40 cycles consisting of two steps—15 s/95°C and 1 min/60°C.



Statistics

All data was evaluated by a biostatistician, who was blinded to the identity of individual patients. To evaluate if two datasets were significantly different, a p value was calculated using Student t test or one way ANOVA assuming equal variables and 2-tailed distribution. Prior to the statistical tests, datasets were log-transformed to ensure normal distribution. Only the p values ≤ 0.05 were considered to represent statistically significant analyses.




RESULTS


Upregulated lncRNAs in Liver Metastatic Colorectal Cancers

Our focus for this study was to evaluate a role of lncRNAs in liver metastases of primary colorectal cancers. A number of lncRNAs have been proposed to influence colorectal cancer metastases and additionally, a number of lncRNAs can influence metastases of other primary cancers as well. We detected the expression levels of several such lncRNAs in the excised liver metastases of primary colorectal cancers and compared the expression levels of those lncRNAs in the adjacent non-cancerous liver tissue. We reasoned that this approach would provide a good indication of differentially expressed lncRNAs which could be associated with liver metastatic colorectal cancers. Since some lncRNAs are upregulated in metastatic disease, we first evaluated several such lncRNAs and the results are presented in Figure 1. The two lncRNAs that stood out as the most significantly upregulated (p < 0.0001) in liver metastases were the lncRNAs HOTAIR and MALAT1. PCAT-1 was significantly expressed with p < 0.01 while lncRNAs LINC01296 and ZFAS1 were differentially expressed with p < 0.05. HOTAIR and MALAT1 were the two lncRNAs of which the expression in liver metastases was always observed to be higher than the adjacent non-cancer tissues.
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FIGURE 1. Upregulated lncRNAs in colorectal cancer liver metastases. Expression levels of several lncRNAs were tested in liver metastases of primary colorectal cancers (LM), by qRT-PCR, and compared to their expression levels in adjacent non-cancer liver tissues (CT: control). N = 8 *p < 0.05, **p < 0.01, ***p < 0.001, and NS, Non-significant.




Downregulated lncRNAs in Liver Metastatic Colorectal Cancers

In addition to lncRNAs that are upregulated during disease progression, there are several lncRNAs that are actually downregulated. Such lncRNAs also need to be identified for possible therapy. We evaluated several such lncRNAs that are reported in literature to be “tumor-suppressive.” The results from our evaluations are presented in Figure 2. LOC285194 stood out as the more consistently downregulated lncRNA in liver metastases when compared to its expression in surrounding normal liver tissue. lncRNA ncRAN was also significantly differentially expressed but its level of significance (p < 0.05) was relatively less when compared to LOC285194 (p < 0.001).
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FIGURE 2. Downregulated lncRNAs in colorectal cancer liver metastases. Expression levels of several lncRNAs were tested in liver metastases (LM) of primary colorectal cancers, by qRT-PCR, and compared to their expression levels in adjacent non-cancer liver tissues (CT: control). N = 8 *p < 0.05, ***p < 0.001, and NS, Non-significant.




lncRNA Signature and Its Association With Liver Metastasis

After the identification of a lncRNA signature comprising of three highly differentially expressed lncRNAs viz. HOTAIR, MALAT1, and LOC285194, we tested whether this lncRNA signature can actually be associated with liver metastases. We obtained patient samples (primary colorectal cancer tissues) that were excised from patients at the time of their initial diagnosis. Our rationale was to check if the lncRNA could be associated with liver metastases. We obtained a total of 17 samples with 12 samples from patients who were diagnosed with liver metastases within 5 years of initial diagnosis and the rest five samples from patients who were not diagnosed with any metastasis at least within 5 years of initial diagnosis. An evaluation of three individual lncRNAs in the patients’ samples revealed that whereas LOC285194 was significantly (p < 0.01) downregulated in patients with metastasis, lncRNAs HOTAIR and MALAT1 were even more significantly (p < 0.0001) elevated in patients with metastases. These results are presented in Figure 3.
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FIGURE 3. Association of lncRNAs with liver metastases. Expression levels of lncRNAs were tested in primary colorectal cancers, by qRT-PCR, collected at the time of initial diagnosis. Expression levels in n = 12 patients who reported liver metastases (LM) within 5 years of diagnosis were compared with expression levels in n = 5 patients with no reported metastases (NM: no metastasis). **p < 0.01, ***p < 0.001.




lncRNA Signature and Disease Progression

In addition to studying a role of lncRNA signature in determining liver metastases, we also evaluated if the lncRNA signature correlated with disease progression, as evidenced by staging of the primary colorectal cancer within 5 years of initial diagnosis. When we carefully evaluated the history of 17 patients (15 patients with liver metastases within 5 years of initial diagnosis vs. the five patients without any metastases within 5 years of initial diagnosis), we found a clear correlation of a positive signature (downregulated LOC285194, upregulated HOTAIR and MALAT1) with colorectal cancer progression (Table 2). More than 41% patients with a positive signature advanced to stage IV colorectal cancer. In the negative group (upregulated LOC285194, downregulated HOTAIR and MALAT1), a majority of patients still had a low grade tumor with only one out of five patients reporting advanced stage tumor.


TABLE 2. LncRNA signature and disease progression.
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DISCUSSION

Metastatic disease is often the primary cause of cancer-related deaths. Colorectal cancer is a major cancer worldwide and among several organs, liver is the primary metastatic site for metastatic colorectal cancers. Colorectal cancers can metastasize to several other organs as well (Riihimaki et al., 2016) and there is a debate if peritoneal carcinomatosis is the end stage of disease subsequent to hepatic metastases (Pretzsch et al., 2019). In view of the high rate of mortality associated with liver metastatic colorectal cancers, this research topic is an important one to be understood and elucidated. Further, as one of the novelty of our evaluation, we studied the expression levels of lncRNAs in liver metastatic colorectal cancers along with the establishment of a lncRNA signature that can potentially be linked to poor survival and outcome. LncRNAs belong to the class of non-coding RNAs that have long been considered junk RNAs in the human cells. However, slowly but surely their importance as disease biomarkers is being understood (Ahmad, 2016).

In this study, we evaluated several lncRNAs for their possible differential expression in the liver metastases, compared to the adjacent non-cancerous tissues. As expected, not all lncRNAs were significantly differentially expressed. H19 has been reported to differentially expressed in liver metastases of different cancers (Fellig et al., 2005). However, in our clinical samples, we did not find this lncRNA to be of relevance. ncRAN is another lncRNA whose downregulation has been reported in liver metastases (Qi et al., 2015). In our analysis, the lncRAN was significantly downregulated. Similarly, there is evidence for increased expression of lncRNA LINC01296 as a prognostic biomarker for colorectal cancers (Qiu and Yan, 2015) and our evaluation suggests only modest increased expression of this lncRNA in liver metastatic colorectal cancers. LncRNA RP11-462C24.1 has been reported to expressed at lower levels in metastatic colorectal cancers (Shi et al., 2014) but we did not find this lncRNA to be differentially expressed in our study. Similar observations were made for lncRNAs DANCR, ATB, lincRNA-ROR, SNHG20 and GAS5 all of which have also been shown to correlate with poor prognosis of colorectal cancers (Yin et al., 2014; Liu et al., 2015; Li et al., 2016b; Yue et al., 2016; Zhou et al., 2016) but we did not find them to be expressed at significantly different levels in metastases compared to the adjacent normal tissue. PCAT-1 has been suggested to be biomarker for poor prognosis of colorectal cancers (Ge et al., 2013) and we found the levels of this lncRNA only slightly elevated. Colorectal patients with high ZFAS1 levels have been reported to have shorter relapse-free survival and overall survival (Wang and Xing, 2016) and we found some relevance of this lncRNA to liver metastases. MEG3’s downregulation has been reported to associate with poor prognosis (Yin et al., 2015) but in our analysis the levels of this lncRNA were not significantly different. Thus, we tested a number of lncRNAs in our study, primarily based on the published literature but our results did not always corroborate the earlier published findings. While this could be attributed to many factors, including the sample size as well the geographical location and possible influence of race/ethnicity, only more detailed studies focused on elucidating such influences can provide a more definite answer.

In recent years there has been some interest in lncRNAs-based signatures in colorectal cancers. For example, a study identified eight lncRNAs associated with autophagy and associated lncRNA based signature with survival through their high vs. low risk groups stratifications (Wei et al., 2020). Then a three lncRNA-based signature was associated with prognosis potential in colorectal cancers (Liu et al., 2020) and a nine lncRNA signature was proposed to predict survival of colorectal patients (Zong et al., 2021). The process of epithelial-mesenchymal transition (EMT) is an important one connected to many aspects of tumorigenesis (Ginnebaugh et al., 2014) and EMT-regulating lncRNAs-based signatures can predict overall survival as well as disease-free survival of colorectal cancer patients (Liu et al., 2021). Similar to these EMT-regulating lncRNAs, even the signature comprising of stem cells-regulating RNAs (Wang et al., 2021) and immune-related lncRNAs (Qin et al., 2021) has been reported to be prognostic importance.

Our results are in agreement with a few earlier reports in the literature. For example, lncRNA HOTAIR has been reported to associate with liver metastases of colorectal cancers (Kogo et al., 2011). Similarly, MALAT1 is also upregulated in high grade colorectal cancers and its expression correlates with poor prognosis (Zheng et al., 2014). HOTAIR and MALAT1 are lncRNAs whose overexpression correlates with poor prognosis. On the other hand, it is the lower expression of lncRNA LOC285194 which correlates with liver metastases of colorectal cancers, as determined in this study. Incidentally, lower expression of LOC285194 has been related to poor prognosis in colorectal cancers (Qi et al., 2013). Despite some evidence for the role of HOTAIR, MALAT1 and LOC285194 individually as prognostic biomarkers, our study is the first to combine their power as a possible lncRNA signature for the prediction of liver metastases. Moreover, we also presented evidence supporting a connection of this lncRNA signature with disease progression which could result in poor overall survival. The next step would be to sue this knowledge to target these lncRNAs for therapy as well as further elucidate the mechanism of action of these lncRNAs which could yield further targets for therapy.
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Ovarian cancer is a deadly gynecological malignancy with resistance to cisplatin a major clinical problem. We evaluated a role of long non-coding (lnc) RNA HOTTIP (HOXA transcript at the distal tip) in the cisplatin resistance of ovarian cancer cells, using paired cisplatin sensitive and resistant A2780 cells along with the SK-OV-3 cells. HOTTIP was significantly elevated in cisplatin resistant cells and its silencing reversed the cisplatin resistance of resistant cells. HOTTIP was found to sponge miR-205 and therefore HOTTIP silenced cells had higher levels of miR-205. Downregulation of miR-205 could attenuate HOTTIP-silencing effects whereas miR-205 upregulation in resistant cells was found to re-sensitize cells to cisplatin. HOTTIP silencing also led to reduced NF-κB activation, clonogenic potential and the reduced expression of stem cell markers SOX2, OCT4, and NANOG, an effect that could be attenuated by miR-205. Finally, ZEB2 was identified as the gene target of miR-205, thus completing the elucidation of HOTTIP-miR-205-ZEB2 as the novel axis which is functionally involved in the determination of cisplatin resistance in ovarian cancer cells.
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INTRODUCTION

Ovarian cancers are a group of heterogenous malignancies and are one of the deadliest gynecological cancers with five-year survival close to or less than 50% (Torre et al., 2018). In Chinese population, mortality due to ovarian cancer is rapidly increasing (He et al., 2021). The heterogenous nature of ovarian cancer calls for novel studies to fully understand the disease etiology and identify novel targets of therapy. Clinical management of ovarian cancer involves the use of cisplatin (Bergamini et al., 2017) either alone or in combination with other drugs (Lee et al., 2020). However, resistance to cisplatin is a common clinical observation in patients being treated with cisplatin (Yang et al., 2020). In the fight against ovarian cancer and in view of the importance of cisplatin in the treatment of ovarian cancer patients, a better understanding of resistance mechanisms will undoubtedly be important.

In addition to the exploration of various genetic and pathway-based mechanisms for resistance to cisplatin, efforts are underway to understand the epigenetic mechanisms of cisplatin resistance with long non-coding (lnc) RNAs as the molecules of interest (Vera et al., 2018). The differential expression of lncRNAs can help maintain the balance between cisplatin resistance and sensitivity (Li et al., 2018; Taheri et al., 2021). The lncRNAs-based epigenetic signature can also possibly help stratify ovarian cancer patients with implications in precision medicine (Liu et al., 2017). A number of lncRNAs, such as HOTAIR (Wang Y. et al., 2015; Li et al., 2016; Yu et al., 2018; Zhang et al., 2020) and MALAT1 (Bai et al., 2018; Wang Y. et al., 2020; Taheri et al., 2021) have been investigated for their possible role in regulating sensitivity to cisplatin of ovarian cancers. In this study, we hypothesized a possible role of lncRNA HOTTIP (HOXA transcript at the distal tip) in the cisplatin resistance of ovarian cancer cells. HOTTIP has been implicated in cisplatin resistance of pancreatic cancer cells (Yin et al., 2020) which would suggest its similar role in other cancers, such as ovarian cancer as well, but to-date there has been no report on the subject. In our study, we used a paired cell line comprising of parental A2780 ovarian cancer cells and the cisplatin resistant A2780 cells (A2780-CR). The parental cells are sensitive to cisplatin while the derivative cisplatin resistance cells are resistant. In addition, we used SK-OV-3 for further validation of our findings. These cells are relatively resistant to cisplatin, as compared to the A2780 cells. Moreover, we focused on understanding the mechanism of HOTTIP-mediated generation of cisplatin resistance by identifying the miRNA that it sponges as well as the downstream gene target. Based on our findings, we believe that HOTTIP-miR-205-ZEB2 axis plays a critical role in cisplatin resistance of ovarian cancer cells.



MATERIALS AND METHODS


Cell Lines

Ovarian cancer cells A2780 cells and their cisplatin-resistant derivatives (referred in this study as A2780-CR) were obtained from Sigma (St Louis, MO, United States) while SK-OV-3 cells were from ATCC (Manassas, VA, United States). Cells were cultured in RPMI 1640 media with 10% fetal bovine serum and 1% antibiotics in a 5% CO2-humidified atmosphere at 37°C. The si-HOTTIP as well as si-ZEB2 was purchased from Shanghai GenePharma Co., Ltd. (China).



RT-PCR for lncRNA, miR, and mRNA Detection

Total RNA was isolated using the mirVana miRNA isolation kit (Ambion, United States) as per instructions. The quality of RNA was checked and the RNA quantitated using NanoDrop instrument. Ten nanogram samples were used for the quantitation of miR-205. For mRNA detection, 1 μg RNA was used to prepare cDNA before detection of individual genes using SYBR Green based detections and using GAPDH as the internal control. lncRNA HOTTIP and miR-205 levels were determined using reagents from Thermo Fisher Scientific (United States). mRNA PCR was run on StepOne Applied Biosystems real-time PCR instrument.



Pre/anti-miR Transfections

Pre- and anti-miR-205 oligos were purchased from Thermo Fisher Scientific (United States) and transfected in cells at 20 nM concentrations using Lipofectamine 3000 (Invitrogen, China). Transfected cells were allowed to grow for 72 h and then subjected to another round of transfections. Cells were transfected at least three times before being used in the experiments.



Cell Proliferation Assay

Cell Proliferation Assay kit was from ATCC (Manassas, VA, United States). Tetrazolium MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide) was reduced by cells that are metabolically active, due to the action of dehydrogenase enzymes, resulting in generation of reducing equivalents NADH and NADPH. Cells were seeded overnight in 96 well plates and then treated as explained for each experiment. Then, 10 μl MTT reagent was added for 2 h, followed by the supplied detergent reagent (100 μl) for 4 h. Plates were read at 575 nm in a plate reader (Shimadzu, Japan).



Clonogenic Assay

For the anchorage-dependent clonogenic assay, ovarian cancer cells A2780 and SK-OV-3 cells were counted and resuspended in complete culture medium to obtain single cell suspensions. Cells were seeded overnight in six-well plates at a density of 750 cells per well. After 3 weeks of growth in an incubator under 5% O2, 5% CO2, and 90% N2 conditions, colonies were fixed with 4% paraformaldehyde, stained with crystal violet and counted.

For the anchorage-independent clonogenic assay, ovarian cancer cells A2780 and SK-OV-3 cells were counted and resuspended in complete culture medium to obtain single cell suspensions. Cells were then suspended in cell media containing 0.7% top agar which was layered over a base layer consisting of 0.8% base agar. Cells were cultured in a 5% CO2-humidified atmosphere at 37°C for 4–5 weeks at the end of which the colonies were manually counted under a microscope.



NF-κB p65 Activation Assay

The kit was purchased from Abcam. This kit semi-quantitatively assays NF-κB. The principle of this assay is that the 96-well plate comes with immobilized double stranded DNA sequence containing the NF-κB response element. When nuclear extracts with activated NF-κB are added to the plate, NF-κB binds to the NF-κB response element and is detected using a specific antibody against NF-κB. Thereafter, a secondary HRP-conjugated antibody is added to enable colorimetric readout at 450 nm. In our assays, subsequent to the individual experimental conditions, nuclear extracts were prepared and equal amount of samples were added to different wells of the purchased 96-well plate. The plate was left overnight and then washings and additions of primary and secondary antibodies were done, as per manufacturer’s instructions. Incubations with primary as well as secondary antibodies were for 1 h each at room temperature. Microplate reader (Shimadzu, Japan) was used to record absorbance at 450 nm.



Statistical Analysis

All reported results are representative of at least three independent experiments. We used student’s t-test to evaluate the level of significant differences between group means, and performed statistical analysis using Prism 5 (GraphPad software). A p value of <0.05 was considered significant.



RESULTS


HOTTIP Is Elevated in Cisplatin Resistant Cells

To check if our hypothesis for the possible role of HOTTIP in cisplatin resistance of ovarian cancer cells was correct, we measured the levels of HOTTIP in a paired cell line model that comprised of cisplatin sensitive A2780 cells and their cisplatin resistance derivatives (A2780-CR). We found that HOTTIP was expressed at significantly high levels in the resistant cells (Figure 1A) thus confirming our basic hypothesis. Next, we wanted to check if the elevated levels of HOTTIP were functionally important for cisplatin resistance. To check this, we silenced HOTTIP using a specific siRNA (si-HOTTIP) in the resistance cells and treated them with increasing amounts of cisplatin for 3 days. At the end of treatment, cell proliferation was measured. We found that silencing of HOTTIP significantly decreased the proliferation of A2780-CR cells (Figure 1B). We further tested our results in another cell line—SK-OV-3. These ovarian cancer cells are relatively resistant to cisplatin (compared to A2780 cells) and exhibit higher IC-50 values (6.8 μM for SK-OV-3, as compared to 2.3 μM for A2780 cells). We silenced HOTTIP in these cells as well and studied the effect on cisplatin sensitivity. As seen in Figure 1C, we observed that silencing of HOTTIP sensitized the SK-OV-3 cells to cisplatin.
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FIGURE 1. (A) LncRNA HOTTIP was measured in parental A2780 and derivative cisplatin resistant A2780-CR cells by RT-PCR. Cell proliferation of (B) A2780-CR and (C) SK-OV-3 cells was measured by MTT assay, as described in section “Materials and Methods.” Cells were treated with indicated final doses of cisplatin for 72 h before the MTT assay. #p < 0.05.




HOTTIP Silencing Affects Stem Cells and NF-κB

To understand the mechanism of HOTTIP action, we turned to cancer stem cell characteristics because of the reports that HOTTIP affects cancer stem cells (Fu et al., 2017; Luo et al., 2019). We checked the clonogenic potential of cells when HOTTIP is silenced. We found that silencing of HOTTIP resulted in significant decrease in the clonogenic potential of both of the cell lines tested, A2780-CR and SK-OV-3. Moreover, the effect was evident on anchorage dependent (Figure 2A) as well as anchorage independent growth (Figure 2B). Since a role of NF-κB is important for cancer stem cells, we evaluated the effect of HOTTIP silencing on NF-κB activation and found that silencing of HOTTIP resulted in significantly reduced activation of NF-κB (Figure 2C). As a direct readout for the effects on stem cell, we checked the characterized markers of stem cells—SOX2, OCT4, and NANOG. It was found that silencing of HOTTIP significantly reduced the levels of SOX2, OCT4, and NANOG genes (Figure 2D).
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FIGURE 2. (A) Anchorage-dependent and (B) anchorage-independent growth of A2780-CR and SK-OV-3 cells with and without silencing of HOTTIP was measured, as mentioned in section “Materials and Methods.” Anchorage dependent growth was allowed for three weeks while anchorage-independent growth in soft agar was allowed for 4–5 weeks. (C) NF-κB activity assay was performed using the methods mentioned and the absorbance was read at 450 nm. (D) Expression levels of stem cell markers were determined by RT-PCR in A2780 cells with and without the silencing of HOTTIP, with GAPDH being evaluated as internal control. #p < 0.05.




HOTTIP Sponges miR-205

The ability of lncRNAs to influence cellular and physiological functions often involves sponging of miRNAs. We found that HOTTIP sponges miR-205 as silencing of HOTTIP significantly increased the levels of miR-205 in A2780-CR cells (Figure 3A). The results were further confirmed in SK-OV-3 cells (Figure 3B). To establish that the observed reciprocal relationship between HOTTIP and miR-205 was because of the sponging of miR-205 by HOTTIP as well as to confirm the role of this relationship in cisplatin resistance, we once again turned to proliferation assay. In the A2780-CR cells, overexpression of miR-205 led to resensitization of these cells to cisplatin (Figure 3C) thus confirming the reciprocal relationship between HOTTIP and miR-205. Since resistant cells, when silenced for HOTTIP, had higher levels of miR-205, we downregulated miR-205 in these cells by using anti-miR-205 oligos in order to further confirm our findings. This resulted in attenuation of HOTTIP silencing effects and cells were once again found to be resistant to cisplatin (Figure 3D).
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FIGURE 3. Expression of miR-205 in (A) Cisplatin resistant A2780-CR cells (with and without HOTTIP silencing) and (B) SK-OV-3 cells (with and without HOTTIP silencing) was quantitated using RT-PCR. (C) Cell proliferation for cisplatin resistant A2780-CR with and without pre-miR-205 and (D) cell proliferation for HOTTIP silenced A2780-CR cells with and without anti-R-205, was measured by MTT assay. #p < 0.05.




miR-205 Effects on Stem Cells and NF-κB

In view of the above findings implicating a role of HOTTIP in stem cell characteristics, we checked its sponging of miR-205 as the underlying cause. Overexpression of miR-205 resulted in significantly reduced NF-κB activation in A2780-CR cells (Figure 4A) and downregulation of miR-205 in HOTTIP silenced resistant A2780 cells had an opposite effect with much more increased activation of NF-κB (Figure 4B). Further, subsequent to downregulation of miR-205 in HOTTIP silenced A2780-CR cells, the levels of stem cell markers SOX2, OCT4, and NANOG significantly increased (Figure 4C) whereas overexpression of miR-205 in A2780-CR cells resulted in decreased expression of SOX2, OCT4, and NANOG (Figure 4D).
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FIGURE 4. (A) NF-kB assay for cisplatin resistant A2780-CR with and without pre-miR-205 and (B) NF-kB assay for HOTTIP silenced A2780-CR cells with and without anti-R-205, was performed using commercial kit. (C) Expression levels of stem cell makers (SOX2, OCT4 and NANOG) in HOTTIP silenced A2780-CR cells with and without anti-miR-205 and in (D) cisplatin resistant A2780-CR with and without pre-miR-205, as determined using a PCR. #p < 0.05.




miR-205 Targets ZEB2

miRNAs function through targeting of their target genes and we found ZEB2 to be target of miR-205 in our study. When miR-205 was downregulated, the levels of ZEB2 went up in the HOTTIP silenced cisplatin resistant A2780-CR cells (Figure 5A). On similar lines and as further confirmation, similar observations were made in SK-OV-3 cells. In these cells as well, downregulation of miR-205 in HOTTIP-silenced cells led to increased expression of ZEB2 (Figure 5B). Furthermore, in both A2780-CR as well as the SK-OV-3 cells, just the silencing of HOTTIP resulted in decreased expression of ZEB2 (Figures 5A,B), even without any manipulations of miR-205 levels, suggesting an influence of HOTTIP on ZEB2 thus establishing a HOTTIP-miR-205-ZEB2 axis. To further confirm the role of this axis in cisplatin sensitivity, we performed proliferation assay and found that silencing of ZEB2 could reverse the effects of miR-205 downregulation (Figure 5C).
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FIGURE 5. Expression of ZEB2, in (A) cisplatin resistant A2780 and (B) SK-OV-3 cells under specified conditions (HOTTIP silencing with without anti-miR-205) was measured, using RT-PCR. (C) Cell proliferation under specified conditions (HOTTIP silenced A2780-CR cells with anti-miR-205 and additionally with and without si-ZEB2), was measured by MTT assay. #p < 0.05 compared to respective controls (A2780-CR/SK-OV-3) ad ##p < 0.05 compared to HOTTIP-silenced respective cells.




DISCUSSION

Cisplatin resistance remains a major clinical problem. Seeking a possible role of lncRNAs in cisplatin resistance, a number of lncRNAs have already been evaluated for their possible involvement in cisplatin sensitivity/resistance. Examples are UCA1 (Wang F. et al., 2015; Li Z. et al., 2019), HOTAIR (Wang Y. et al., 2015; Li et al., 2016; Yu et al., 2018; Zhang et al., 2020), PVT1 (Liu et al., 2015; Chen et al., 2021), H19 (Zheng et al., 2016; Sajadpoor et al., 2018; Wu et al., 2019), ENST00000457645 (Yan et al., 2017), MEG3 (Zhang J. et al., 2017), ANRIL (Zhang D. et al., 2017; Miao et al., 2019), RP11-135L22.1 (Zou et al., 2018), MALAT1 (Bai et al., 2018; Wang Y. et al., 2020; Taheri et al., 2021), Linc00312 (Zhang et al., 2018), EBIC (Xu et al., 2018), HOXD-AS1 (Chi et al., 2018), PANDAR (Wang et al., 2018), CASC11 (Shen et al., 2019), LINC00152 (Zou and Li, 2019), NCK1-AS1 (Chang et al., 2020), LINC01125 (Guo and Pan, 2019), CCAT1 (Wang D.Y. et al., 2020), NEAT1 (Zhu et al., 2020), CHRF (Tan et al., 2020), ZEB1-AS1 (Dai et al., 2021), TRPM2-AS (Ding et al., 2021), and LOC102724169 (Zhou et al., 2021). While these studies are a testimony to the potential of lncRNAs as modulators of cisplatin resistance, the work has not yet resulted in any clinically relevant therapies. Therefore, characterization of further lncRNAs is still needed, particularly in light of the many reported functions regulated by non-coding RNAs, including miRNAs and lncRNAs (Natarajan, 2016; DiStefano, 2017; Kwok et al., 2017; Balas and Johnson, 2018). For this study, we focused on the lncRNA HOTTIP because of its immense potential as a biomarker (Lian et al., 2016; Fan et al., 2018) but without any prior exploration in cisplatin resistance of ovarian cancer even though there is an indication for it role in cisplatin resistance of other human cancers (Yin et al., 2020).

For our study, we used a paired cell line model consisting of A2780 cells and their cisplatin resistant derivatives. These were commercially obtained and are thus excellent tools for such studies. A2780 cells are relatively sensitive to cisplatin and therefore this cell line model is appropriate for the studies focusing on cisplatin resistance of ovarian cancer cells. However, as with any study with cell lines, the results are always in question and therefore confirmation/validation in other similar cell lines is warranted. For this reason, we also used SK-OV-3 cells in our study. As compared to A2780 cells, SK-OV-3 cells are resistant to cisplatin and therefore the approach taken in this work, i.e., silencing of HOTTIP made sense in this cell line as well. Through the use of these two independent cell lines, we have presented novel data for a role of HOTTIP in cisplatin resistant ovarian cancer cells.

As a mechanism, we explored NF-κB pathway as well as the stem cells as they are regarded as attractive targets for anticancer therapy (Rizvi et al., 2021). The rationale was that there is evidence for stem cell inducing activity of HOTTIP in different other cancers (Fu et al., 2017; Luo et al., 2019). This makes sense because drug resistance is influenced by stem cell characteristics. Moreover, NF-κB pathway is intricately connected with stem cell phenotype and our results directly implicating HOTTIP in the activation of NF-κB as well as expression of stem cell marker genes raise the possibility of the involvement of these pathways as the mechanisms of action. While further elucidation of this mechanism was beyond the scope of our current work, this is an interesting lead for future investigations.

While the choice of lncRNA HOTTIP for its possible role in cisplatin resistance of ovarian cancer cells was based on a testable hypothesis, we used web-based predictive tools and also tested several other putative miRNA targets of lncRNA HOTTIP, in an attempt to pin-point miRNA(s) that the lncRNA HOTTIP might sponge with resulting effects on cisplatin resistance mechanism. For example, we screened miR-200 family miRNAs to which miR-205 belongs, and found a significant effect of miR-205 only. Other screened miRNAs included miR-615, miR-216a, miR-101, miR-148a, miR-150, etc. Of note, miR-615 has been one of the more consistent miRNA that HOTTIP has been shown to sponge. However, in our hands, miR-205 emerged as the more important target of HOTTIP. Further, we were able to show a direct effect of HOTTIP on the miR-205 target ZEB2 which further corroborates our findings and validates our choice of miR-205 as HOTTIP target. miR-205 also seems to play a role in proliferation and invasion of ovarian cancer cells as per the prior literature (Chu et al., 2018), in addition to the general interest in this miRNA in cancer (Ferrari and Gandellini, 2020).

Our results support an oncogenic activity of HOTTIP. We also establish sponging of miR-205 by HOTTIP. This reciprocal relationship means that miR-205 must be a tumor suppressor and indeed this is supported by available literature that this miRNA is a tumor suppressor in ovarian cancer (Qiao et al., 2020). Further, we also present evidence that miR-205 targets ZEB2. This would mean that ZEB2 should be oncogenic, which is also supported by reported literature (Li Q. et al., 2019). ZEB2 is also a marker of mesenchymal phenotype which again closely relates with stem cell properties thus further bringing the attention to stem cell phenotype as the underlying mechanism. Interestingly, we observed more robust effects of miR-205 manipulations on sensitivity to cisplatin as compared to HOTTIP silencing. This could be due to the inherent design of our experiments where we transfected cells with pre- or anti-miR-205 repeatedly (at least two or three time consecutively) as opposed to the siRNA against HOTTIP which was used just once. It is also possible that there might be a feedback or reciprocal relationship between HOTTIP and miR-205. These questions were not specifically answered in this study but would be interesting to elucidate. Regardless, we present compelling evidence for the role of HOTTIP-miR-205-ZEB2 axis in cisplatin resistance of ovarian cancer cells. This also underlines the enormous potential of lncRNAs such as HOTTIP as targets of therapy. The information should lead to future targeted therapies against cisplatin resistant ovarian cancers.
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Long non-coding RNAs (lncRNAs) play crucial roles in many human diseases, particularly in tumorigenicity and progression. Although lncRNA research studies are increasing rapidly, our understanding of lncRNA mechanisms is still incomplete. The long intergenic non-protein coding RNA 662 (LINC00662) is a novel lncRNA, and accumulating evidence suggests that it is related to a variety of tumors in multiple systems, including the respiratory, reproductive, nervous, and digestive systems. LINC00662 has been shown to be upregulated in malignant tumors and has been confirmed to promote the development of malignant tumors. LINC00662 has also been reported to facilitate a variety of cellular events, such as tumor-cell proliferation, invasion, and migration, and its expression has been correlated to clinicopathological characteristics in patients with tumors. In terms of mechanisms, LINC00662 regulates gene expression by interacting with both proteins and with RNAs, so it may be a potential biomarker for cancer diagnosis, prognosis, and treatment. This article reviews the expression patterns, biological functions, and underlying molecular mechanisms of LINC00662 in tumors.
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INTRODUCTION

Cancer is a leading cause of death worldwide, second only to cardiovascular disease (Ferlay et al., 2018; Essa et al., 2020), and it represents a terrible threat to the health of mankind. In recent years, malignant-tumor incidence and mortality rates have increased in all countries at all income levels (Fidler et al., 2016; Torre et al., 2016). With the development of the Encyclopedia of DNA Elements project, most of the gene sequences in the genome have been clarified to be non-coding genome (Consortium, 2012; Consortium et al., 2020; Zhou et al., 2020). The non-coding RNAs (ncRNAs), which correspond to messenger RNAs (mRNAs), have traditionally been assumed to have many biological functions (Cech and Steitz, 2014; Matsui and Corey, 2017; Coker et al., 2019; Wang J. et al., 2019). In particular, current progress in sequencing technologies and large-scale genome sequencing projects have demonstrated that lncRNAs (>200 nucleotides) are crucial regulators of many human diseases, especially cancers (Xingming Jiang, 2015; Anastasiadou et al., 2018; Slack and Chinnaiyan, 2019).

Accumulating research has revealed that many lncRNAs play vital roles in cancer tumorigenicity (Yari et al., 2019; Feng et al., 2020) and progression (Zhu et al., 2017; Gong et al., 2020), are aberrantly expressed in a variety of cancers, and participate in many biological functions, such as cell proliferation (Ducoli et al., 2021; Shen et al., 2021), epithelial-to-mesenchymal transition (EMT) (Grelet et al., 2017; Zhao et al., 2017), invasion (Schmidt et al., 2016; Jin et al., 2019), migration (Liu L. et al., 2019; Zhao et al., 2018), angiogenesis (Zhao et al., 2020; Li et al., 2021), and differentiation (Luo et al., 2019; Tong et al., 2020). Moreover, lncRNAs can also function as competing endogenous RNAs (ceRNAs) (Wang et al., 2017; Zhou et al., 2019), transcription factors (Long et al., 2017; Ducoli et al., 2021), and in post-transcriptional processing (Zhang et al., 2018; Botti et al., 2019). All these findings suggest that lncRNAs may be able to serve as potential cancer biomarkers, ameliorating some of the current problems caused by cancer.

Several lines of evidence support an oncogenic role for LINC00662, the sequence for which is located on chromosome 19. Upregulation of LINC00662 expression has been detected in many cancers when compared to adjacent non-cancerous tissues. Research studies focusing on the oncogenic properties of LINC00662 have shown that it can be an oncogenic regulator in several tumor types in a variety of systems, including the respiratory, reproductive, nervous, and digestive systems.

In the present work, we have summarized the latest evidence concerning the abnormal expression of LINC00662, its associated clinical features, and molecular mechanisms, and we discuss both its prognostic and therapeutic values for malignant tumors.



THE EXPRESSION LEVELS, BIOLOGICAL PROCESSES, AND CLINICAL CHARACTERISTICS OF LINC00662 IN HUMAN CANCERS

In recent years, largely due to the rapid development of high-throughput technologies, many cancer-related lncRNAs have received widespread attention (Li et al., 2017; Yu et al., 2017; Wang J. et al., 2018; Li Y. et al., 2020), including LINC00662. However, a possible pan-cancer role for LINC00662 has not been clear, so a comprehensive review of its expression levels, biological functions, and clinical features is warranted (see Table 1).


TABLE 1. Expression level and biological functions of LINC00662 in human cancers.
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Respiratory-System Tumors

Globally, the leading cause of cancer deaths is lung cancer (LC) (Chen et al., 2016; Duma et al., 2019; Nasim et al., 2019). Numerous studies have confirmed that lncRNAs, including LINC00662, participate in LC progression (Yang et al., 2017; Wei et al., 2019; Pan et al., 2020; Zang et al., 2020). Xu et al. (2020) reported elevated LINC00662 expression in LC cells, which accelerated both their proliferation and colony formation. In addition, LINC00662 expression has been shown to promote invasion, metastases, and the stemness of LC stem cells as well (Gong et al., 2018). Moreover, Lv et al. (2021) reported that LINC00662 promoted the growth progression of non-small cell LC in vivo on the basis of enhanced proliferation in LC cells. LINC00662 may therefore be considered a promising diagnostic target for LC patients.



Reproductive-System Tumors

For women, breast cancer (BC) is one of the most lethal cancers worldwide, and BC morbidity in China is gradually increasing (Fahad Ullah, 2019; Ding et al., 2020). The expressions of lncRNAs have been reported to be closely associated with BC (Kansara et al., 2020). Cheng L. et al. (2020) showed that LINC00662 expression was elevated in both BC tissues and cells when compared to normal BC cell lines and tissue. Furthermore, the silencing of LINC00662 was reported to significantly inhibit both BC cell proliferation and motility. In addition, Xiong et al. (2020) found that LINC00662 expression levels in BC patients showed a significant positive correlation with overall survival.

Although overall survival for patients with prostate cancer (PCa) is already high, PCa remains the most common tumor type in men (Li et al., 2019), and metastatic PCa remains incurable at present (Wang G. et al., 2018). Therefore, the identification of new therapeutic targets for PCa patients remains necessary. Interestingly, Li et al. (2019) demonstrated that LINC00662 was highly expressed both in PCa cells and in tissue samples compared to levels in para-cancerous tissues and a normal prostate epithelial cell line. While LINC00662 overexpression was shown to be positively correlated to both distant metastases and to shorter overall survival, in vitro LINC00662 silencing inhibited PCa cell proliferation and motility and promoted cell apoptosis. Yao et al. (2020a) also revealed that LINC00662 overexpression was positively associated with TNM staging, primary lesion size, lymph-node metastases, and distant metastases.

Cervical cancer (CC), a common malignant tumor in females, accounts for 529,800 newly diagnosed cases annually, with radio-resistance significantly reducing its therapeutic effect in many patients. Therefore, exploring the possible mechanisms governing CC tumorigenesis and progression remains important for the diagnosis and treatment of CC patients (Wei et al., 2020). In this regard, Wei et al. (2020) showed that LINC00662 expression was significantly upregulated both in CC tissues and in CC cells and that this high LINC00662 expression facilitated CC cell proliferation, motility, and radio-resistance. In contrast, knockdown of LINC00662 expression inhibited all of the above-mentioned CC cellular events. We therefore suggest that LINC00662 expression may be of therapeutic value as a diagnostic biomarker for reproductive-system tumors in clinical practice.



Nervous-System Tumors

As the most lethal of all primary brain tumors, gliomas account for 80% of all central nervous system neoplasms (Geng et al., 2020). Accumulating evidence also indicates that the abnormal expression of lncRNAs participate in the occurrence and development of nervous-system tumors. For glioma patients, Wu et al. (2020) showed that LINC00662 overexpression was related to both unfavorable clinical characteristics and poor prognoses; however, the silencing of LINC00662 was shown to suppress glioma cell proliferation and invasiveness in vitro. Moreover, they also confirmed that knocking down LINC00662 expression in an in vivo nude-mouse model inhibited glioma growth.

Unlike gliomas, chordomas are uncommon malignant tumors and still merit the identification of novel biomarkers for diagnosis and treatment development. Both LINC00662 and RNF144B expressions have been shown to be aberrantly upregulated in chordoma tissues, and their knockdowns resulted in the attenuation of chordoma cell proliferation, colony formation, invasiveness, migration, EMT, and glycolysis (Wang et al., 2020).

Taken together, these studies suggest that LINC00662 serves as an oncogene in both glioma and chordoma and should be considered as a potential biomarker for treating these two tumor types that originate in the nervous system.



Digestive-System Tumors

Colorectal cancer (CRC) is the deadliest and highest-incidence cancer worldwide, characterized by high rates of both metastasis and reoccurrence (Wang L. et al., 2019). Studies have reported that many lncRNAs participate in CRC progression, including MALAT1 (Xu et al., 2018) and GAS5 (Ni et al., 2019). Wang H. et al. (2019) found that LINC00662 was significantly upregulated in CRC cells and positively correlated with the degree of tumor differentiation, tumor stage, and lymphatic metastasis. The overexpression of LINC00662 was also an indicator of poor overall survival. However, Yao et al. (2020b) reported that the down-regulation of LINC00662 was also correlated with good patient prognosis and with the significant repression of CRC cell proliferation and promotion of apoptosis. The overexpression of LINC00662 was reported by Cheng B. et al. (2020) to enhance CRC cell invasiveness and migration and to dramatically accelerate CRC growth.

As the third most common cause of cancer-related deaths globally (He et al., 2020), hepatocellular carcinoma (HCC) represents an immense burden to society, with high rates of morbidity and mortality, particularly in China. Numerous research reports have shown that the expressions of lncRNAs (e.g., MIAT, HULC, and PDPK2P) are closely correlated with HCC tumorigenesis and progression. For LINC00662, Tian et al. (2020) reported that it was overexpressed in transforming growth factor beta-exposed HCC cells using existing transcriptomic data, and (Guo et al., 2020) reported that LINC00662 was up-regulated in HCC, positively correlated with patient survival, promoted HCC cell proliferation and motility, and reduced apoptosis.

Esophageal cancer is the eighth-most common cancer worldwide, with a 5-year survival rate lower than 20% (Hirano and Kato, 2019; Reichenbach et al., 2019). Histologically, esophageal cancer can be classified into squamous cell carcinoma and adenocarcinoma, as well as other types. Esophageal squamous cell carcinoma (ESCC) is especially prevalent in Linxian County, Henan Province, China. Zhang et al. (2020) demonstrated that the level of LINC00662 expression was upregulated in ESCC, and this was correlated with the adverse clinical characteristics for ESCC patients. Moreover, the knockdown of LINC00662 was shown to reduce ESCC cell proliferation, migration, and invasiveness.

The mortality rate of gastric cancer (GC) remains high due to its frequent diagnosis only at advanced stages, making it the third-most frequent cause of cancer-related deaths (Smyth et al., 2020). Liu et al. (2018) reported that high LINC00662 expression in GC tissues and cells was associated with poor patient prognoses compared to patients with low LINC00662 expressions. Furthermore, the knockdown of LINC00662 was shown to both suppress GC cell proliferation and to enhance GC chemo-sensitivity.

Among head and neck cancers, oral squamous cell carcinoma (OSCC) is considered highly aggressive and represents the top cause of deaths globally (Xu et al., 2019; Chen et al., 2020). Notably, Chen et al. (2020) revealed that compared to normal tissues, LINC00662 expression was elevated in OSCC and that blocking its expression ameliorated OSCC radio-resistance. Similarly, Xu et al. (2019) also demonstrated that the overexpression of LINC00662 was closely correlated with the adverse clinical characteristics of tumor size, tumor stage, and lymph node metastasis ascribed to its influences on OSCC cell proliferation and motility. The above studies shed new light on the value of lncRNAs for both therapeutic and prognostic purposes for digestive-system tumors and suggest that LINC00662 may be a promising biomarker for many digestive-system tumors.



Tumors in Other Systems

In the United States, potentially fatal melanoma is the fifth-most prevalent cancer in males and the sixth-most prevalent cancer in females (Marco Rastrelli, 2014). Xia et al. (2020) showed that, in patients with melanoma, high levels of LINC00662 expression were associated with shorter survival times and that both melanoma tissues and cell lines showed high LINC00662 expression levels. In addition, the knockdown of LINC00662 was shown to restrain cell proliferation, migration, and invasiveness, and in in vivo experiments, LINC00662 expression was shown to facilitate tumor growth.

Acute myeloid leukemia (AML) is a malignant disease caused by myeloid hematopoietic progenitor cells. It is characterized by the aberrant proliferation of primitive and immature myeloid cells in both the bone marrow and peripheral blood (Ari Pelcovits, 2020). Even with the best current treatments, AML prognoses are poor, especially in patients 65 years or older (De Kouchkovsky and Abdul-Hay, 2016). Therefore, a better understanding of AML pathogenesis and its molecular mechanisms is necessary for the development of novel AML therapies. In AML, Liu Y. et al. (2019) demonstrated that LINC00662 was upregulated in AML cells and significantly promoted AML cell growth, while LINC00662 downregulation was reported to suppress AML cell growth and to accelerate apoptosis. Therefore, LINC00662 can be regarded as a promising prognostic and therapeutic target for patients with OSCC, melanoma, and AML.




LINC00662 MECHANISMS IN HUMAN TUMORS

Studies have determined that lncRNAs are primarily localized to the nucleus and chromatin, indicating that their significant influence may be on DNA (West Jason et al., 2014; Sun et al., 2018). However, even though lncRNAs lack protein-coding ability, they also play important roles in a variety of cellular processes via many molecular mechanisms as described below. Some lncRNAs have cis epigenetic roles, interacting with proteins to mediate protein-coding gene expression (Wang et al., 2008), while other lncRNAs can interact with transcription factors to competitively suppress them, in a capacity known as a molecular decoy (Geisler and Coller, 2013). Some lncRNAs may also function as miRNA sponges to suppress miRNA activity (Cesana et al., 2011), modify enhancer activities, and modulate active-chromatin states (Wang et al., 2011). In addition, lncRNAs can also regulate gene expression post-transcriptionally by binding to antisense mRNAs (Carrieri et al., 2012). In terms of the molecular mechanisms by which LINC00662 acts in cancers, studies have increasingly shown that LINC00662 mainly participates by regulating target miRNA by acting as a ceRNA (Shuai et al., 2020).


LINC00662 Can Act as a ceRNA in Post-transcriptional Regulation

As long as RNA transcripts (e.g., lncRNAs, circular RNAs, and mRNAs) can combine with miRNA response elements (MREs), they are considered to have the ability to act as ceRNAs (Karreth and Pandolfi, 2013; Li X. et al., 2020). The examples mentioned above are entirely ncRNAs, so the ceRNA proposition suggests that miRNAs provide the link between ncRNAs and protein-coding RNAs. This idea of lncRNA/miRNA/mRNA network has previously been advocated as having an indispensable role in both tumorigenesis and the development of many human tumors. Many studies have confirmed that LINC00662 is an important lncRNA member and participates in this lncRNA/miRNA/mRNA network. The ceRNA functions attributed to LINC00662 are presented in Figure 1 and Table 2.
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FIGURE 1. The ceRNA network of LINC00662. LINC00662 is involved in a variety of tumors through the sponging of miRNAs, including miR-497-5p, miR-145-5p, miR-320d, miR-16-5p, miR-16-5p, miR-107, miR-34a-5p, miR-340-5p, hnRNPC, and miR-890. Yellow represents reproductive-system tumors; green represents nervous-system cancers, and blue represents digestive-system tumors. The level of LINC00662 expression is regulated by m6A-level modifications.



TABLE 2. CeRNA networks related to LINC00662 in multiple cancers.
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LINC00662/miR-340-5p/mRNA for ROCK1/HOXB2

Liu Y. et al. (2019) demonstrated that LINC00662 could mediate miRNA-mRNA crosstalk interactions in AML by showing that LINC00662 combined directly with miR-340-5p and decreased its expression level. When LINC00662 was silenced, miR-340-5p levels were then significantly upregulated, AML cell proliferation was suppressed, and cell apoptosis increased. The restraint of miR-340-5p clearly attenuated the inhibitory effect of LINC00662 on proliferation suppression. In addition, decreased Rho-associated protein kinase 1 (ROCK1) expression was also shown to reverse the inhibitory effects of LINC00662 and miR-340-5p on proliferation. We therefore consider ROCK1 to be the target of miR-340-5p in AML cells. Currently, another important ESCC study has also reported a different ceRNA network related to the miRNA/mRNA axis. Zhang et al. (2020) showed that LINC00662 functioned as a ceRNA to sponge miR-340-5p and miR-340-5p led directly to the downregulation of homeobox B2 (HOXB2). Therefore, LINC00662 can upregulate HOXB2 expression and promote the development and progression of ESCC. In contrast, both the inhibition of HOXB2 and the upregulation of miR-340-5p slowed ESCC tumorigenesis. Taken together, these studies emphasize the vital roles of ceRNA interactions in mediating biological processes in both AML and ESCC.



LINC00662/miR-497-5p/mRNA EGLN2/CDC25A/AVL9/YAP1

Mechanistically, Cheng L. et al. (2020) found that LINC00662 promoted BC cell proliferation via the regulation of the miRNA/mRNA axis. Their bioinformatics analysis revealed that LINC00662 could be a sponge for miR-497-5p, and further BC studies showed that LINC00662 directly combined with it resulting in its downregulation. In addition, LINC00662 was shown to directly target Egl-9 family hypoxia inducible factor 2 (EGLN2), which was also considered to be a direct target for miR-497-5p. Therefore, this study revealed that LINC00662 overexpression accelerated BC cell growth via competitive binding with miR-497-5p and promoting EglN2 expression. Mechanistically in CC, LINC00662 was shown to also interact competitively with miR-497-5p, similar to its interaction in BC cells. In this study, Wei et al. (2020) showed that LINC00662, as a ceRNA, promoted CC progression and radio-resistance via the sponging of miR-497-5p, resulting in increased CDC25A levels. Therefore, this lncRNA/miRNA/mRNA axis in CC accelerated the malignant behavior of CC cells and the targeting of LINC00662 may enhance radio-resistance in these cells. In a CRC study, LINC00662 was found to exert a ceRNA function via the binding/decrease of miR-497-5p, leading to the overexpression of AVL9 (Wang H. et al., 2019). Collectively, LINC00662 appears to play a crucial role in development of CRC by modulating the miR-497-5p/AVL9 axis, shedding new light on CRC pathogenesis. Moreover, one of the vital regulatory mechanisms related to GC was the LINC00662/miR-497-5p/YAP1 ceRNA network proposed by Liu et al. (2018), where the knockdown of LINC00662 in GC cells was shown to suppress yes-associated protein 1 (YAP1) expression via the sponging of miR-497-5p. Furthermore, YAP1 has been shown to be a crucial downstream regulator of Hippo signaling and a mediator of GC-cell proliferation. Therefore, LINC00662 represents a potentially new biomarker for patients with BC, CC, CRC, and GC.



LINC00662/miR-16-5p/mRNA for RNF144B

Both LINC00662 and RNF144B have been shown to be aberrantly upregulated in chordoma tissues, and the knockdown of either LINC00662 or RNF144B impeded chordoma cell proliferation, colony formation, invasiveness, migration, EMT, and glycolysis. In addition, RNF144B overexpression was reported to reverse the effects of LINC00662 knockdown. Additionally, miR-16-5p was shown to target RNF144B and be a potential target for LINC00662. Thus, the relationship between LINC00662 and RNF144B was established through demonstrating their miR-16-5p interactions, and further studies also showed that the stable knockdown of LINC00662 inhibited tumor growth in vivo (Wang et al., 2020). These findings suggest that LINC00662 may also be an important therapeutic target for chordoma clinically.



LINC00662/miR-107/mRNA for HMGB1

Wu et al. (2020) showed that LINC00662 mechanistically regulated the miR-107/HMGB1 axis as a ceRNA. Moreover, the upregulation of high-mobility group box 1 protein (HMGB1) was reported to weaken the inhibition of glioma growth caused by the knockdown of LINC00662, suggesting that HMGB1 should be considered an miR-107 target. As a DNA-binding protein, HMGB1 is well-conserved, and many studies have shown that it accelerates the development of gliomas.



LINC00662/miR-34a-5p/mRNA for LMAN2L

Geng et al. (2020) reported that LINC00662 also acted as a ceRNA through miR-34a-5p binding and the resulting upregulation of lectin, mannose-binding 2-like protein (LMAN2L). For measures of functionality, the downregulation of LINC00662 has been shown to significantly suppress both cell proliferation and clonogenicity. Interestingly, inhibitors of miR-34a-5p (including LINC00662) have been reported to partially weaken the inhibitory effect on cell proliferation and migration induced by LINC00662 silencing in glioma cells. Therefore, these results suggest that the LINC00662/miR-34a-5p/LMAN2L axis can modulate glioma progression, bringing a new perspective to both glioma diagnosis and possible therapeutic methods for glioma patients.



LINC00662/miR-145-5p/mRNA for PAFAH1B2

Mechanistically, Xu et al. (2020) further revealed that LINC00662 functions as an LC oncogene (acting as a ceRNA) through the binding and downregulation of miR-145-5p. In addition, the knockdown of LINC00662 was shown to elevate miR-145-5p levels and result in the downregulation of platelet activating factor acetylhydrolase 1B catalytic subunit 2 (PAFAH1B2). Specifically, Xu et al. (2020) also found that miR-145-5p could combine with the 3′untranslated region (UTR) of PAFAH1B2 for negative regulation and suppressing miR-145-5p blocked the LC-repressive effect of LINC00662 silencing.



LINC00662/miR-890/mRNA for ELK3

LINC00662 has been reported to combine with miR-890, with ELK3 being the downstream gene target of miR-890. Furthermore, miR-890 has also been shown to negatively regulate ELK3 expression. Using rescue assays, the overexpression of ELK3 was shown to reverse the inhibitory effects of either LINC00662 knockdown or miR-890 mimics on the cell proliferative, migratory, and invasive abilities of melanoma (Xia et al., 2020).



LINC00662/miR-320d/mRNA for E2F1

LINC00662 has also been shown to act as an miR-320d sponge in non-small cell LC cells, and E2F transcription factor 1 (E2F1) is known to be a target for miR-320d in these cells. In addition, exosomal LINC00662 was reported to accelerate non-small cell LC progression via the sponging of miR-320d in vitro, and this exosomal LINC00662 also significantly enhanced non-small cell LC growth. Thus, this exosomal LINC00662 study showed that non-small cell LC progression was promoted through modulation of the miR-320d/E2F1 axis and expands our understanding of potential exosomal LINC00662 mechanisms. LINC00662, miR-320d, and E2F1 may therefore all serve as potential targets for non-small cell LC therapies (Lv et al., 2021).



LINC00662/hnRNPC/mRNA for AK4

Chen et al. (2020) reported that LINC00662 could interact with both heterogeneous nuclear ribonucleoprotein C (hnRNPC) and adenylate kinase 4 (AK4) in OSCC and that LINC00662 mainly interacted with hnRNPC protein to regulate AK4 mRNA stability, resulting in AK4 protein overexpression. Interestingly, LINC00662 was shown not to be able to interact with hnRNPC directly, and its modulation of OSCC cell radiosensitivity was shown to be through hnRNPC-modulated AK4. In fact, the knockdown of LINC00662 actually enhanced OSCC-cell radiosensitivity via the upregulation of AK4.



LINC00662/miR-145/mRNA for c-myc

The results of a bioinformatics analysis reported miR-145 to be a speculative miRNA target for LINC00662. In addition, LINC00662 was shown to directly interact with miR-145 and to reduce its expression in CRC. The upregulation of miR-145 was also reported to attenuate CRC cell growth and to accelerate apoptosis, while its suppression was shown to markedly reverse the inhibitory effect of LINC00662 knockdown on CRC cell growth. In addition, the recovery of c-myc expression was reported to partially reverse the inhibitory effects on CRC cell growth mediated either by LINC00662 low-expression or by miR-145 overexpression. Taken together, this study indicates that LINC00662 modulated CRC cell biology by raising c-myc levels via its binding with miR-145 and that the LINC00662/miR-145/c-myc axis plays a crucial role in regulating CRC cell growth (Yao et al., 2020b).



The Interaction Between LINC00662 and Protein

In addition to acting as a ceRNA, LINC00662 has also been shown to influence genomic methylation through its interactions not only with miRNA but also with protein (Guo et al., 2020). This research demonstrated that the effect of LINC00662 was mainly on the expressions of methionine adenosyltransferase 1A (MAT1A) and S-adenosylhomocysteine hydrolase (AHCY); key enzymes for the production of S-adenosylmethionine (SAM) and S-adenosylhomocysteine (SAH). On the one hand, as previously described, LINC00662 exerted its ceRNA function via the MAT1A 3′UTR by direct sponging, thereby reducing MAT1A mRNA and downregulating MAT1A protein expression. On the other hand, and more importantly, LINC00662 was also shown to directly interact with AHCY protein, thereby facilitating AHCY instability via the upregulation of its ubiquitin-mediated degradation (Guo et al., 2020). Taken together, LINC00662 has also been shown to participate in the activation of multiple oncogenes through protein interactions, shedding additional light on possible LINC00662 mechanisms.




PATHWAY RELATED TO LINC00662 FUNCTION IN CANCERS

A variety of signaling pathways are active in cancer cells and are indispensable for their cellular processes. Recent evidence has indicated that lncRNAs, including LINC00662, are involved in many of these signaling pathways (Table 3). The extracellular signal-related kinase (ERK) signaling pathway is a vital contributor to many cellular processes and to the survival of cancer cells (Wen et al., 2019). The ERK family has five main members (ERK1–5); ERK1 and ERK2 are involved in regulating many biological processes, including meiosis and mitosis (Hu et al., 2019). LINC00662 has been shown to activate ERK signaling by raising the expression levels of both claudin 8 (CLDN8) and interleukin 22 (IL22) via the targeting of miR-340-5p (Cheng B. et al., 2020). These two genes play important roles in the pathogenesis of several intestinal diseases, including colon cancer, by promoting cell growth and metastasis (Figure 2). The Hippo signaling pathway has also become recognized as being important in GC. Liu et al. (2018) previously found that this pathway was linked to many cellular events via many biological molecules. Specifically, a decrease in LINC00662 expression has been shown to significantly reduce YAP1 expression, resulting in modulation of YAP1-mediated GC cell proliferation by the sponging of miR-497-5p (Figure 3). In addition, the Wnt/β-catenin signaling pathway also is of great importance for regulating cell proliferation in tumors. Xu et al. (2019) reported that the expression of LINC00662 promoted the activation of the Wnt/β-catenin signaling pathway. In their study, the upregulation of LINC00662 significantly increased Wnt3a and β-catenin proteins, while the knockdown of LINC00662 inhibited these proteins and blocked the overall activation of the Wnt/β-catenin signaling pathway. These studies indicate that LINC00662 may exert its oncogenic functions by regulating mitogen-activated protein kinase (MAPK)/ERK signaling, Hippo signaling, and the Wnt/β-catenin signaling pathway.


TABLE 3. Signaling pathways related to LINC00662.
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FIGURE 2. A schematic diagram of LINC00662 participation in the ERK signaling pathway. LINC00662 promotes p-ERK via binding to (and suppressing) miR-340-5p. Both CLDN8 and IL22 are target genes of ERK, and CLDN8 promotes p-ERK simultaneously.
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FIGURE 3. A schematic representation of LINC00662 involved in the Hippo signaling pathway. LINC00662 regulates YAP1 through the sponging of miR-497-5p, similar to the ERK signaling-pathway mechanism. Activation of the Hippo signaling pathway promotes cell proliferation, tissue repair, and homeostatic maintenance.




POTENTIAL CLINICAL APPLICATION OF LINC00662


As a Biomarker for Cancer Diagnosis

In recent years, accumulating evidence has indicated that lncRNAs could be detected in plasma and tissues as biomarkers for the diagnosis of cancers (Li et al., 2019). Interestingly, LINC00662 has been found to have a potential diagnostic value for patients with lung cancer (Gong et al., 2018), chordoma (Wang et al., 2020), colorectal cancer (Wang H. et al., 2019; Yao et al., 2020b), gastric cancer (Liu et al., 2018), and acute myelocytic leukemia (Liu Y. et al., 2019). Gong et al. (2018) observed that the LINC00662 expression level in lung cancer tissues was significantly higher than that in adjacent normal tissues. LINC00662 expression was also upregulated in colorectal cancer tissues, betokening potential application of LINC00662 in colorectal cancer diagnosis (Wang H. et al., 2019; Yao et al., 2020b).



As a Prognostic Biomarker for Cancer

Based on the recent studies, the overexpression of LINC00662 was significantly linked to poor prognosis in different cancer types. Guo et al. (2020) demonstrated that the increased expression of LINC00662 was associated with lower overall survival (P = 0.0071) and recurrence-free survival rate (P = 0.0064) in HCC. Gong et al. (2018) found that LINC00662 expression level in lung cancer was higher in advanced TNM stages. Therefore, overexpression of LINC00662 led to poor prognosis of lung cancer. Similarly, cervical cancer patients with high LINC00662 expression level had shorter overall survival time and relapse free survival time (Wei et al., 2020). Xu et al. (2019) found that in OSCC, LINC00662 expression was significantly correlated with tumor size, TNM stage, and lymph node metastasis. Many researches had reported that LINC00662 was a prognostic biomarker for patients with prostate cancer (Li et al., 2019), lung cancer (Wang et al., 2020), glioma (Geng et al., 2020; Wu et al., 2020), melanoma (Xia et al., 2020), colon cancer (Cheng B. et al., 2020), colorectal cancer (Wang H. et al., 2019), and gastric cancer (Liu et al., 2018).



As a Therapeutic Target for Cancer

Though not much study has been done on the therapeutic value of LINC00662 for cancer patients, studies on LINC00662 in tumor have provided the probability of LINC00662 as a therapeutic target for cancers. Xia et al. (2020) found that suppression of LINC00662 repressed cell proliferation, migration, and invasion of melanoma, which indicated that LINC00662 could be a promising therapeutic target for patients with melanoma. Xu et al. (2019) discovered that downregulation of LINC00662 inhibited the proliferation, migration, and invasion abilities of OSCC cell, and promoted apoptosis. In vivo, LINC00662-depleted U87 cells were injected into the BALB/C immunodeficiency mice, and the tumor volumes and weights of the LINC00662 knockdown group were significantly decreased. Therefore, silenced LINC00662 suppressed glioma proliferation in vivo, proving that LINC00662 could serve as therapeutic potential in glioma (Geng et al., 2020). Moreover, LINC00662 also could be a novel therapeutic target for treatment of chordoma (Wang et al., 2020), prostate cancer (Li et al., 2019), breast cancer (Cheng L. et al., 2020), lung cancer (Gong et al., 2018), AML (Liu Y. et al., 2019), gastric cancer (Liu et al., 2018), and colorectal cancer (Wang H. et al., 2019; Yao et al., 2020b).




CONCLUSION

Technological developments have provided efficient research tools for exploring lncRNAs and have led to the discovery of many lncRNAs in recent years (Ma et al., 2018; Xing et al., 2021). Accumulating research has identified crucial roles for lncRNAs in both tumor occurrence and progression (Peng et al., 2017), and the dysregulation of LINC00662 is among those identified as leading to a variety of cancers. The transcription site for LINC00662 is located on the 19th chromosome from site 28,281,401 to 28,284,848. Consistently, LINC00662 has been shown to be overexpressed in many different tumors, including lung cancer, breast cancer, cervical cancer, prostate cancer, chordoma, glioma, gastric cancer, and hepatocellular carcinoma. Mechanistically, when localized to the cytoplasm, LINC00662 has been shown to serve as a ceRNA for gene regulation and to influence RNA metabolism. In parallel, LINC00662 has also been shown to participate in regulating mRNA stability as a mediator of gene expression. Notably, LINC00662 has also been shown to interact with protein and RNA and to participate in a variety of vital signaling pathways, including the MAPK/ERK pathway, the Hippo pathway, and the Wnt/β-catenin signaling pathway.

Although the traditional treatment methods have been greatly developed, at present, the clinical treatment of cancer still faces with many problems. High recurrence rate and low treatment accuracy are still obstacles to further improve the prognosis of cancer patients. Therefore, LINC00662, which is a potential biomarker for early prediction of cancer initiation, is a novel promising target for cancer. However, the studies of LINC00662 are limited and mainly focus on investigating the vital role of LINC00662 in oncogenesis. We consider that the upstream molecular mechanism controlling the expression of LINC00662 remains to be revealed. Moreover, the interaction of ncRNA network and the clinical effectiveness of targeting LINC00662 are also unclear. Though further clinical studies are needed to assess the clinical value of LINC00662 in different tumors, LINC00662 still shows extraordinary promise.
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High mortality rates of prostate cancer (PCa) are associated with metastatic castration-resistant prostate cancer (CRPC) due to the maintenance of androgen receptor (AR) signaling despite androgen deprivation therapies (ADTs). The 8q24 chromosomal locus is a region of very high PCa susceptibility that carries genetic variants associated with high risk of PCa incidence. This region also carries frequent amplifications of the PVT1 gene, a non-protein coding gene that encodes a cluster of microRNAs including, microRNA-1205 (miR-1205), which are largely understudied. Herein, we demonstrate that miR-1205 is underexpressed in PCa cells and tissues and suppresses CRPC tumors in vivo. To characterize the molecular pathway, we identified and validated fry-like (FRYL) as a direct molecular target of miR-1205 and observed its overexpression in PCa cells and tissues. FRYL is predicted to regulate dendritic branching, which led to the investigation of FRYL in neuroendocrine PCa (NEPC). Resistance toward ADT leads to the progression of treatment related NEPC often characterized by PCa neuroendocrine differentiation (NED), however, this mechanism is poorly understood. Underexpression of miR-1205 is observed when NED is induced in vitro and inhibition of miR-1205 leads to increased expression of NED markers. However, while FRYL is overexpressed during NED, FRYL knockdown did not reduce NED, therefore revealing that miR-1205 induces NED independently of FRYL.
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INTRODUCTION

Prostate cancer (PCa) was the second most diagnosed and deadliest cancer in 2020 with an estimate of 209,512 cases and 32,438 deaths in the United States according to GLOBOCAN2020 (Ferlay et al., 2020). Although men diagnosed with local and regional PCa have 100% 5-years period survival rate, patients diagnosed with PCa at the distant stage have a relative 30% 5-years survival rate, indicating that the spread of the disease is extremely lethal (Howlander et al., 2017). Although the androgen receptor (AR) is not the only driver of prostate carcinogenesis, almost 80–90% of prostate cancers are dependent on androgenic activity via AR signaling (Denis and Griffiths, 2000). Therefore, androgen deprivation therapy is critical for patients that display indications of high-risk localized or metastatic PCa and is currently the most effective treatment that significantly improves survival rates (Huggins, 1967; Huggins and Hodges, 1972; Harris et al., 2009). However, 10–20% of patients develop castration resistant PCa (CRPC) due to failure of tumor regression upon treatment, in which 33% with CRPC develop metastatic CRPC (mCRPC) within 2 years of diagnosis (Morgan et al., 2010; Kirby et al., 2011; Hirst et al., 2012). While several next generation hormone treatments, such as abiraterone acetate and enzalutamide, enhances survival rates for men diagnosed with mCRPC, approximately 20–40% of patients do not respond to treatments and those who initially respond to treatments may acquire secondary resistance (Mostaghel et al., 2011; Antonarakis et al., 2014). Moreover, as PCa is a very heterogeneous disease, some patients also acquire rare PCa subtypes after ADT relapse, such as neuroendocrine prostate cancer (NEPC), that are characterized as AR-negative and survive with complete independence of AR signaling. More recently, NEPC has been observed in 15–20% of patients with prostate adenocarcinoma who received chemotherapy, including treatments with abiraterone and enzalutamide (Conteduca et al., 2019). The transformation from prostate adenocarcinoma to NEPC as a consequence of androgen deprivation therapies is clinically termed treatment-related NEPC (t-NEPC) (Ito et al., 2001; Hirano et al., 2004; Aparicio et al., 2011; Robinson et al., 2015). Although NEPC is rare (< 2% incidence in the United States), men who develop NEPC or t-NEPC have very poor prognosis because of lack of targeted therapies and insufficiently identified biomarkers (Beltran et al., 2011). Resistance toward ADTs creates a new challenge for treating men with CRPC and better understanding of these mechanisms will provide knowledge on how to address PCa heterogeneity.

Genome wide association studies (GWAS) has identified over 70 genetic variants that are associated with high risk for developing PCa (Benafif et al., 2018). The 8q24 chromosomal region was one of the first regions to be identified and is considered to be the most important PCa susceptibility locus (Yeager et al., 2007). This region is commonly known to be a “gene desert” due to the lack of protein coding genes (Ghoussaini et al., 2008; Wasserman et al., 2010). Within the 8q24 chromosomal region lies the PVT1 gene, which encodes a series of alternatively spliced transcripts along with a cluster of microRNAs (–1204, –1205, –1206, –1207-5p, –1207-3p, and –1208) (Cory et al., 1985; Huppi et al., 2008; Colombo et al., 2015). PVT1 is amplified in many cancers and has been reported to function as a microRNA sponge ultimately inducing proliferation and suppressing apoptosis in cancer cells (Guan et al., 2007; Ding et al., 2014; Paci et al., 2014; Wang et al., 2014; Yang et al., 2014; Ogunwobi and Kumar, 2019). Moreover, our lab has demonstrated the potential role of PVT1 as a biomarker in aggressive prostate cancer (Ilboudo et al., 2015). However, the importance of PVT1-encoded microRNAs are largely understudied. Recent reports have shown the implications of microRNA-1204 in the suppression tumor growth, suggesting a role in oncogenesis (Beck-Engeser et al., 2008; Barsotti et al., 2012). Furthermore, our lab has established the clinical significance of microRNA-1207-3p as a biomarker and putative therapeutic option via a novel regulatory pathway in prostate cancer (Das et al., 2016a). A more in-depth investigation of PVT1-encoded miRNAs will further demonstrate the importance of the 8q24 chromosomal locus in PCa.

Due to the increasing evidence of PVT1-encoded miRNAs in cancer, we were interested in elucidating the role of miR-1205 in cancer. It was previously reported that miR-1205 is expressed at very low levels among cancer cell lines (not including PCa cell lines), questioning its role in tumorigenesis (Beck-Engeser et al., 2008; Huppi et al., 2008). The aim of this study was to examine the role of miR-1205 in PCa. We observed underexpression of miR-1205 and overexpression of Fry-like (FRYL), a putative target of miR-1205, in PCa tissues and cell lines. Moreover, we generated novel synthetic analogs of miR-1205 and discovered that miR-1205 can inhibit castration-resistant prostate cancer growth in mice. Further investigation of miR-1205 tumor suppressive pathway confirmed direct miR-1205:FRYL binding and putative role of this pathway in PCa neuroendocrine differentiation (NED), a phenomenon occurring in resistant PCa subtypes.



MATERIALS AND METHODS


Patient Cohorts

Tissues were collected in compliance with Institutional Ethics Board approved protocol at the City University of New York and University of Ibadan. All experiments were performed in accordance with relevant guidelines and regulations. Informed consent was acquired for all participants. Deidentified frozen tissue was obtained from prostatectomy or transrectal ultrasounded-guided biopsies in patients from University of Ibadan. All tissues were histologically identified as normal prostatic (n = 22), benign prostatic hyperplasia (n = 42), or prostate cancer tissue (n = 26). RNA extraction, cDNA synthesis and RT-qPCR was performed to analyze mRNA expression of miR-1205 and FRYL.

Additionally, FRYL expression was examined in a RNA-seq analysis of prostate cancer and adjacent normal tissue (n = 14) of a Chinese population using the galaxy web platform.1

Lastly, we looked at the expression levels of FRYL in a Weill Cornell Medicine (WCM) cohort of 29 benign prostate samples, 66 localized prostate cancer (PCa), 73 castration resistance adenocarcinomas (CRPC), and 36 neuroendocrine prostate cancer (NEPC) samples whose transcriptome was profiled by RNA-seq (Berger et al., 2019). Similarly to the original analysis, we aligned all reads against the human genome sequence build hg192 with STAR_2.4.0f1 (Dobin et al., 2013) and used SAMTOOLS v0.1.19 (Li et al., 2009) for sorting and indexing reads. We estimated expression values (FPMKs—fragments per million reads per kilobase of exons) with Cufflinks (2.0.2) (Trapnell et al., 2014) based on GENCODE v19 (Derrien et al., 2012) gene annotation. Since the sequenced samples from the published datasets were processed using different library preps, i.e., poly-A selection or ribosomal depletion, we normalized FPKMs via ComBat (Johnson et al., 2007) from sva bioconductor package (Leek et al., 2012). This way the differences due to the library preparation methods are reduced.



Cell Culture

Cell culture of human RWPE-1 (normal prostate epithelial cells) (Bello et al., 1997), WPE1-NA22 (indolent PCa epithelial cells) (Webber et al., 2001), MDA PCa 2b (metastatic PCa adenocarcinoma epithelial cells) (Navone et al., 1997), PC-3 (androgen-independent metastatic PCa cells) (Kaighn et al., 1979) and LNCaP (androgen-sensitive PCa cells) (Horoszewicz et al., 1980) were performed as previously described (Das et al., 2016a). 22Rv1 (human androgen-insensitive PCa cells) was purchased from the American Type Culture Collection and cultured in RPMI 1640 supplemented with 10% heat inactivated FBS, and 1% penicillin/streptomycin (Sramkoski et al., 1999). C4-2B (human androgen-insensitive PCa cells) was cultured in DMEM supplemented with 200 ml Ham’s F12, 10% heat-inactivated FBS, 1% penicillin/streptomycin, insulin (5 μg/ml), triiodothyronine (13.65 pg/ml), human apo-transferrin (4.4 μg/ml), d-biotin (0.244 μg/ml), and adenin (12.5 μg/ml). The C4-2B cell line is a well validated and widely recognized model of CRPC obtained from MD Anderson Cancer Center under a materials transfer agreement with Hunter College of The City University of New York (Thalmann et al., 1994).

RPMI 1640 medium containing 10% charcoal-stripped FBS and 1% penicillin/streptomycin was used to differentiate LNCaP cells into neuroendocrine-like PCa cells. Control LNCaP cells were seeded in a 10 cm culture dish and were maintained with RPMI 1640 medium containing 10% heat-inactivated FBS and 1% penicillin/streptomycin. LNCaP and LNCaP-NED cells were cultured for 10 days and pellets were collected for downstream analysis.



Synthesis of Synthetic miR-1205 Analogs and Control Oligonucleotides

Synthesis of negative control scramble oligonucleotides (NB1) and synthetic miR-1205 analogs (NB1205) was carried out on an automated synthesizer using standard protocols and HPLC-purified. Purified products are stored as lyophilized powder at –20°C until use.



Transfections of Oligonucleotides and siRNAs

Transfection of miR-1205 mimic, miR-1205 inhibitor, NB1 and NB1205 were performed as previously described (Das et al., 2016a). MicroRNA-1205 mimic (MISSION microRNA Mimic—hsa-miR-1205, HMI0063), its inhibitor (MISSION Synthetic microRNA Inhibitor—hsa-miR-1205, HSTUD0063) and FRYL siRNA were purchased from Sigma-Aldrich. Transfection of siRNAs were performed as described (Das et al., 2016b). Negative control scramble siRNAs which do not lead to specific degradation of any known mRNA were used as negative controls (Das et al., 2016a).



RNA Isolation and Quantitative Real-Time Polymerase Chain Reaction (qRT-PCR) Analysis

RNA isolation, cDNA synthesis, and qRT-PCR were performed as previously described (Das et al., 2016a). All experiments were performed three times in quadruplicates. GAPDH and FRYL human primers were purchased from Sigma-Aldrich (St. Louis, MO, United States). MiR-1205 and RNU6B primers were purchased from Qiagen (Hilden, Germany). The expression of genes was normalized to the expression of GAPDH or U6 genes. Primer sequences for FRYL: Forward: 5′-AGC ATT GTA GCT GTT GGT TTGT; Reverse: 5′-AGG GCA ATT CAA GAA GGT AACA.



Luciferase Report Assay

Human FRYL (HmiT008154-MT06) and miRNA target clone control vector for pEZX-MT06 were purchased from GenecopoeiaTM, Rockville, MD, United States. Cells were seeded in a 24 well plate and co-transfected with either a negative control oligonucleotide (MISSION Negative Control 1, NSTUD001), miR-1205 mimic, or miR-1205 mutant and/or miRNA target clone control vector or FRYL 3′UTR target clone vector. Lysates were analyzed using the Luc-PairTM Duo-Luciferase Assay kit 2.0 (LF001, Genecopoeia). Luminescence was detected using the SpectraMax i3x multi-mode detection platform.



Western Blotting

Western blotting was performed as described previously (Das et al., 2016a). Primary antibodies against human FRYL: PA5-56644 (Thermo Fisher Scientific, United States), Aurora A: 14475 (Cell Signaling), NSE: NB200-421 (Novus Biologicals), human GAPDH: 5174 (Cell Signaling) and alpha tubulin: sc-32293 (Santa Cruz Biotechnology). Secondary antibodies used were either against mouse or rabbit (LI-COR, St. Louis, MO, United States).



RNA Pulldown

RNA pulldown was similarly performed as previously described (Das et al., 2016a). The DynaBeads Myone Streptavidin C1 (Ref: 65001, Thermo Fisher Scientific) were washed three times with bead wash buffer (5 mM Tris-Cl pH 7.5, 0.5 mM EDTA, and 1M NaCl) and blocked overnight (1 μg/μl BSA and 1 μg/μl yeast tRNA). Cells transfected with 7 nM of the miR-1205 or scramble biotinylated duplex were harvested and lysed after 24 h. The lysate and beads were mixed and incubated overnight at 4°C. The following day, beads were washed and target mRNA associated with the duplex was isolated using TRIzol (Ref:15596026, Thermo Fisher Scientific). To determine enrichment of target mRNA, qRT-PCR analysis were performed to detect FRYL in control (transfected with NB1) and experimental lysate (transfected with NB1205).



Assessment of Effect of NB1 and NB1205 on in vivo CRPC Tumor Growth

We evaluated the effect of NB1205 and NB1 on in vivo tumor growth. All animal studies were approved by the Institutional Animal Care and Use Committee at Weill Cornell Medicine and were performed in accordance with relevant guidelines and regulations. Male NOD/SCID gamma NSG) mice were implanted subcutaneously into the right flank with 1 × 106 C4-2B CRPC cells. Tumors were allowed to grow and mice were randomized into two groups of three mice per group on day 61. Both groups were administered with daily subcutaneous injections of 100 μl of either 100 nM of control scramble duplex (NB1) or miR-1205 duplex (NB1205) for 10 days. Tumor volume (length, width, height) was determined using a vernier caliper and a scale was used to measure mouse body weight daily. All tumor-bearing mice were euthanized at day 70.



Annexin V/Propidium Iodide Staining

Annexin V-FITC and propidium iodide staining assay was performed as previously described. LNCaP and C4-2B cells were transfected with either the control scramble oligonucleotide or miR-1205 mimic and after 48 h the cells were harvested, stained and examined through flow cytometry.



Statistical Analysis

Data was collected from multiple independent experiments. All results are presented as mean ± standard error of the mean (SEM). Unless otherwise indicated, analysis of statistical significance of differences between groups was performed using two-tailed Student’s t-test, and only values with p < 0.05 were deemed significant. Data presented were analyzed using one-way ANOVA test, multiple comparison Tukey post hoc test, and/or independent Student’s t-test as described (Das et al., 2016a).
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FIGURE 1. MicroRNA-1205 is underexpressed in PCa tissues and cells. (A) RNA expression was determined by RT-qPCR from a cohort of histologically confirmed normal prostatic (n = 22), benign prostatic hyperplasia (n = 42), and PCa (n = 26) histologically confirmed tissues obtained from prostatectomy or transrectal ultrasound-guided biopsies. Tissues were collected in compliance with Institutional Ethics Board approved protocol. One-way ANOVA analysis determined changes in the relative expression of miR-1205 between groups [F(2, 87) = 1.153] and a Tukey post hoc test revealed decreased miR-1205 expression in benign (4.61 ± 7.5) and malignant tumors (3.39 ± 3.53) when compared to normal tissues (6.55 ± 9.5). (B) RWPE-1, WPE1-NA22, MDA-PCa-2b, PC-3, LNCaP, C4-2B, and 22RV1 cells were used to study the expression of miR-1205 in PCa. RT-qPCR analysis showed a significant decrease of miR-1205 RNA expression in PCa cells when compared to normal epithelial RWPE-1 cells. ∗p < 0.05, ∗∗p < 0.01, ∗∗∗p < 0.001, and ****p < 0.0001 compared to the control. Data is presented as mean and bars represent mean ± SD (n = 3).
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FIGURE 2. miR-1205 exerts a tumor suppressive effect in vitro and in vivo. (A) LNCaP and C4-2B cells transfected with microRNA-1205 mimic lead to an increased activation of the executioner caspase 7 and PARP cleavage when compared to cells transfected with NB1. Histogram represents quantification of caspase 7, cleaved caspase 7, full length PARP and cleaved PARP normalized to GAPDH. Data is represented as mean ± SD (n = 3). (B) The effect of miR-1205 overexpression on apoptosis was further assessed with AnnexinV/PI staining in LNCaP and C4-2B cells. Overexpression of miR-1205 led to an increase in apoptosis in LNCaP and C4-2B cells when compared to cells transfected with a negative control scramble. Histogram represents percentage of cells gated for Annexin V-FITC or Annexin V-FITC/PI and normalized to scramble. Data is represented as mean ± SD (n = 3). (C) Male NOD/SCID gamma mice were subcutaneously implanted with C42B CRPC cells. Mice were randomized into two groups of 3 mice each and administered NB1 or NB1205 for 10 days (dosage of 100 mM). Effects were assessed by daily measurements of tumor volume. Inhibition of tumor growth was observed in mice treated with NB1205. Data is presented as average of tumor volume. There was a statistically significant difference between NB1 and NB1205 groups from days 1 to 10 as determined by one-way ANOVA [F(1, 18) = 4.414, p = 3.4853E-05].
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FIGURE 3. Expression of FRYL in the WCM cohort. (A) The waterfall plot shows the median-scaled values of FRYL FPKMs across the cohort for each sub-group (benign, PCa, CRPC, and NEPC) and (B) the boxplots illustrate the absolute distribution of the log-2 transformed expression levels. The expression of FRYL is significantly upregulated in advanced prostate cancers (CRPC, NEPC) compared to either benign prostate or localized PCa tumors. Pairwise comparisons (Wilxocon test) were performed to determine significance (p-value).
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FIGURE 4. FRYL is overexpressed in PCa and is regulated by miR-1205. (A) FRYL was significantly overexpressed in PCa tissues when compared to normal tissues {ANOVA [F(1, 22) = 4.3, p = 0.009]. (B) Using thesame cohort of tissues in Figure 1A, FRYL overexpression was observed in PCa tissues when compared to normal prostatic tissues. (C) Western blot analysis of FRYL in CRPC C4-2B, small cell prostate carcinoma PC-3 cells and androgen-sensitive LNCaP cells. (D) FRYL protein levels in PC-3 cells after inhibition of miR-1205 with NB1205. Data is presented as ± SD.
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FIGURE 5. miR-1205 directly binds to the 3′UTR of FRYL. C4-2B and PC-3 cells were co-transfected with Genecopoeia pEZX-MT06 miRNA reporter empty vector or FRYL plasmid with a non-targeting negative control or miR-1205 mimic for 24 h. The Fluc and Rluc activity was measured. Luciferase activity is normalized to the negative control luciferase activity. *P < 0.05 compared to Negative control/FRYL Vector (n = 3). (A) C4-2B cells transfected with miR-1205 and the 3′UTR of FRYL in a luciferase expressing vector revealed a significant decrease in luciferase activity when compared to control cells, indicating direct binding of miR-1205 to the 3′UTR of FRYL. (B) Overview of RNA pull down assay is demonstrated. Overall enrichment of FRYL was observed in RWPE-1, PC-3, MDA PCa 2b and C4-2B cells transfected with the biotinylated miR-1205 duplex (NB1205). *p < 0.05 compared to Scramble Biotinylated Duplex (n = 3). Data is presented as mean and bars represent standard error of the mean ± SD.




RESULTS


MicroRNA-1205 Is Underexpressed in PCa Tissue and Cells

To determine the role of miR-1205 in PCa, a cohort of histologically confirmed normal prostatic (n = 22), benign prostatic hyperplasia (n = 42), and PCa (n = 26) tissues were obtained from prostatectomy or transrectal ultrasound-guided biopsies and the levels of miR-1205 RNA expression were examined. One-way ANOVA analysis determined changes in the relative expression of miR-1205 between groups [F(2, 87) = 1.153]. A Tukey post hoc test revealed that miR-1205 expression was twofold lower in benign tissue (4.61 ± 7.5), and about threefold lower in PCa tissue (3.39 ± 3.53), when compared to normal prostatic tissue (6.55 ± 9.5) (Figure 1A). This data demonstrates that miR-1205 is underexpressed in human prostatic tumor tissue suggesting that loss of miR-1205 function may drive progression of solid prostatic tumors. To further verify the underexpression of miR-1205 in PCa, a panel of human PCa cell lines including RWPE-1 (normal prostate epithelial cells) (Bello et al., 1997), WPE1-NA22 (RWPE-1 cells transformed with MNU; non-invasive) (Webber et al., 2001), MDA-PCa-2b (PCa adenocarcinoma) (Navone et al., 1997), PC-3 (small cell prostatic carcinoma) (Kaighn et al., 1979; Tai et al., 2011), LNCaP (androgen-sensitive PCa adenocarcinoma) (Horoszewicz et al., 1980), C4-2B (androgen-insensitive PCa adenocarcinoma) (Thalmann et al., 2000), and 22RV1 (androgen-insensitive PCa adenocarcinoma) (Sramkoski et al., 1999; Dehm et al., 2008) were used to asses mRNA expression. An overall significant decrease of miR-1205 expression was observed in PCa cells when compared to normal epithelial RWPE-1 cells (Figure 1B). Interestingly, androgen-sensitive cells (WPE1-NA22, MDA PCa 2b, and LNCaP) displayed ∼60% decrease in miR-1205 expression, whereas androgen-insensitive (PC-3, C4-2B and 22RV1) cells displayed ∼80% reduction of miR-1205 expression in comparison to RWPE-1 cells. These observations suggest that miR-1205 may influence the phenotype and progression of aggressive PCa. Furthermore, underexpression of miR-1205 could indicate that it may have tumor suppressive functions that could drive PCa aggressiveness.



MicroRNA-1205 Synthetic Analog, NB1205, Suppresses Tumor Growth in Xenograft CRPC Mouse Model

To assess whether miR-1205 is involved in tumor suppression in PCa, we investigated the function of miR-1205 in vitro by examining its effect on proliferation and apoptosis of PCa cells. We designed a synthetic biotinylated miR-1205 duplex (NB1205, patent pending) and a control synthetic biotinylated scramble duplex (NB1) to be used as tools for studying the function of miR-1205. MTT assays revealed that C4-2B cells transfected with NB1205 did not significantly affect cell proliferation when compared to cells transfected with NB1, suggesting that miR-1205 is not involved in the proliferation PCa (Figure 2A). However, when examining apoptotic markers we observed an increase in cleaved caspase 7 and cleaved PARP in cells overexpressing miR-1205, indicating that exogenous delivery of miR-1205 induces DNA damage and activates the apoptotic pathway (Figure 2B). A modest increase of pro-caspase 3 and cleaved caspase 9 was also observed in C4-2B cells transfected with a miR-1205 mimic (Supplementary Figure 2B). To further support the role of miR-1205 in apoptosis we stained LNCaP and C4-2B cells transfected with a miR-1205 mimic and control scramble oligonucleotide with Annexin V-FITC and propidium iodide. We observed an increase of apoptosis occurrence in LNCaP and C4-2B cells overexpressing miR-1205 when compared to cells transfected with a negative control scramble oligonucleotide (Figure 2B). We next performed an in vivo study to determine whether miR-1205 can suppress tumorigenesis in PCa. Mice treated with NB1205 displayed significantly smaller tumor volumes {one-way ANOVA [F(1, 18) = 4.414, p = 3.4853E-0]}, when compared to mice intervened with NB1 (Figure 2C). These results, taken together, strongly suggest that miR-1205 have tumor suppressive properties in aggressive PCa.



FRYL Is Identified as a Downstream Molecular Target of miR-1205

To further investigate the tumor suppressive effects of miR-1205 in PCa, putative targets of miR-1205 were determined using miRNA molecular target predication algorithms (such as miRBase and miRDB). Each target was screened using the galaxy web platform (see text footnote 1) for differential expression patterns in PCa. Consequently, Fry-like (FRYL) was identified as a putative target of miR-1205. Very little is known about FRYL, however, the c-terminus of FRYL is often observed to be fused to the mixed lineage leukemia (MLL) gene associated with treatment related acute lymphoblastic leukemia (ALL) (Hayette et al., 2005; Sait et al., 2007). FRYL has almost identical functional domains to the well characterized Fry protein, which functions as protein involved in many processes including cell polarization during morphogenesis, dendritic branching and tiling, spindle organization during division and gene expression (Nagai and Mizuno, 2014). However, the function of FRYL as a target of miR-1205 has never been characterized, and FRYL’s relevance in PCa remains unknown.

To examine the differential expression patterns of FRYL in PCa, we first evaluated the mRNA expression of FRYL by RNAseq in a subset of prostate cancers (Figure 3). FRYL expression is significantly higher in CRPC and NEPC patient tumor samples when compared to prostate benign tumors (Wilcoxon test; benign vs. CRPC p = 6.6e-05, benign vs. NEPC p = 0.00025, PCa vs. CRPC p = 8.5e-07, and PCa vs. NEPC p = 4.5e-05). Additionally, we performed whole transcriptome analysis on prostatic and adjacent normal tissue obtained from fourteen PCa patients and observed FRYL overexpression was observed in PCa tissue when compared to normal tissue (Figure 4A; Ren et al., 2012). Moreover, FRYL overexpression was observed in PCa tissues when compared to normal prostatic tissues (using the same cohort of patients from Figure 1) (Figure 4B). Altogether, the FRYL expression among all three cohorts demonstrates for the first time that FRYL is overexpressed in PCa, CRPC and NEPC tissue. Lastly, we observed an overexpression of FRYL at mRNA and protein levels in CRPC C4-2B and small cell prostate adenocarcinoma PC-3 cells when compared to androgen-sensitive LNCaP cells, indicating a putative role of FRYL in aggressive PCa (Figure 4C and Supplementary Figure 2).

To identify miR-1205 targeting of FRYL, PC-3 cells and LNCaP cells were transfected with a synthetic analog of miR-1205, NB1205, and a miR-1205 inhibitor, respectively (Figure 4D and Supplementary Figure 2). We observed a downregulation of FRYL in response to exogenous NB1205 transfected into PC-3 cells which was not observed after treatments with the synthetic scramble analog, NB1 in PC-3 cells. To determine whether miR-1205 regulates FRYL, LNCaP cells were transfected with a miR-1205 inhibitor and FRYL expression was studied. Interestingly, data showed that FRYL levels increased after inhibition of miR-1205. Moreover, miR-1205 underexpression moderately correlates with FRYL overexpression in PCa tissue (Supplementary Figure 1). Altogether, these results suggest that miR-1205 may be regulating FRYL by targeting FRYL mRNA, leading to its degradation.



FRYL Is a Direct Molecular Target of miR-1205

To validate FRYL as a downstream molecular target of miR-1205, a Luc-Pair Duo-Luciferase Assay was performed to determine whether miR-1205 binds to the 3′UTR of FRYL. The 3′UTR of FRYL contains a total of three putative binding sites to the seed region of miR-1205 (Supplementary Figure 4A). C4-2B, PC-3 and LNCaP cells were either transfected with Genecopoeia pEZX-MT06 miRNA reporter containing the 3′UTR of FRYL or an empty vector. Additionally, cells were co-transfected with a non-targeting scramble negative control, or with miR-1205 mimic. A significant decrease in luciferase activity was observed in cells transfected with miR-1205 mimic and the miRNA luciferase reporter construct containing the 3′UTR of FRYL, indicating direct binding of miR-1205 to FRYL (Figure 5A and Supplementary Figure 4B).

To further examine this observation, an RNA pulldown assay was performed to assess the binding of miR-1205 to FRYL mRNA. RWPE-1, PC-3 and MDA PCa 2b cells were transfected with either a biotinylated miR-1205 duplex or scramble biotinylated duplex for 24 h. We observed enrichment of FRYL in all four cell lines that were transfected with biotinylated miR-1205, further indicating that miR-1205 directly binds to FRYL mRNA in PCa cells (Figure 5B and Supplementary Figure 3).



miR-1205 Regulation of FRYL mRNA May Play a Role in PCa NED Development

As mentioned previously, FRYL is predicted to regulate dendritic branching leading to our hypothesis that FRYL plays a role in the progression of PCa NED, a resulting mechanism due to ADT resistance. The morphology of neuroendocrine cells is very distinct, in which dendrite-like protrusions are observed (di Sant Agnese and de Mesy Jensen, 1987; Yuan et al., 2007). To test our hypothesis, we induced NED in vitro and assessed the expression levels of miR-1205 and FRYL. NED was induced by culturing LNCaP cells in RPMI-1640 medium supplemented with 10% charcoal-stripped FBS (androgen deprivation conditions). Cells were maintained in these conditions for fourteen days and expression levels of miR-1205, FRYL and NED markers (chromogranin A and NSE) along with morphological changes were observed via RT-qPCR, western blotting and light microscopy (Figure 6A and Supplementary Figure 5A). After LNCaP-NED was induced, we observed an overexpression of FRYL mRNA whereas miR-1205 was significantly underexpressed when compared to undifferentiated LNCaP cells, indicating a putative role of miR-1205 regulation of FRYL in PCa NED.


[image: image]

FIGURE 6. miR-1205 regulation of FRYL mRNA may play a role in PCa NED development. (A) Morphology (left) and FRYL mRNA levels (right) of LNCaP cells after inducing NED by culturing androgen-sensitive LNCaP cells under androgen deprivation conditions. (B) A negative control scramble oligonuceltide (NB1) and miR-1205 mimic (NB1205) were transfected in LNCaP cells to assess induction of NED in androgen-sensitive cells. MiR-1205 overexpression led to a decrease in neuroendocrine markers, NSE and Aurora A protein expression (C) NSE and Aurora A levels after siRNA-mediated silencing of FRYL in PC-3 cells. Data is presented as mean and bars represent mean ± SD.


To determine whether the miR-1205/FRYL regulatory pathway is important in PCa NED, miR-1205 was overexpressed in LNCaP cells and neuroendocrine marker expression was assessed. When NB1205 (miR-1205 mimic) was transfected into LNCaP cells, we observed a decrease in expression of neuroendocrine markers NSE and Aurora A when compared to LNCaP cells transfected with NB1 (scramble oligonucleotide) (Figure 6B and Supplementary Figure 5B). This observation suggests that miR-1205 may be involved in NED. We additionally observed induction of NED by inhibiting miR-1205 in LNCaP cells (Supplementary Figure 5D). To determine whether miR-1205 regulation of FRYL is involved in NED, FRYL was silenced in PC-3 small cell prostatic carcinoma cells. Interestingly, we observed no changes in NSE expression and only a 20% decrease in aurora A expression, suggesting that miR-1205 regulation of FRYL may not significantly regulate NED in PCa cells (Figure 6C and Supplementary Figure 5).



DISCUSSION

This study demonstrates novel findings into the molecular mechanisms of PVT1-encoded miR-1205 in PCa. We discovered that miR-1205 was underexpressed in histologically confirmed PCa tissue when compared to normal prostatic tissue. This underexpression was further observed among a large panel of PCa cell lines when compared to normal prostate epithelial cells. While miR-1205 does not affect cell proliferation of PCa cells, we discovered that overexpression of miR-1205 induces apoptosis and suppresses PCa tumor growth. We further describe the molecular actions of miR-1205 through regulation of its validated target, FRYL. FRYL is overexpressed in PCa tissues and aggressive PCa cell line models. Moreover, miR-1205 expression leads to the FRYL protein inhibition through direct targeting of the 3′UTR of FRYL. Lastly, we discovered that miR-1205 may be involved in neuroendocrine differentiation of androgen-dependent PCa cells, suggesting a role in aggressive PCa.

It was previously reported that miR-1205 is expressed at very low levels among cancer cell lines (not including PCa cell lines), questioning its role in tumorigenesis (Beck-Engeser et al., 2008; Huppi et al., 2008). A recent report by Wang et al. (2019) of the role of the miR-1205-EGLN3 axis in PCa suggests that there is somatic DNA amplification at the locus for PVT1-encoded miRs-1204-1208 and that this is correlated with miR-1205 overexpression in PC-3 cells. In this present study, however, when miR-1205 expression was examined using a panel of PCa cell lines, we discovered that miR-1205 is significantly underexpressed in PCa cell lines, when compared to normal prostate epithelial cells. Additionally, we observed that miR-1205 was underexpressed in PCa tissues, when compared to normal prostatic tissue, suggesting that loss of miR-1205 may be occurring during PCa tumorigenesis. While somatic amplification may occur at the locus for PVT1-encoded microRNAs, regulation at the promoter region was not investigated by Bello et al. (1997). There is evidence that PVT1-encoded microRNAs do not share the same promoters and may be subjected to differential regulation (Cho et al., 2018). A closer look into the regulation at the promoter region of miR-1205 will further elucidate mechanisms of miR-1205 expression and action in PCa cells. Moreover, there is evidence that methyltransferases are important for the methylation of primary miRNA, allowing for recognition and processing by DGCR8 during miRNA biogenesis (Alarcon et al., 2015). Loss of certain methyltransferases can lead to reduced binding of primary miRNAs to DGCR8 leading to cessation of mature miRNA. Further studies into the upstream regulation of PVT1-encoded miRNAs, including miR-1205, could reveal insight on how miRNAs could be underexpressed in cancers. Nevertheless, we demonstrate for the first time that mature miR-1205 transcript are lower in PCa cells and that it’s loss may contribute to cancer progression. There is now an abundance of evidence indicating that miRNAs can function as tumor suppressors and/or oncogenes, ultimately enhancing the progression of tumorigenesis. Furthermore, in-depth investigation on their potential role in cancer diagnosis, prognosis and treatments are ongoing. MiRNAs are small molecules that can be found in biological fluids, such as urine and blood, whereby their detection and quantification of their expression levels can be used as biomarkers to link cancer incidence and progression. Moreover, with a proper delivery system, miRNAs can be used as inhibitors or mimics via anti-miR technology or replacement therapies, respectively, to treat cancers (Stenvang et al., 2012; Hosseinahli et al., 2018). As such, we were interested in discovering the clinical significance of miR-1205 in PCa to subsequently demonstrate its potential use as a novel therapeutic for treating aggressive PCa. In this study, we present the development of a novel tool and demonstrate its use for in vitro and in vivo techniques. A biotinylated synthetic analog of miR-1205 (NB1205) and a control biotinylated synthetic scramble duplex (NB1) was generated in effort to test our hypothesis that miR-1205 is a tumor suppressor. Using this tool, we first showed that while miR-1205 does not regulate cell proliferation, it does induce apoptosis through caspase and PARP cleavage. Furthermore, we established that NB1205 suppressed tumors in in vivo CRPC model. Ultimately, this data suggests that miR-1205 has tumor suppressive functions by inducing apoptosis of aggressive PCa cells.

MiRNAs comprise about 1–5% of the human genome, but regulates about 30% of protein coding genes (Berezikov et al., 2005; MacFarlane and Murphy, 2010). These small non-coding RNAs mediate mRNA gene silencing through RNA-interfering (RNAi) pathways. Partial binding to the 3′UTR of an mRNA results in translational inhibition, whereas extensive binding to a target mRNA results in degradation. Moreover, each miRNA can have an average of 200 mRNA targets, illustrating their importance in regulating multiple cellular processes (Krek et al., 2005). We were interested in the mechanisms involved in the tumor suppressor role of miR-1205 and therefore we examined the putative targets of miR-1205 where FRYL was identified and validated as a target of miR-1205. FRYL was first identified as a novel fusion partner of the mixed lineage leukemia (MLL) gene that was reported in patients who developed treatment-related acute lymphoblastic leukemia (ALL) (Hayette et al., 2005; Sait et al., 2007). The MLL gene has over 35 partner genes, which produce chimeric proteins containing the N-terminus of MLL and C-terminus of its fusion partner gene, such as FRYL. We established for the first time the overexpression FRYL mRNA and protein in PCa, CRPC, and NEPC cell lines and tissues, further implicating FRYL as a putative oncogenic factor in cancers such as PCa and ALL. Investigation of the MLL and FRYL fusion protein led to the discovery that the c-terminus of FRYL exhibits transcriptional activation properties, indicating that FRYL is a transcriptional activator (Hayette et al., 2005). Therefore, it will be interesting to further investigate the role of FRYL as a transcription factor and its possibility to act as a fusion partner for genes involved in cancer progression.

Amplification and overexpression of MYCN and AURKA genes have been observed in confirmed t-NEPC tissue, and both induce a neuroendocrine cell phenotype in prostatic adenocarcinoma cells through transcriptional reprogramming mechanisms (Mosquera et al., 2013; Dardenne et al., 2016). This mechanism, described as neuroendocrine differentiation (NED) is thought to occur as a means for survival against ADTs due to the lack of AR expression and dependence on AR signaling for survival among neuroendocrine cells. In addition to NED, it is hypothesized that NEPC cell population can also increase due to PCa stem cells that are increasingly differentiating into neuroendocrine cells. It is not clear whether NEPC cells increase via cancer stem cells and/or transdifferentiation in aggressive disease. This field requires further understanding as more men are diagnosed with PCa and therefore, develop resistant and untreatable cancers. Whether the origins of neuroendocrine cells within a PCa tumor emerge from PCa stem cells or through cellular reprogramming mechanisms, novel findings into the mechanisms that drive NEPC will not only help create new therapies for treatment, but also to shed some light on the role of neuroendocrine cells within the prostate.

The human genome contains two fry-related genes including fry and FRYL, which share almost identical amino acid compositions among conserved domains (Nagai and Mizuno, 2014). Fry has been studied in multiple models such as, Drosophila melanogaster, and plays a crucial role in multiple cellular processes including, dendritic branching during development, morphogenesis, cell division and cell polarization (Emoto et al., 2004). Moreover, there is evidence that aurora A binds to the c-terminal region of the mammalian fry protein and induces phosphorylation to promote proper spindle formation during mitosis (Ikeda et al., 2012). However, it is unknown whether the FRYL protein shares these functions. Neuroendocrine cells located within the prostate epithelium have features of dendrite-like morphologies, which led us to investigate the role of FRYL in NED induced by ADT (di Sant Agnese, 1992; Yuan et al., 2007). By culturing LNCaP androgen-sensitive cells under androgen deprivation conditions, we observed a significant decrease in miR-1205 expression and an increase in FRYL RNA expression. Additionally, we observed that FRYL mRNA expression was significantly higher in CRPC and NEPC patient tumor samples, when compared to prostate benign tumors. These results led us to hypothesize that miR-1205 regulation of FRYL is involved in NED in aggressive PCa. Our data showed that overexpression of miR-1205 in androgen sensitive cells increased the expression levels of neuroendocrine markers (NSE and aurora A) and FRYL suggesting that miR-1205 regulation of FRYL may be involved in NED. However, when we investigated whether NED occurs directly through FRYL protein signaling, loss of FRYL did not induce changes in NSE expression and only induced a 20% decrease in aurora A expression, indicating that miR-1205 may not be regulating NED through FRYL regulation. However, further investigation is required. Fry and FRYL contain very similar structures within their c-terminal domains, which contains transcriptional activation properties. While loss of FRYL may not significantly affect the transcriptional regulation of aurora A, loss of aurora A could interfere with post-translational modifications within the c-terminal domain of FRYL that may overall contribute to regulation of NED. Therefore, further investigation into the phosphorylation profile of FRYL is needed. Nevertheless, our data ultimately suggests that miR-1205 regulates NED and therefore, further investigation into miR-1205 targets may uncover novel mechanisms that drive NED.



CONCLUSION

In conclusion, we reveal for the first time that PVT1-encoded miR-1205 is underexpressed in PCa. Our data suggests that miR-1205 may have tumor suppressive functions through the regulation of FRYL in CRPC PCa. However, loss of miR-1205 may induce NED, a phenotype that appears in aggressive PCa, but may act independently of FRYL. Further investigation of miR-1205 in this mechanism may reveal novel insights on the progression of PCa.
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Lung is the primary site of osteosarcoma metastasis, but the underlying genetic or epigenetic factors determining lung metastasis of osteosarcoma are unknown. In this study, we report the status of growth arrest specific 5 (GAS5) in lung metastatic osteosarcomas. GAS5 was generally downregulated in osteosarcoma patients (n = 24) compared to healthy controls (n = 10) and even more so in patients with lung metastatic disease(n = 11) compared to the patients without metastasis (n = 13). We also report a role of miR-21 in GAS5-mediated effects. Downregulation of GAS5 in hFOB 1.19 and U2OS osteosarcoma cells enhanced their migration and invasion, along with an upregulated epithelial–mesenchymal transition (EMT), as evidenced by downregulated E-cadherin and upregulated vimentin, ZEB1, and ZEB2. Downregulation of GAS5 also resulted in a significantly increased expression of miR-21. Moreover, downregulation of such elevated miR-21 was found to reverse the effects of GAS5 silencing. miR-21 was also found to be elevated in osteosarcoma patients with its levels particularly high in patients with lung metastasis. Our observations reveal a possible role of GAS5 and miR-21 in lung metastasis of osteosarcoma, presenting them as novel targets for therapy.
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INTRODUCTION

Osteosarcoma is a type of bone cancer diagnosed in young adults and teenagers more frequently than at a later stage (Wittig et al., 2002). It is more common in long bones such as those in the legs (Ferguson and Turner, 2018) but can be diagnosed in any bone. By some estimates, osteosarcomas account for almost one-fifth of all bone cancers (Kundu, 2014). Also referred to as osteogenic sarcoma, this cancer is known to metastasize to patients’ lungs (Marcove et al., 1970; Zhang J. et al., 2020), which often is the cause of associated mortality. Lungs are one of the most common sites of cancer metastasis (Jamil and Kasi, 2021) including from osteosarcomas (Saha et al., 2013), and the mechanisms and underlying causes of lung metastases of primary osteosarcomas largely remain unknown. Moreover, the 5-year survival rates of osteosarcoma patients with lung metastatic disease are quite dismal (Farfalli et al., 2015), and thus, there is an urgent need to better understand the genetic or the epigenetic factors that can regulate lung metastasis of osteosarcomas.

Recently, a long non-coding RNA (lncRNA) MALAT1 was reported to be upregulated in lung metastatic osteosarcomas (Zhang J. et al., 2020). Not only was this oncogenic lncRNA found elevated in lung metastases of osteosarcoma patients, but also its levels were generally high in various osteosarcoma cell lines, particularly in the lung-metastatic derivatives. This lncRNA sponged miR-202 as a mechanism for its involvement in the lung metastasis of osteosarcoma (Zhang J. et al., 2020). In general, there has been a lot of interest in the last few years in the lncRNAs in osteosarcoma (Li et al., 2016; Zhang Y. et al., 2020; Ghafouri-Fard et al., 2021), and they have been proposed as legitimate biomarkers as well as targets for therapy in osteosarcomas (Li et al., 2017). They are being investigated for their regulation of drug resistance mechanisms in osteosarcoma (Xu et al., 2020; Ferretti and León, 2021) as well the metastasis of osteosarcomas (Yang et al., 2016; Zhang J. et al., 2020). The interactions of lncRNAs with miRNAs in osteosarcoma are also being investigated (Wang J. Y. et al., 2020; Zhang J. et al., 2020), with one particular miRNA, the miR-21, emerging as a miRNA of interest in osteosarcomas (Sekar et al., 2019).

One lncRNA that has been investigated in a number of reports on osteosarcoma is the lncRNA growth arrest specific 5 (GAS5). This is a tumor suppressor lncRNA generally reported to be downregulated in human cancers (Yu and Hann, 2019). In osteosarcoma cells, dysregulated levels of GAS5 can impact cell growth and proliferation (Wang and Kong, 2018; Liu et al., 2020). GAS5 can predict cancer metastasis (Song et al., 2016). It is frequently downregulated in metastatic cancers (Wu et al., 2016). However, GAS5 has not been evaluated for its potential role in metastasis of osteosarcomas, particularly the lung metastasis of osteosarcomas, which prompted us to first evaluate this lncRNA in patient samples and then explore the underlying mechanisms.



MATERIALS AND METHODS


Patients

All the osteosarcoma patients as well as healthy control individuals were enrolled at Jilin University Hospital in Changchun, and informed consent was obtained. The study was reviewed and approved by the Ethics Committee at the Jilin University (Approval Number 20/756). Diagnosis of osteosarcoma was the primary inclusion criteria. In patients with metastatic disease, diagnosis of lung metastasis was the inclusion criteria. The patient demographics are provided in Table 1. All tissue biopsies were stored at −80°C until they were being analyzed.


TABLE 1. Patient Demographics.
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Cell Lines

Osteosarcoma cells KRIB, SaOS, MG63, and U2OS were purchased from American Type Culture Collection (ATCC, United States). All of these cell lines were grown in filter-sterilized Dulbecco’s modified Eagle’s medium (DMEM) with 10% fetal bovine serum at 37°C. hFOB 1.19 cells were also purchased from ATCC (United States) and grown in F12-DMEM with 10% fetal bovine serum and 0.3 mg/ml G418. All of the cell lines were cultured in tissue culture incubators with 5% CO2.



Migration and Invasion Assays

For evaluation of migration and invasion potential, cells were trypsinized, collected, resuspended in serum-free medium, and counted. Cells (1 × 105) were seeded into a non-coated (for migration assay) or Matrigel (for invasion assay)-coated (BD Bioscience, China) chamber (Corning, China), and the chamber was placed on a well containing normal culture media with 10% serum. After 20 h of growth, cells still in the Matrigel were removed using a cotton swab, and the cells that had invaded through the Matrigel and were now on the lower membrane surface were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet. Cells were then counted under a bright field microscope by two independent personnel.



RNA Extraction and Real-Time PCR

Total RNA from osteosarcoma cells was extracted using TRIzol reagent (Sigma, China). For GAS5 analysis, RNA was reverse transcribed to complementary DNA (cDNA) using PrimeScript RT Master Mix (TaKaRa, Japan), followed by quantitative analysis using SYBR Premix Ex Taq (TaKaRa, China). For miR-21 analysis, RNA was reverse transcribed into cDNA using miRNA-specific primers and a TaqMan MicroRNA Reverse Transcription Kit (Applied Biosystems, China). Then, cDNA was amplified using TaqMan Universal PCR Master Mix. U6 was used as an endogenous control. 2–Δ Δ Ct calculations were used for gene quantitation.



si-GAS5, Anti-miR-21, and Transfections

Specific small-interfering RNA (siRNA) against GAS5 and the anti-miR-21 oligos were purchased from Thermo Fisher Scientific (China). Anti-miR-21s were transfected at concentrations of 15 nM in the target cells, using DharmaFect reagent (Dharmacon, China), following standard procedures with mixing of siRNA and transfection with serum-free media before mixing them all together and replacing the normal media on cells with the mix. Transfections were performed when the cells were 50–60% confluent, and transfected cells were left for 48 h post-transfection before use in the individual experiments.



Statistical Analyses

Data were analyzed by a trained biostatistician. p values were calculated using Student’s t-test, one-way ANOVA, and Pearson’s correlation analysis. Representative results from three repeats were presented. For our analysis, we only considered p < 0.05 to be statistically significant.




RESULTS


Downregulation of GAS5 in Osteosarcoma Patients and Cell Lines

We first evaluated the levels of GAS5, by quantitative real-time PCR (qRT-PCR), in osteosarcoma patients (n = 24) and compared the levels of GAS5 in patients with those in the archived samples from healthy controls (n = 10). Of the 24 osteosarcoma patients, 11 patients were those with lung metastatic disease, while 13 were never diagnosed with any metastasis. Our analysis revealed that compared to controls, GAS5 was significantly downregulated even in the osteosarcoma patients without metastasis (Figure 1A) (p < 0.05). The downregulation of GAS5 was even more significant in the osteosarcoma patients with lung metastasis (p < 0.001 vs. controls and p < 0.01 vs. osteosarcoma patients with no metastasis) (Figure 1A). Our next goal was to work out the mechanism of action of GAS5 in osteosarcoma, and therefore, we turned to cell line models for detailed mechanistic studies. Our analysis of GAS5 levels in different osteosarcoma cell lines revealed that in hFOB 1.19, the normal control cells had the highest expression of GAS5 (Figure 1B). All the osteosarcoma cell lines had relatively downregulated GAS5 (Figure 1B) confirming the downregulation of GAS5 in our cell line models as well. hFOB 1.19 cells have been well characterized as immortalized, but non-transformed osteoblastic cells (Subramaniam et al., 2002).
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FIGURE 1. Growth arrest specific 5 (GAS5) expression in osteosarcoma patients and cell lines. Expression of GAS5 was analyzed in panel (A) patient samples and (B) cell lines, using quantitative real-time PCR (qRT-PCR). Individual p values are mentioned for the direct comparisons of individual patient groups.




Implication of Downregulating GAS5 in Osteosarcoma Cells

We chose hFOB 1.19 and U2OS cells for further mechanistic studies, as these cells were found to be the ones with highest endogenous GAS5 levels, and we wanted to study the implications of downregulating GAS5 levels as would normally happen in tumor development and/or cancer metastasis. The siRNA against GAS5 resulted in the efficient downregulation of GAS5 levels (Figure 2A). Moreover, the downregulation of GAS5 was significant (p < 0.01) in both the cell lines, hFOB 1.19 and U2OS. Next, we checked the migration and invasion potential of hFOB 1.19 and U2OS cells with and without silencing of GAS5. Compared to control cells, the cells, both hFOB 1.19 and U2OS, with downregulated GAS5 had significantly increased migration (Figure 2B) (p < 0.01) and invasion index (Figure 2C) (p < 0.01).
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FIGURE 2. Downregulation of growth arrest specific 5 (GAS5) in osteosarcoma cells affects migration and invasion of cells. (A) GAS5 was silenced by siGAS5 in hFOB 1.19 and U2OS cells, and the resulting effect on (B) migration and (C) invasion was analyzed. Control cells (without GAS5 silencing) were assigned a value of “1,” and the corresponding differences in GAS5-silenced cells are shown. Under all conditions, p < 0.01.




Downregulation of GAS5 Affects EMT

Growth arrest specific 5 has been reported to affect the process of EMT (Liu et al., 2018), including in osteosarcomas (Ye et al., 2017). Therefore, we next investigated the effect of GAS5 downregulation on EMT in our cell line models. When GAS5 was silenced in hFOB 1.19 cells, the epithelial marker E-cadherin was significantly downregulated (p < 0.05), while mesenchymal markers vimentin, ZEB1, and ZEB2 were significantly upregulated (Figure 3A) (p < 0.01). In the U2OS cells as well, our analysis revealed similar results, and we observed significant downregulation of epithelial marker and significant upregulation of mesenchymal markers (Figure 3B) (p < 0.01). All of these results point to reciprocal relationship between GAS5 expression and EMT and, therefore, downregulation of GAS5 results in induction of EMT.
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FIGURE 3. Downregulation of growth arrest specific 5 (GAS5) induces epithelial–mesenchymal transition (EMT). GAS5 was downregulated by small-interfering RNA (siRNA) in panel (A) hFOB 1.19 and (B) U2OS cells, and the resulting effects on the expression of EMT genes, as indicated, were analyzed. Control cells (without GAS5 silencing) were assigned a value of “1,” and the corresponding differences in GAS5-silenced cells are shown. glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal control for analysis. *p < 0.05 and **p < 0.01.




GAS5 Sponges miR-21

Next, we evaluated the expression levels of several miRNAs in GAS5-silenced U2OS cells in an attempt to find the miRNA that is sponged by GAS5. We checked the expression levels of several miRNAs that have been reported in the literature to be sponged by GAS5 in addition to some novel ones. Several miRNAs, such as miR-203a, miR-221, and miR-663a, were found to be significantly upregulated in GAS5-silenced cells (Figure 4A) (p < 0.05). However, miR-21 was observed to be the most upregulated miRNA in GAS5-silenced U2OS cells with its levels ∼3-fold higher in silenced cells (Figure 4A) (p < 0.01). We further confirmed our findings in hFOB 1.19 cells and found that silencing of GAS5 led to significantly increased expression of miR-21 in hFOB 1.19 cells as well (Figure 4B) (p < 0.01).
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FIGURE 4. Growth arrest specific 5 (GAS5) sponges miR-21. (A) GAS5 was downregulated by small-interfering RNA (siRNA) in U2OS cells, and the resulting effects on the expression of different miRNAs were analyzed. (B) GAS5 was downregulated by siRNA in hFOB 1.19 cells, and the resulting effect on the expression of miR-21 was analyzed. Control cells (without GAS5 silencing) were assigned a value of “1,” and the corresponding differences in GAS5-silenced cells are shown. *p < 0.05 and **p < 0.01.




miR-21 Reverses GAS5-Silencing Effects

Since miR-21 was observed in our analysis to be the most upregulated miRNA upon GAS5 silencing, we next analyzed whether downregulating this miRNA can attenuate the effects of GAS5 silencing. We used anti-miR-21s to downregulate miR-21 and observed that downregulating miR-21 in GAS5-silenced U2OS cells brought the levels of epithelial marker E-cadherin up significantly (Figure 5A) (p < 0.01). It also brought down the levels of mesenchymal markers significantly (Figure 5B) (p < 0.01). These results suggest that miR-21 plays a role in EMT induction by GAS5. In addition to the effects on EMT induction, we also checked the migration and potential index when miR-21 was downregulated in GAS5-silenced cells. Our analysis revealed that such downregulation of miR-21 in GAS5-silenced U2OS cells resulted in bringing down the migration and invasion of U2OS, almost to normal levels (Figures 5C,D) (p < 0.01).
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FIGURE 5. miR-21 reverses growth arrest specific 5 (GAS5)-silencing effects. The effect of microRNA (miRNA) miR-21 to reverse the effects GAS5 silencing was studied in U2OS cells. GAS5 was downregulated by siRNA in U2OS cells, followed by transfections of anti-miR-21. The resulting effects on panel (A) expression of epithelial marker E-cadherin; (B) expression of mesenchymal markers vimentin, ZEB, and ZEB2; (C) migration index; and (D) invasion index were analyzed. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the internal control for gene expression analysis. **p < 0.01.




miR-21 in Lung Metastases of Osteosarcoma

miR-21, as presented above, is involved in GAS5 effects on osteosarcoma cells, and its upregulation can reverse the effects of GAS5 silencing. Therefore, we next explored if miR-21 levels correlate inversely with those of GAS5 in patients with lung metastases as well. Our analysis revealed that miR-21 levels are significantly upregulated in osteosarcoma patients (even those without metastases), compared to healthy controls (Figure 6) (p < 0.05). The upregulation of miR-21 was even more significant (p < 0.001) in osteosarcoma patients with lung metastases, and interestingly, patients with lung metastases had significantly elevated levels of miR-21 compared to those with no metastases (Figure 6) (p < 0.05).
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FIGURE 6. miR-21 in lung metastases of osteosarcoma. Expression of miR-21 was analyzed in osteosarcoma patient samples using quantitative real-time PCR (qRT-PCR). Individual p values are mentioned for the direct comparisons of individual patient groups.





DISCUSSION

An interesting aspect about osteosarcoma that makes it unique is that osteosarcoma is more frequently diagnosed at an early age, as compared to later stage. In Chinese population, the average age at diagnosis is ∼21 years, and the male individuals are more frequently diagnosed, ∼1.7-fold higher, than female (Wang et al., 2017). The peak age of osteosarcoma diagnosis is between the ages of 10 and 20 (Wang et al., 2017). This is in clear contrast to several other cancers that correlate positively with old age. Our analyses involved evaluation of lncRNA and its sponged miRNA in patient samples, in addition of elucidation of mechanism in cell lines. The analysis of patient samples increases confidence in our observations. Our patient cohort consisted of 13 osteosarcoma patients with no metastasis and 11 osteosarcoma patients with lung metastasis. Comparing these two distinct groups of osteosarcoma patients helped us identify the signature associated with the lung-specific metastasis.

In recent years, there has been a lot of interest in the lncRNAs in human cancers (Rasool et al., 2016; Balas and Johnson, 2018; Carlevaro-Fita et al., 2020). Even in osteosarcomas, a diagnostic and prognostic importance of these non-coding RNAs has been recognized. The lung metastasis of primary osteosarcoma is an understudied topic with regards to a possible role of lncRNAs, and the only available report is the one that described a possible involvement of lncRNA MALAT1 (Zhang J. et al., 2020). There are many similarities and a few differences in our observations compared to that study. Similar to our analyses, the published report on MALAT1 also evaluated lncRNA expression in patient samples. However, the lncRNA MALAT1 is oncogenic in nature and was found to be upregulated in patients with lung metastasis. In contrast, the GAS5 lncRNA evaluated by us is a tumor suppressor. Accordingly, the levels of GAS5 were significantly downregulated in patients with lung metastasis. In the report on MALAT1, miR-202 was reported to be the miRNA sponged by oncogenic MALAT1. This means that miR-202 should be a tumor suppressor, and such tumor suppressor role of miR-202 has been reported in the literature (Wang J. et al., 2020). On the other hand, our analysis revealed miR-21 to be miRNA sponged by GAS5. Given the tumor-suppressive nature of GAS5, miR-21 should be oncogenic, and reports on miR-21 confirm such oncogenic role of this miRNA (Javanmardi et al., 2017; Najjary et al., 2020).

In our analysis for the role of GAS5 in osteosarcoma cells metastasis, we performed migration and invasion assays. These are assays for the assessment of the metastasis potential of cancer cells in vitro. Our analysis revealed that both migration and invasion of osteosarcoma cells increased when GAS5 was downregulated. These observations further confirm the tumor-suppressive nature of GAS5 and validate our findings in patient samples where GAS5 was found to be downregulated. As a mechanism, we validated EMT as the underlying cause of metastasis. The relationship between GAS5 and EMT is not new, and there are several reports on the subject (Ye et al., 2017; Liu et al., 2018; Yu and Hann, 2019). However, we present novel evidence for the possible role of EMT in lung metastasis of osteosarcoma. Targeting EMT could be a novel approach to limit or treat lung metastasis of osteosarcomas.

In our analysis, we observed sponging of miR-21 by GAS5. Such sponging of miR-21 was found to be much more than all the miRNAs tested. Some of the tested miRNAs have previously been shown to be targeted by GAS5 in osteosarcoma, such as miR-221 (Ye et al., 2017), miR-203a (Wang and Kong, 2018), miR-23a (Liu et al., 2020), and miR-663a (Yao et al., 2020; Zhao et al., 2020). Our analysis thus yielded novel information on the miRNA that could be targeted by GAS5. Interestingly, a role of miR-21 in osteosarcoma has been suggested (Sekar et al., 2019), and our observations bring the attention again to this miRNA for further evaluations. According to our observations, more likely miR-21 is regulated by GAS5. This is in accordance with the general sponging of miRNAs by lncRNAs. However, there is some evidence suggesting that GAS5 can itself be regulated by miR-21 (Zhang et al., 2013). This is an interesting revelation and suggests that the regulatory relationship between GAS5 and miR-21 could be mutual. There might even be a reciprocal relationship that needs to be further explored, particularly in reference to how this relationship and counter-regulation might affect lung metastasis of osteosarcomas.

In our study, we determined a role of miR-21 in EMT of osteosarcoma, particularly in the context of regulation by lncRNA GAS5. EMT regulation by miR-21 has been suggested in some earlier studies as well (Bornachea et al., 2012; Dai et al., 2019), and such miR-21-regulated EMT has been linked to cancer metastasis (Xiao and Jie, 2019). However, we present here some very novel information for a role of miR-21 in GAS5-regulated lung metastases of osteosarcomas with underlying effect on the process of EMT. Another interesting revelation from our analysis was that we observed a certain degree of specificity in terms of a role of GAS5 and miR-21 in lung metastasis of osteosarcomas. We make this comment because not only GAS5 was downregulated in osteosarcomas in general, it was significantly further reduced in lung metastases. Similarly, we observed upregulated miR-21 in osteosarcoma patients, even those without metastasis, thus indicating a role of miR-21 in osteosarcoma. However, the levels of miR-21 were significantly upregulated in osteosarcoma patients with lung metastasis, compared to those with no metastasis. These results seem to suggest a possible specific role of GAS5-miR-21 in lung metastasis of osteosarcoma. In our study, we did not study GAS5 levels in metastasis of osteosarcoma to other organs, and such studies should further help determine any specificity of GAS5-miR-21 in tissue specific metastasis.
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Long intergenic non-coding RNA 00657 (LINC00657) or “non-coding RNA activated by DNA damage” (NORAD) is an extremely conserved and copious long non-coding RNA (lncRNA). This transcript has pivotal role in the preservation of genome integrity. Several researches have appraised the role of NORAD in the evolution of human cancers with most of them indicating an oncogenic role for this lncRNA. Several miRNAs such as miR-199a-3p, miR-608, miR−155−5p, miR-590-3p, miR-495-3p, miR-608, miR-202-5p, miR-125a-3p, miR-144-3p, miR−202−5p, and miR-30a-5p have been recognized as targets of NORAD in different cancer cell lines. In addition, NORAD has interactions with cancer-related pathways, particularly STAT, TGF-β, Akt/mTOR, and PI3K/AKT pathway. Over-expression of NORAD has been related with poor clinical outcome of patients with diverse types of neoplasms. Collectively, NORAD is a prospective marker and target for combating cancer.
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INTRODUCTION

Long intergenic non-coding RNA 00657 (LINC00657) or alternatively named as “non-coding RNA activated by DNA damage” (NORAD) is an extremely conserved and copious long non-coding RNA (lncRNA; Lee et al., 2016). This transcript has a crucial role in the conservation of genome stability since its inactivation results in striking aneuploidy in formerly karyotypically normal cells (Lee et al., 2016). This function of NORAD is exerted through sequestering Pumilio RNA Binding Family Members (Lee et al., 2016). In addition, NORAD has functional interactions with an element of DNA-damage system namely RNA Binding Motif Protein X-Linked (RBMX). NORAD regulates the capacity of RBMX to construct a ribonucleoprotein complex which encompasses a number of proteins such as topoisomerase I (Munschauer et al., 2018). Depletion of NORAD results in high rate of chromosome segregation impairments, abridged replication-fork speed and changed cell-cycle movement (Munschauer et al., 2018). Due to the critical role of NORAD in the maintenance of genome stability and cell cycle progression, it is not surprising that dysregulation of this lncRNA leads to cancer. Therefore, several studies have appraised the role of this NORAD in initiation or progression of diverse types of malignancies. In the current review, we describe the role of NORAD in the evolution of human cancers based on the conducted experiments in cell lines, animal models and human subjects.



CELL LINE STUDIES

Expression of NORAD has been down-regulated in endometrial cancer cells. Forced up-regulation of this lncRNA suppressed growth of endometrial cancer cells and enhanced their apoptosis. Such effects have been exerted through NORAD binding with the anti-apoptotic protein Far Upstream Element Binding Protein 1 (FUBP1). Interaction between NORAD and FUBP1 has been shown to decrease nuclear localization of this anti-apoptotic protein, releasing the pro-apoptotic gene promoters from FUBP1 occupation and enhancing apoptosis in these cells (Han et al., 2020). A single study in colorectal cancer cells showed down-regulation of NORAD. Forced over-expression of NORAD reduced cell viability and invasiveness of these cells while enhanced cell apoptosis. This lncRNA has increased expression of Calpain 7 (CAPN7) and suppressed activity of PI3K/AKT pathway (Lei et al., 2018). However, two other studies in colorectal cancer cells reported the role of NORAD in increasing cell viability, proliferation, migration and invasion while inhibiting apoptosis (Wang et al., 2018; Zhang et al., 2018). Other studies in diverse cancer cell lines also supported the oncogenic role of this lncRNA. For instance, in ovarian cancer cells, over-expression of NORAD has been correlated with down-regulation of miR-199a-3p. NORAD silencing could suppress proliferation, invasiveness, migratory potential, and epithelial-mesenchymal transition (EMT) of these cells. Functional studies confirmed the direct interplay between NORAD and miR-199a-3p (Xu C. et al., 2020). Besides, NORAD up-regulation has enhanced migration and invasion of hepatocellular carcinoma cells through sponging miR-202-5p, which acts as a tumor-suppressor miRNA through the TGF-β pathway (Yang et al., 2019a). The functional effect of NORAD in activation of TGF-β signaling has also verified in breast cancer cells (Zhou et al., 2019). In lung cancer cells, NORAD promotes EMT-like characteristics through activation of TGF-β signaling. In this type of cancer, importin β1 has been found to be a binding partner of NORAD. NORAD silencing has inhibited the physical interaction between importin β1 with Smad3 to some extent, thus blocking amassment of Smad complexes in the nucleus following induction with TGF−β. Therefore, NORAD facilitates the interaction between importin β1 and Smad3 to enhance nuclear amassment of Smad complexes following exposure to TGF-β (Kawasaki et al., 2018). Lentivirus-mediated silencing of NORAD in epithelial cancer cells has inhibited proliferation, reduced chemoresistance and attenuated cell cycle progression. These roles are exerted through acting as a molecular sponge for hsa-miR-155-5p (Tong et al., 2019). In cervical cancer cells, NORAD enhances expression of SIP1 to increase cell proliferation, invasiveness and EMT. These effects are due to sponging miR-590-3p (Huo et al., 2018). In neuroblastoma, in addition to enhancement of cell proliferation and invasion, NORAD increases doxorubicin resistance possibly through suppression of apoptosis and autophagy. These effects are exerted through miR-144-3p/HDAC8 axis (Wang et al., 2020). In osteosarcoma cell lines, NORAD regulates cancer cell features via acting as a molecular sponge for hsa-miR-199a-3p (Wang et al., 2019). Another study has shown that transcription of NORAD is suppressed by the YAP/TAZ-TEAD complex, a transducer of Hippo pathway. NuRD complex also facilitates transcriptional silencing of NORAD through this route. NORAD exerts effective suppressive impact on migration and invasion of neoplastic cell lines, and blockage of NORAD expression contributes in the pro-migratory and invasive impacts of the YAP pathway. Functionally, NORAD uses its numerous repeated sequences to act as a multifaceted scaffold for binding and isolating S100P, thus inhibiting S100P-associated pro-metastatic cascades (Tan et al., 2019).

Non-coding RNA activated by DNA damage has also been found to increase expression of the PI3K/AKT/mTOR pathway-related proteins. Expression of these proteins has not not considerably influenced by miR-520a-3p mimic. However, co-transfection of NORAD and miR-520 mimic has upturned the expression of these proteins. NORAD silencing has not affected expression of PI3K/AKT/mTOR pathway-associated proteins, while anti-miR-520 has enhanced expression of these proteins. Taken together, NORAD has been shown to induce the activity of PI3K/AKT/mTOR signaling through sponging miR-520 (Wan et al., 2020).

Table 1 displays summary of studies which evaluated expression of NORAD in cancer cell lines.


TABLE 1. Summarized results of studies which evaluated expression of NORAD in cell lines (Δ: knock-down, EMT: epithelial–mesenchymal transition).
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Figure 1 depicts the role of Hippo cascade transducer YAP/TAZ-TEAD complex in inhibiting the expression of lncRNA NORAD in lung and breast neoplasms, and consequent attenuation of the tumor suppressor roles of NORAD in tumor cells.
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FIGURE 1. A schematic representation of the crosstalk between Hippo signaling cascade and lncRNA NORAD in lung and breast neoplasms. YAP/TAZ is mainly modulated via the canonical Hippo cascade, MST1/2-SAV1, and LATS1/2-MOB1. LATS1/2 could in turn phosphorylate YAP/TAZ and suppress its function through either ubiquitination and proteasome-mediated degradation or 14-3-3-mediated cytoplasmic sequestration. Unphosphorylated YAP/TAZ is transferred to the nucleus, where it could interact with TEAD transcription factors and trigger the expression of various target genes. LATS1/2 could be upregulated via STK25, TAOK, NF2, and MAP4KS, while being inhibited through GPCR-RHOA-mediated F-actin function mechanical cues as well as NUAK2. In addition, expression of MST1/2 is regulated by TAOK and MARK4. Expression of YAP/TAZ is also modulated in an independent manner from LATS. Besides, PTPN14 and AMOT could interact with YAP/TAZ and sequester it in the cell membrane. Expression of YAP/TAZ is downregulated via the β-catenin demolition complex or TIAM1 through a direct interaction. Phosphorylation of YAP/TAZ is triggered by CDK1, AMPK, Aurora A, NLK, and various RTKs. In addition, p38 and VGLL4 could interact with TEAD and inhibit the function of YAP/TAZ (Yamaguchi and Taouk, 2020). Mounting evidence has collectively demonstrated that the Hippo pathway transducer YAP/TAZ-TEAD complex could play an effective role in suppressing the expression level of lncRNA NORAD in both lung and breast cancers. Its downregulation correlates with enhancement of migration, invasion as well as metastasis in tumor cells (Tan et al., 2019).


Figure 2 demonstrates the modulation of TRIP13 expression through lncRNA NORAD indicating that TRIP13 upregulation could suppress the impacts of miR-495-3p up-regulation on the proliferation, apoptosis, migratory potential, and invasiveness of prostate cancer cells.
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FIGURE 2. The schematic diagram of the role of lncRNA NORAD in the regulation of TRIP13 expression in prostate cancer. Overexpression of NORAD and TRIP13 and downregulation of miR-495-3p have been in prostate cancer cells. LncRNA NORAD could modulate TRIP13 expression through sponging miR-495-3p, and thereby enhancing cell proliferation, migration, and invasion as well as reducing cell apoptosis in tumor cells. In fact, NORAD could play an important role as a sponge for miR-495-3p in prostate cancer cells that attenuates the potent tumor suppressive activity of this miRNA in target cells (Chen et al., 2020).


Figure 3 represents the oncogenic role of NORAD in gastric cancer progression via modulating the expression levels of RhoA/ROCK1.
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FIGURE 3. A schematic summary of the crosstalk between the RhoA/ROCK1 singling pathway and lncRNA NORAD in gastric cancer. The figure depicts the impact of RhoA/ROCK1 involved in LIMK/cofilin/TRPV4/Ca2+ pathway in gastric cancer. LncRNA NORAD could promote the expression levels of RhoA and ROCK1, and thereby enhancing cell proliferation, migration and invasiveness and reducing cell apoptosis in gastric cancer cells (Yu et al., 2019).




HUMAN STUDIES

Based on the assessment of data available in The Cancer Genome Atlas (TCGA) as well as an independent cohort of patients with endometrial cancer, expression of NORAD has been decreased in endometrial cancer samples compared with normal tissue samples in association with cancer progression. Notably, has been identified as the underlying mechanism of NORAD down-regulation in these samples (Han et al., 2020). A single study in patients with colorectal cancer demonstrated down-regulation of NORAD in tumor tissues particularly in samples obtained from patients developed distant metastasis. Down-regulation of NORAD has been associated with poor patients’ outcome, advanced tumor size and TNM stage (Lei et al., 2018). Apart from these two studies, other studies have reported up-regulation of NORAD in tumoral samples compared with non-tumoral samples from the same tissue. Such over-expression has also been verified in other cohorts of patients with colorectal cancer (Wang et al., 2018; Zhang et al., 2018). Besides, expression of this lncRNA has been up-regulated in hepatocellular carcinoma (HCC) samples compared with adjacent tissues in correlation with poor overall survival (Yang et al., 2019a). Over-expression of NORAD in cervical cancer patients has been correlated with higher stage, lymph nodes and vascular involvement, and poor survival (Huo et al., 2018). Table 2 depicts the results of studies which evaluated expression of NORAD in clinical samples.


TABLE 2. Summarized results of studies which assessed expression of NORAD in clinical samples (OS: overall survival, ANTT: adjacent non-tumoral tissue).
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PROGNOSTIC ROLE OF NORAD IN MALIGNANCIES

Apart from endometrial cancer in which up-regulation of NORAD determined good prognosis (Han et al., 2020), in other types of cancers, including cervical cancer (Huo et al., 2018), breast cancer (Zhou et al., 2019), bladder cancer (Li et al., 2018), esophageal cancer (Wu et al., 2017), gastric cancer (Yu et al., 2019), colorectal cancer (Zhang et al., 2018), pancreatic cancer (Li et al., 2017), hepatocellular carcinoma (Yang et al., 2019a), and lung cancer (Huang et al., 2020), its up-regulation was an indicator of poor survival.



ANIMAL STUDIES

Endometrial cancer is among few cancer types in which NORAD exerts anti-oncogenic effects. Such effects have been verified in animal models since NORAD silencing has enhanced tumor growth in the xenograft model. On the other hand, over-expression of FUBP1-binding fragment of NORAD has attenuated tumor growth in this model (Han et al., 2020). Figure 4 illustrates the effect of lncRNA NORAD binding with FUBP1 in endometrial cancer cells.
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FIGURE 4. A schematic illustration of the interaction of lncRNA NORAD and FUBP1 in endometrial cancer. FUBP1 is a master transcriptional regulator of various genes via interacting with FUSE. FUBP1 protein level is upregulated in the S phase. Reducing in the expression level of FUBP1 could affect cell cycle progression, particularly in the S phase, via downregulating Ccna gene theat encodes cyclin A. Fubp1-cyclin A axis could play a crucial role in triggering various types of cancers. Heterogeneous expression patterns of Fubp1 could be seen among several cancer tissues, illustrating its multiple and sophisticated functions in cancer development (Han et al., 2020). Accumulating evidence elucidates that epigenetic inactivation of NORAD could promote cell growth and reduce apoptosis in endometrial cancer cells. NORAD/FUBP1 interaction could inhibit FUBP1 nuclear localization, and thereby downregulating the recruitment of FUBP1 on promoters of target pro-apoptotic genes, triggering apoptosis in tumor cells (Han et al., 2020).


Apart from this study, other in vivo studies have shown the role of NORAD in enhancement of tumor progression in animal models. For instance, NORAD increases the growth of neuroblastoma tumors in animal models via miR-144-3p/HDAC8 axis (Wang et al., 2020). Moreover, growth of osteosarcoma tumors in animals has been attenuated by NORAD silencing in the implanted cells (Wang et al., 2019). Further studies in malignant melanoma, cervical cancer, breast cancer and lung cancer supported oncogenic effects of NORAD in xenograft models. Table 3 recapitulates the results of studies which evaluated the role of NORAD in the development of cancer in animal models.


TABLE 3. Outline of studies which assessed function of NORAD in animal models (Δ: knock down or deletion).
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DISCUSSION

Numerous studies have evaluated the role of NORAD in the development of cancer. With the exception of two studies in endometrial and colorectal cancer, other studies indicate the oncogenic role of this lncRNA in diverse cancer types. Several miRNAs such as miR-199a-3p, miR-608, miR−155−5p, miR-590-3p, miR-495-3p, miR-608, miR-202-5p, miR-125a-3p, miR-144-3p, miR−202−5p, and miR-30a-5p have been recognized as targets of NORAD in different cancer cell lines. In addition, NORAD has interactions with cancer-related pathways such as STAT, TGF-β, Akt/mTOR, and PI3K/AKT pathway. The role of NORAD in activation of TGF-β has been verified in different cancers, namely hepatocellular carcinoma, breast cancer and lung cancer. This function is implicated in the enhancement of EMT features and invasive properties of cancer cells. Therefore, in addition its role in the initiation of cancer possibly through influencing genomic stability, NORAD partakes in the progression of cancer through enhancement of EMT. In addition, NORAD has a role in the modulation of response of cancer cells to a number of chemotherapeutic drugs such as doxorubicin and cisplatin (Huang et al., 2020; Wang et al., 2020).

In vivo studies in xenograft models of ovarian, cervical, breast, gastric, colorectal, liver and lung cancers as well as neuroblastoma and osteosarcoma have shown the efficacy of NORAD-targeting therapeutic options in reducing tumor burden. Therefore, this lncRNA is a putative target for treatment of cancer.

The prognostic value of NORAD has been verified in diverse cancer types such as lung, liver, pancreatic, colorectal, breast and cervical cancers where over-expression of this lncRNA was correlated with poor survival. Based on the significant difference in expression of this lncRNA between cancerous and non-cancerous tissues, assessment of its expression might provide a diagnostic tool for cancer. However, the sensitivity and specificity of this marker should be assessed in diverse cancer types. Moreover, assessment of its expression in body fluid such as blood, serum and urine might help in the development of non-invasive diagnostic methods. The latter possible application of NORAD has not been assessed yet.

The data presented above indicate up-regulation of NORAD in almost all types of neoplasm. Moreover, functional studies have shown the pro-proliferative, pro-migratory, and pro-metastatic abilities of NORAD. Collectively, NORAD in an oncogenic lncRNA in most tissues and a possible target for inventions against cancer. Future investigations are required to support its application as diagnostic marker in the clinical settings.
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Gliomas, particularly the advanced grade glioblastomas, have poor 5-year survival rates and worse outcomes. lncRNAs and EMT have been extensively studied in gliomas but the disease progression remains poorly understood. SNHG6 has been shown to affect glioma cell proliferation but its effect on EMT of glioma cells along with its effect on disease progression is not known. We screened four glioma cell lines; H4, A172, U87MG, and SW088 and grouped them based on high vs. low SNHG6 expression. Transfections with SNHG6 specific siRNA resulted in induction of apoptosis of high SNHG6 expressing A172 and U87MG cells. This was accompanied by inhibition of EMT and downregulation of EMT-modulating factor Notch1, β-catenin activity and the cancer stem cell marker Sox2. The regulation was not found to be reciprocal as silencing of Notch1 and Sox2 failed to affect SNHG6 levels. The levels of SNHG6 and Notch1 were also found elevated in Grade IV glioma patients (n = 4) relative to Grade II glioma patients (n = 5). These results identify SNHG6 and Notch1 as valid targets for glioma therapy.
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INTRODUCTION

Gliomas account for almost a third of all brain tumors (Goodenberger and Jenkins, 2012). They are particularly aggressive and represent 80% of all malignant brain tumors (Goodenberger and Jenkins, 2012). The median survival of patients with high grade glioblastoma is only about 14 months (Price and Chiocca, 2014) with the 5-year survival almost zero (Stupp et al., 2005; Price and Chiocca, 2014). The median survival of relatively less aggressive grade III gliomas is also dismal; just two to 5 years (Wen and Kesari, 2008; Price and Chiocca, 2014). It is important to study and characterize the etiology and progression of such an aggressive disease, along with elucidation of factors that make it aggressive and could be targeted for therapy.

lncRNAs, the long non-coding RNAs, in recent years, have become a hot topic of research concerning gliomas with hundreds of publications on the topic. A number of lncRNAs have been evaluated for their role in glioma progression (Voce et al., 2019; Yang et al., 2019; Lin et al., 2020; Lulli et al., 2020; Pan et al., 2020; Li Z. et al., 2021). One of the relatively less explored lncRNA in gliomas is SNHG6 with just few reports (Cai et al., 2018; Meng et al., 2018; Zhang et al., 2020; Li X. et al., 2021). This lncRNA can affect glioma tumorigenesis (Li X. et al., 2021). One of the primary mechanisms by which lncRNAs affect tumorigenesis is by sponging microRNAs (miRNAs; Paraskevopoulou and Hatzigeorgiou, 2016; Liao et al., 2020) and SNHG6 has also been reported to sponge several miRNAs, such as miR-101 (Yan et al., 2017; Meng et al., 2018), miR-543 (Zhang et al., 2020; Wang et al., 2021), and miR-944 (Mao et al., 2020), etc. with it being declared as a possible prognostic lncRNA in gliomas (Cai et al., 2018). Despite these evidences for a role of SNHG6 in gliomas, its mechanism of action is not fully understood and, therefore, we performed this study to further evaluate the role of SNHG6 in gliomas. We particularly evaluated the EMT-inducing properties of this oncogenic lncRNA. As modulators of EMT, Notch family members and wnt signaling were evaluated, in addition to the cancer stem cells markers. The results were confirmed in glioma patients derived samples.



MATERIALS AND METHODS


Cell Culture

All the cells used in this study were purchased from ATCC (Manassas, United States) and cultured in DMEM media, with 10% fetal bovine serum, in 5% CO2–humidified atmosphere at 37∘C. The cell lines were periodically authenticated in the Genomics core facility.



Patients

All patients were enrolled at Jiamusi University Hospitals and the archived tissues were used for evaluations. The study was approved by the Ethics Committee at the Jiamusi University (Approval # 20/11-672). Informed consent was obtained from all patients prior to the collection of samples. The investigating team had no access to patient identification data.



Apoptosis Assay

Induction of apoptosis was assayed using APOSTRANDTM ELISA apoptosis detection kit (Enzo Life Sciences, United States). It is a highly sensitive assay that can detect apoptosis in as little as 500 cells. The assay is based on the sensitivity of DNA in apoptotic cells to formamide denaturation and the detection of the denatured DNA with a monoclonal antibody to single-stranded DNA. For the assay, cells were seeded in 96 well plates, fixed for 30 min, attached to wells by drying for 20 min, treated with formaldehyde for 10 min, denatured for 35 min, blocked, incubated with antibody for 30 min, washed, incubated with peroxide substrate and read at 405 nm, exactly as per the suggested protocol.



β-Catenin Assay

β-Catenin was quantitated using the β-catenin ELISA kit purchased from Enzo Life Sciences, United States. The assay is extremely sensitive that can detect less than 33.8 pg/mL β-catenin. Assay was done in 96 well plates by adding samples directly to the plate, swirling it briefly to mix, sealing to secure contents and shaking at 500 rpm for 1 h. Washings, addition of antibody and further washings and addition of substrate was done, as per instructions. Finally, the readings were done at 450 nm.



SNHG6 Detection, si-RNA Reagents and Transfections

SNHG6 was detected by primers and detection reagents purchased from Qiagen (China), through the use of qRT-PCR, in patient samples as well as the cell lines. siRNA against SNHG6 was a kind gift from Prof. Wang at University of Jilin, China. siRNAs and controls were purchased from Sant Cruz Biotechnology (United States). All transfections were performed using Lipofectamine 3000 (Thermo Fisher Scientific, China), using standard protocol supplied by vendor.



Statistics

p values were calculated using Student t test or one way ANOVA, through GraphPad software. Cell line based studies were conducted a minimum of three times with at least triplicate samples. p values less than or equal to 0.05 were deemed statistically significant.




RESULTS


SNHG6 Expression in Glioma Cells Lines

Our investigation started with an evaluation of the endogenous expression of SNHG6 in some commonly tested glioma cell lines. Specifically, we checked the expression of SNHG6 in H4, A172, U87MG and SW088 cells. As seen in Figure 1A, the four tested glioma cell lines had different levels of SNHG6 with two cell lines, A172 and U87MG expressing high levels of this lncRNA while the remaining two cell lines, H4 and SW088 expressing relatively lower levels of SNHG6. We next evaluated the significance of SNHG6 expression in glioma cells and down-regulated this lncRNA through the use of specific siRNA in two cell lines with the high expression. Downregulation of SNHG6 in glioma cells has been reported to result in induction of apoptosis (Meng et al., 2018). We, therefore, measured induction of apoptosis in A172 and U87MG cells after silencing of SNHG6. As seen in Figure 1B, silencing of SNHG6 resulted in significant induction of apoptosis.
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FIGURE 1. SNHG6 levels in glioma cell lines and effect of downregulating SNHG6 on induction of apoptosis. (A) Levels of SNHG6 were evaluated in four glioma cell lines for initial screening by qRT-PCR. (B) Induction of apoptosis, upon transfection of SNHG6 siRNA in indicated cell lines, was evaluated using the apoptosis kit described in Methods. The relative OD values are plotted, which are fold-changes compared to the respective cells transfected with non-specific siRNAs. ∗∗∗p < 0.01.




EMT and Related Pathways in Glioma Cell Lines

In cancer-related studies, SNHG6 has been connected with the process of EMT (Yan et al., 2017; Wang et al., 2019, 2021; Mao et al., 2020). This is also true for gliomas with at least one such report on the subject (Meng et al., 2018). Thus EMT-regulation seems to be an important process that is regulated by SNHG6. With this information in mind, we decided to evaluate EMT in our study. We compared the four tested lines for their relative EMT status and the expression of key molecules that influence EMT. As seen in Figure 2A, the levels of EMT biomarker E-cadherin were down-regulated ∼two-folds in A172 and U87MG cells, compared to the levels in reference cell line H4.
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FIGURE 2. Endogenous EMT and other related markers in glioma cell lines. Levels of (A) E-cadherin, the EMT biomarker and (B) Notch1 were evaluated in four glioma cell lines by qRT-PCR. GAPDH was evaluated as internal control. (C) The activity of β-catenin was evaluated using a commercial kit as described in Methods. ∗p < 0.05 and ∗∗∗p < 0.01.


In human cancers in general as well specifically in gliomas, both Notch1 and β-catenin are connected with the process of EMT (Chen et al., 2016; Li et al., 2018; Zhu H. et al., 2020) and therefore, we next evaluated Notch1 and β-catenin in our study. We found that the levels of Notch1 were similarly down-regulated (similar to E-cadherin levels in Figure 2A) in A172 and U87MG cells (Figure 2B) while the β-catenin activity was also reduced although not to the same extent as Notch1 (Figure 2C). The reduction of Notch1 levels were five to six folds higher. The levels of E-cadherin and Notch1 as well as the activity of β-catenin in SW088 cells were very similar to H4 cells.



SNHG6 and EMT

We next correlated SNHG6 levels with EMT and associated pathways. In the A172 and U87MG cells that were transfected with siRNA against SNHG6, we first evaluated the levels of EMT marker E-cadherin. As seen in Figure 3A, compared to cells transfected with non-specific siRNA controls, the cells transfected with siRNA against SNHG6 had significantly increased E-cadherin, which is indicative of inhibition of EMT. The transcription levels of Notch1 were also significantly down-regulated in both the cells tested, upon silencing of SNHG6 (Figure 3B). With the implication of Notch3 in the process of EMT as well (Matsuura et al., 2021), we evaluated mRNA levels of Notch3 in cells transfected with SNHG6. As seen in Figure 3C, Notch3 levels were also down albeit not as significantly as those of Notch1. EMT is also related to cancer stem cell characteristics (Brown et al., 2021). Therefore, we evaluated two known biomarkers of stem cell phenotype, Sox2 and Oct4. In glioma cells A172 as well as U87MG, transfections of SNHG6 siRNA markedly reduced the levels of Sox2 (Figure 3D). The mRNA levels of Oct4 were also slightly reduced but were found to be statistically insignificant (Figure 3E).
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FIGURE 3. Effect of SNHG6 downregulation on EMT and other related markers. Levels of (A) E-cadherin, (B) Notch1, (C) Notch3, (D) Sox2, and (E) Oct4 were evaluated in two glioma cell lines, as indicated, by qRT-PCR. GAPDH was evaluated as internal control. The relative values are plotted, which are fold-changes compared to the respective cells transfected with non-specific siRNAs. ∗p < 0.05 and ∗∗∗p < 0.01.




Effect of Notch1 and Sox2 Silencing on SNHG6

We observed an effect of SNHG6 silencing on expression of Notch1 and Sox 2 in A172 and U87MG cells. To further explore this relationship and to evaluate whether there is bidirectional regulation, i.e., Notch1 and Sox2 can themselves regulate SNHG6 in glioma cells, we silenced Notch1 and Sox2 using specific siRNAs against them and measured SHHG6 levels. As seen in Figure 4A, silencing of Notch1 yielded insignificant results. There seemed to be no effect on SHNG6 in A172 cells while the effect in U87MG cells was very modest and statistically insignificant. Similar results were also obtained when Sox2 was silenced. Again, the levels of SNHG6 were not affected (Figure 4B). We even tested the combined downregulation of Notch1 and Sox2 but still did not see any significant effect on SNHG6 expression (Results not shown). In these cells and under these conditions, i.e., silencing of Notch1 and Sox2, we also measured the induction of apoptosis and observed that silencing of both Notch1 and Sox2 could significantly induce apoptosis. The induction of apoptosis after silencing of Notch1 was much more prominent (Figure 4C), as compared to when Sox2 was silenced (Figure 4D).
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FIGURE 4. Effect of Notch and Sox2 silencing on SNHG6. Levels of SNHG6 were evaluated in two glioma cell lines, as indicated, by qRT-PCR after silencing of (A) Notch1 and (B) Sox2. GAPDH was evaluated as internal control. The relative values are plotted, which are fold-changes compared to the respective cells transfected with non-specific siRNAs. Induction of apoptosis, upon transfection of siRNA against (C) Notch1 and (D) Sox2, in indicated cell lines, was evaluated using the apoptosis kit described in Methods. The relative OD values are plotted, which are fold-changes compared to the respective cells transfected with non-specific siRNAs.




SNHG6 and Notch Levels in Glioma Patients

After our findings in glioma cells lines, we confirmed if the results could hold in glioma patients. For this, we performed a pilot study and evaluated SNHG6 and Notch levels in two groups of glioma patients – patients with Grade II glioma vs. patients with Grade IV glioma. As seen in Figure 5A, SNHG6 was significantly higher in patients with Grade IV glioma with a p value of 0.007. At the same time, Notch1 was also significantly higher in patients with Grade IV glioma (Figure 5B). Sox2 levels were also elevated but were barely significant (Figure 5C).
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FIGURE 5. SNHG6, Notch1, and Sox2 levels in glioma patients. Levels of (A) SNHG6, (B) Notch1, and (C) Sox2 were evaluated in patients with Grade II vs. Grade IV glioma, by qRT-PCR. The respective levels in Grade II patients were given a mean value of one and the relative expression levels in Grade IV patients representing fold-changes in the expression levels are plotted. Difference between means were calculated and the significance values are provided.





DISCUSSION

Glioma is the most frequently diagnosed brain tumor with high mortality rate associated with high grade and clinically advanced gliomas (Liang et al., 2020). For our initial experimental setup we first screened a panel of available cell lines in order to investigate the effects of SNHG6 expression. To accomplish this, it was important to list cell lines in order of their differential expression of SNHG6. We observed that cell lines H4 and SWO88 had lower levels of SNHG6 while cell lines A172 and U87MG had higher expression of SNHG6. It is interesting to note that another study studied a similar combination and A172 and U87MG cells were listed as aggressive while H4 and SWO88 were considered less aggressive (Louca et al., 2019). Our findings corroborate this grouping and further highlight the oncogenic nature of lncRNA SNHG6.

In our initial screening of cell lines, we also focused on EMT as EMT plays an important role in glioma progression (Iser et al., 2019; Tao et al., 2020). A number of reports are available in literature that have connected EMT with cell proliferation, invasion and metastasis of gliomas (Zhu H. et al., 2020; Lv et al., 2021). Importance of EMT in prognosis of gliomas has also been suggested (Tao et al., 2020). Another reason for investigating EMT was the reported connection between SNHG6 and EMT (Yan et al., 2017; Wang et al., 2019) which has also been reported in gliomas (Meng et al., 2018). In addition to evaluating E-cadherin, the biomarker for the process of EMT (Loh et al., 2019), we also evaluated Notch1 and the wnt signaling because Notch1 (Qian et al., 2020; Zeng et al., 2020) as well as β-catenin (Liu et al., 2016; Zhang et al., 2018) are intricately connected to induction of EMT in various cancers, including gliomas. While evaluating Notch signaling, we not only evaluated Notch1 but also Notch2, Notch3, and Notch 4. Our observations are indicative of a connection between SNHG6 and Notch 1. Additionally, there seems to be an involvement of Notch3 as well, as seen in our results, even though the effect on Notch1 was much more significant. Interestingly, Notch3 also induces EMT through its interactions with Notch1 (Natsuizaka et al., 2017) and it is possible that SNHG6 might be interacting with multiple Notch family members to induce EMT.

Our results indicate a positive correlation between SNHG6 and induction of EMT. We show an involvement of wnt signaling as well because of the differences we observed in β-catenin upon deregulation of SNHG6. Such involvement of wnt signaling in EMT of glioma cells has been reported recently (Zhu H. et al., 2020). Also, it needs to be acknowledged that similar to our observations with SNHG6, a number of other lncRNAs have also been reported to regulate EMT in gliomas. For example, lncRNA Linc00645 can regulate mesenchymal biomarker ZEB2 and induce EMT in glioma (Li et al., 2019). A role of lncRNAs in even pediatric gliomas’ EMT has been suggested and lncRNA DGCR5 can inhibit EMT in such gliomas where it is down-regulated during the disease progression (Yang and Huang, 2019). Some lncRNAs, such as UCA1 (Li Z.G. et al., 2020), FOXD2-AS1 (Zhao et al., 2020), RP11-84E24.3 (Chang et al., 2021), CTBP1-AS2 (Li Y. et al., 2020), and LINC00525 (Wan et al., 2020) can promote EMT in gliomas while other lncRNAs, such as CASC2 (Wang et al., 2020) and GAS5 (Zhu X.P. et al., 2020) can inhibit EMT in gliomas.

In our study, we observed both the lncRNA SNHG6 and the Notch1 to be elevated. The lncRNAs are frequently reported to sponge miRNAs and those sponged miRNAs have their own gene targets that they inhibit. This relationship results in an inverse relationship between lncRNAs and the miRNAs they sponge but a direct correlation between lncRNAs and the targets of sponged miRNAs because of the de-repression of target genes when miRNAs are sponged. It is possible that the regulatory effect of SNHG6 on Notch1 might involve an intermediate miRNA. We evaluated several potential miRNAs based on published literature as well as bioinformatic analysis but failed to find a miRNA which could functionally fit in this regulatory relationship. Such efforts are still in progress in order to get a more complete picture of regulation of Notch1 by SNHG6. It is interesting to note that we ruled out a reciprocal relationship between Notch1 and SNHG6, at least in our glioma cell line models. Only the silencing of SNHG6 reduced Notch1 and not the vice versa. This does not completely rule out the possibility of existence of such regulation and further evaluations might be necessary.

Finally, we confirmed our results using patient samples. We acknowledge the low sample size, however, the aim of this part of the study was to provide a proof of concept. The Grade II tumors we used as one group represent low grade gliomas while the Grade IV tumors in the other group are representative of high grade gliomas. Our evaluation of these two groups further confirms that SNHG6 as well as Notch1 are elevated in high grade gliomas and are thus verified targets for therapy.
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Background

Rapamycin-insensitive companion of mammalian target of rapamycin (Rictor) protein is a core subunit of mammalian target of rapamycin complex 2, and is associated with cancer progression. However, the biological function of Rictor in cancer, particularly its clinical relevance in gastric cancer (GC) remains largely unknown.



Methods

Rictor expression and its association with clinicopathologic characteristics in GC were analyzed by immunohistochemistry. Effect of Rictor and Caveolin-1 (Cav 1) on GC cells apoptosis was evaluated via overexpression experiment in vitro. Mechanisms of Rictor and Cav 1 in GC were explored through overexpression and knockdown, by immunofluorescence and western blot analyses.



Results

Rictor was upregulated in GC, and mainly located in the cytoplasm of cancer cells. Moreover, higher Rictor levels were associated with worse prognosis. Rictor could inhibit GC cell apoptosis and promote cell growth in vitro. The results of immunofluorescence revealed that Cav 1 localized in GC cell membrane but did not co-localize with Rictor. Further, Rictor regulated apoptosis-related proteins, long non-coding RNAs and also activated cellular signaling, thereby positively regulating Cav 1 expression. This effect was attenuated by the Akt inhibitor ly294002. Cav 1 did not significantly affect the ability of Rictor to inhibit tumor cell apoptosis.



Conclusions

Rictor is upregulated in GC and associated with worse prognosis. It inhibits tumor apoptosis and activates Cav 1 through the Akt signaling pathway to inhibit the apoptosis of GC cells. Rictor is, therefore, a promising prognostic biomarker and possible therapeutic target in GC patients.
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Introduction

Gastric cancer (GC) is one of the most common malignancies worldwide, ranking fifth in incidence and third in mortality (1). East Asia is particularly affected by GC, as indicated by the comparative high mortality (2). GC is the second most common cause of death in China, despite a steady decline in western countries. Owing to high rates of metastasis and recurrence, the five-year overall survival rate for advanced GC is 20% (3). In recent years, with the continued advancements in molecular biology, signaling pathways and targeted therapy have gradually become the focus of GC research, and are expected to provide more effective means for the treatment of GC (4). The most recent advancements in GC research are in the area of non-coding nucleic acids such as long-non-coding RNAs and miRNAs (5–9).

The mammalian target of rapamycin (mTOR) signaling pathway is a key pathway that affects progression of GC. It is often highly activated in GC, and is closely related to clinicopathological characteristics, such as recurrence and metastasis. mTOR exists in the form of mammalian target of rapamycin complex 1 (mTORC1) and mammalian target of rapamycin complex 2 (mTORC2). As one of the core subunits of complex mTORC2, Rictor is the skeleton protein of mTORC2. It is critical for stability and necessary for normal functioning of mTORC2. Rictor is mainly responsible for sensing growth factor concentration, regulating cell proliferation, survival, metabolism and cytoskeletal remodeling. It has been demonstrated through immunohistochemical studies that Rictor expression is increased in association with tumor progression, and that it correlates with poor prognosis of GC patients (10). Current studies have confirmed that Rictor promotes cell growth and proliferation by activating protein kinase B (Akt), promoting cell resistance to apoptosis and promoting angiogenesis (11, 12). Rapamycin has not been as successful as expected in clinical trials. The main reason for this may be the different sensitivities of the two mTOR complexes. mTORC1 is sensitive to treatment with rapamycin. Treatment with rapamycin or its analogues primarily inhibits the mTORC1/S6K pathway and alleviates the negative feedback loop receptor (IGF-1R) from S6K to insulin-like growth factor-1, signaling mTORC2 through the complete pathway leading to Akt activation paradoxically (13). The activation of Akt is concerning because it promotes cell survival and drug resistance, and therefore treatment with an mTORC1 inhibitor might not be beneficial. Inhibition of mTORC2 may eliminate the adverse signaling effects of mTOR inhibitors. Therefore, it is important to further study and characterize the potential therapeutic targets of mTORC2 and explore the associated molecular mechanism in tumors, particularly in GC (14–16).

Caveolin-1 (Cav 1), a membrane protein with a relative molecular weight of 2.1–2.4 ×104, is the main component of caveolae, which is involved in malignant transformation, malignant proliferation, invasion, metastasis and many other biological behaviors of cells. Cav 1 enhances RANKL−induced GC cell migration (17) and also plays a role in epithelial to mesenchymal transition (EMT) impacting the clinicopathological features of GC (18, 19). IGF-I receptor (IGF-IR) localizes in caveolae and tyrosine phosphorylates Cav 1. Cav 1 is involved in the internalization of IGF-IR and directly interacts with IGF-IR and its substrate (20). Cav 1 contributes to anchorage‐independent growth and anoikis resistance of human GC SGC‐7901 cells via activation of Src‐dependent EGFR‐ITGB1 signaling (21). The mechanosensitive caveolin-1 activation-induced PI3K/Akt/mTOR signaling pathway promotes cancer motility, invadopodia formation and metastasis in vivo (22). This is agreement with the general information on Akt signaling in human cancers, including GC (23–26). Given this information, we hypothesized there may be an interaction in GC between Rictor and Cav 1 that affects the biological behavior of tumor cells.

In this study, we report overexpression of Rictor in GC and its association with worse prognosis. Particularly, we revealed an anti-apoptosis effect of Rictor in GC cells and that Rictor activates Cav 1 through the Akt signaling pathway to inhibit the apoptosis of GC cells.



Materials and Methods


Patients and Clinical Data

In total, 92 patients with gastric carcinoma who underwent surgical resection were recruited for this study. Among them, 84 cases without distant metastasis received gastrectomy together with a standard D2 lymph node dissection. The study was approved by the Ethic Committee of Capital Medical University (#66128) The other eight metastatic patients with primary tumor complications, such as obstruction or bleeding, underwent palliative stomach resection. Pathological tumor staging was based on the 7th edition of the Union for International Cancer Control (UICC) TNM staging system. All participants had complete follow-up. The overall survival (OS) time was determined from the date of surgery to the follow-up deadline or date of death. The follow-up deadline was July 2015, and the median follow-up period was 8-9 years (OutDo Biotech Co., Ltd. Shanghai, China).



Reagents and Antibodies

Primary antibodies used were rabbit monoclonal anti-Rictor (ab70374, Abcam, Cambridge, MA), anti-Cav 1(Rabbit mAb #3276), Akt (pan) (Rabbit mAb #4691, Phospho-Akt (Ser473) (Rabbit mAb #4060) (Cell Signaling Technology, Shanghai, China), Caspase-3 monoclonal antibody (CPP32-4-1-18), Bcl-2 polyclonal antibody (PA5-11379), Bax monoclonal antibody (6A7), actin monoclonal antibody (ACTN05 (C4) and Biotin (ThermoFisher, Shanghai, China). Rictor plasmid (Addgene #1860) and Cav 1 plasmid (Addgene27703) were purchased from Addgene (USA). Rictor-siRNA and Cav 1-siRNA were purchased from GenePharma Co., Ltd. (Shanghai, China). Ly294002 (#9901) was purchased from Cell Signaling Technology. Human GC cell lines SGC-7901 and AGS were purchased from iCell Bioscience Inc (Shanghai, China) in Feb 2018.



Immunohistochemistry

Tissue microarrays were constructed by Shanghai Xinchao Biotechnology Co., Ltd. (Shanghai, China). Prepared slides were incubated at 65°C for 1 h, After incubation, the sections were deparaffinized in xylene and rehydrated in alcohol. Following antigen retrieval with high pressure, endogenous peroxidase activity was blocked with 3% H2O2 for 20 min. Sections were blocked with goat serum for 1 h and incubated with primary antibody against Rictor (Abcam, dilution of 1:100) overnight at 4°C. The next day, the tissues were incubated with Universal second antibodies (goat anti-rabbit and mouse) for 60 min at room temperature. Immunostaining was carried out with DAB substrate kit (Thermo Scientific, Waltham, USA), followed by immersion into hematoxylin for nuclear counterstaining.



Scoring of Staining

The results of immunohistochemical staining were evaluated by two independent investigators according to a semiquantitative grading system based on both proportion of stained cells and their intensity. The extent of staining was scored as no staining = 0; <1/3 staining = 1; 1/3 to 2/3 staining = 2; and >2/3 staining =3. Staining intensity was scored as: none = 0; weak =1; medium =2; and strong = 3. The intensity and percentage scores were added to give a final score ranging from 0 to 6. The results of immunostaining were divided into two groups where 0-2 was considered negative (-) and 3-6 was considered positive (+).



Cell Culture and Plasmid Transfections

The two cell lines, SGC-7901 and AGS were respectively cultured in Dulbecco’s Modified Eagles Medium (DMEM) with 10% Fetal Bovine Serum(FBS) and Ham's F-12K(Kaighn's) medium (F-12K) with 20% FBS in a humidified incubator at 37°C with 5% CO2. Cell lines used in the experiments were authenticated using short tandem repeat (STR) profiling in the Genomics core facility of Capital Medical University on an annual basis, with last authentication in April, 2020, and passaged less than 5 times at any given time. When SGC-7901 and AGS cells grew to 50-60% confluency, the Rictor and Cav 1 plasmids and vectors were used to infect cells using lipofectamine 3000 and P3000 (Life Technologies, China), according to the manufacturer’s instructions. Rictor-siRNA and Cav 1-siRNA were transfected into two the cell lines by using lipofectamine 3000 according to the provided protocols. The transfection efficacy was determined by western blot.



Cell Apoptosis Assay

Cell apoptosis was measured by Annexin V-FITC/PI Apoptosis Detection Kit (KeyGEN, Guangzhou, China). Cells were collected, were digested and isolated in Dulbecco’s Phosphate-Buffered Saline (DPBS), washed with cold phosphate-buffered saline (PBS) 3 times, PBS solution and re-suspended in binding buffer. Cells were stained by AnnexinV-FITC and 7-aminoactinomycinD (7-AAD) (BD Biosciences, New York, USA) for 15min, sorted using the FACS Calibur system (BD Biosciences) and counted apoptotic cells when AnnexinV staining was positive.



Cell Survival Assay (MTS)

To examine the effects of Rictor on the proliferation of GC cells, one-step 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium (MTS) assays were conducted. In total, 2000 cells/well in100μL of medium were seeded in a 96-well plate after transfection, and detected at 8h, 32h, and 56h using an enzyme-labelled meter (Spectramax M3, Molecular Devices, Shanghai, China) 2h after the addition of MTS.



EdU Cell Proliferation Assay

After Rictor plasmid transfection, the cells were cultivated for 48 h.Then 20,000 cells/well were seeded in a 24-well plate. In total, 100 μL incubation EdU medium(1000:1) was added to each well and incubated for 2 h. After washing with PBS, the cells were fixed for 30 min in 4% paraformaldehyde. Then, 2mg/mL glycine was added to the wells and further incubated for 5 min. Then, the wells were washed with PBS before adding penetrating agent (PBS containing 0.5% Triton  X-100) followed by incubation for 10 min, at room temperature in the dark. Further, cells were incubated with Apolle dye for 30 min, penetrant decolorizing cleaned cells for 10 min thrice, Then, for DNA staining, cells were incubated with the reaction solution for 30min in the dark at room temperature. After washing with PBS thrice, the product was tested on Olympus IX51.



Immunofluorescence

To determine the cellular localization of Rictor and Cav 1, SGC-7901 and AGS cell lines were seeded on sterile coverslips in the well of 6-well plates, washed with PBS three times, then cells were fixed with 4% paraformaldehyde for 15min, permeabilized with 0.25% Triton X-100 in PBS for 10 min, followed by blocking in 5% BSA in PBST for 1h. Cells were then incubated overnight in 4°C with special primary antibody: anti-Rictor (dilution 1:100) and anti-Cav 1(dilution 1:100). The next day, primary antibody was removed, cells were washed with PBS, and incubated in a mixture of two fluorescent secondary antibodies (Alexa Fluor 488–conjugated anti-mouse IgG and Alexa Fluor 594–conjugated anti-rabbit IgG) (dilution1:100,Life Technologies) in the dark for 2h, Cells were stained with DAPI and photographed by confocal microscopy (IX83, FLUOVIEW FV1200, Olympus).



Western Blot

Treated cells were collected and lysed using lysate buffer on ice for 30 min, and protein concentration was determined by BCA assay. Equal amounts of proteins (30μg) were separated by SDS-PAGE and transferred to nitrocellulose membranes. After blocking in 5% non-fat milk for 2 h, the membranes were incubated with primary antibodies against Rictor, p-Akt (Ser473), Akt, Cav 1, Caspase-3, Bcl-2, Bax or β-actin overnight at 4°C. The following day, membranes were incubated with anti-rabbit or anti-mouse secondary antibodies at room temperature for 1 h. Finally, immunoblots were visualized using enhanced chemiluminescence (ECL) reagent (Thermo Scientific, USA). β-actin was used as a loading control.



Statistical Analysis

Data are presented as Means ± SD. All statistical analyses were plotted with the GraphPad Prism (Version 8.0.1) and IBM SPSS Statistical 25. Statistical tests are one-sided or two-sided, t tests were conducted to evaluate the differences between two groups, while ANOVA tests were used in multiple comparable groups. Log-rank tests and Kaplan-Meier plots were applied to assess and show differences in overall survival (OS) between subgroups. Cox proportional hazard models were used for multiple-variants analysis. P < 0.05 was considered to indicate a statistically significant difference.




Results


Characterization of Rictor Expression

To evaluate the expression of Rictor in GC, immunohistochemical assays were performed on 92 patients with GC and adjacent normal tissues. We found that Rictor localized in the cytoplasm of cancer cells, but not in the surrounding stroma cells. We also found that expression of Rictor was significantly increased in GC tissues compared with normal tissues (Figure 1A). Kaplan-Meier survival analysis with log-rank test for OS in all 92 patients with gastric cancer (Figure 1B) and survival analysis of 92 cases in gastric cancer (Figure 1C). Clinicopathological statistical analyses indicated that Rictor expression was correlated with tumor size, depth of invasion, lymph node metastasis, TNM stage, WHO grading and tumor thrombus. There was no significant association with gender, age, tumor location or distant metastasis (Table 1). Taken together, our data indicates that Rictor was located in GC cells but not in the surrounding stroma cells in GC tissues, and could be used as a potential prognostic biomarker for GC patients.




Figure 1 | Rictor is upregulated inside GC cells and correlated with poor prognosis in different GC cohorts. (A) Representative immunohistochemical stains for Rictor. (B) Kaplan-Meier survival analysis with log-rank test for OS in all 92 patients with gastric cancer sorted by immunostaining of Rictor. (C) Survival analysis of 92 gastric cancer cases.




Table 1 | Correlation of Rictor expression with clinicopathological characteristics in 92 gastric cancer patients.





Rictor Promoted Growth of GC Cells In Vitro

To investigate the growth-promoting function of Rictor on GC cells, we tested apoptosis rates of SGC-7901 and AGS cells after Rictor overexpression by flow cytometry. The results showed that overexpression of Rictor level significantly inhibited apoptosis in GC cells (Figures 2A, B). Rictor down-regulated Caspase-3 and Bax, and up-regulated Bcl-2 to achieve apoptosis-inhibiting effect on GC cells (Figures 2C, D). To further explore the biologic functions of Rictor in GC, we overexpressed Rictor in SGC-7901 and AGS cells to test cell viability by EdU (Figures 2E, F) and MTS assays (Figures 2G, H). The results suggested that overexpression of Rictor markedly promoted cell viability in SGC-7901 and AGS. We further, evaluated effect of Rictor on long-non-coding RNAs and found that Rictor induced MALAT-1 as well as GMAN (Figures 3A, B), both of which promote GC tumorigenesis (27, 28). On the contrary, Rictor down-regulated MEG3 and GAS5 (Figures 3C, D), both of which are tumor suppressive lncRNAs (29).




Figure 2 | Growth promoting effect of Rictor in gastric cancer cell lines. (A) Transfection of Rictor plasmid can inhibit the apoptosis of SGC-7901 cells (n=9). (B) Transfection of Rictor plasmid can inhibit the apoptosis of AGS cells (n=9). (C) Expression of apoptosis related proteins after transfection with Rictor plasmid in SGC-7901 cells. (D) Expression of apoptosis related proteins after transfection with Rictor plasmid in AGS cells. β-actin served as loading control. (E) EdU verification that transfection of the Rictor plasmid increased proliferation of SGC-7901 cells (n=3). (F) EdU verification that transfection of the Rictor plasmid increased proliferation of AGS cells (n=3). (G) Transfection of Rictor plasmid can increase the proliferation of SGC-7901 cells (n=3). (H) Transfection of Rictor plasmid can increase the proliferation of AGS cells (n=3). Values represent the Means ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001 as calculated using the  Student’s t-test.






Figure 3 | Long-non coding RNAs modulating effect of Rictor in gastric cancer cell line SGC-7901. Transfection of Rictor plasmid increased the expression of lncRNAs (A) MALAT-1 and (B) GMAN and decreased the expression of lncRNAs (C) MEG3 and (D) GAS5. Values in control (vector-transfected cells were assigned a value of ‘1’ and those in Rictor-transfected cells are presented as comparative fold-change. *P < 0.05 and **P < 0.01, as calculated using the Student’s t-test.





Cav 1 Inhibited Apoptosis of Gastric Cancer Cells

To investigate the function of Cav 1 on GC cells, we tested apoptosis rates of SGC-7901 and AGS cells overexpressing Cav 1, by flow cytometry. The results showed that overexpression of Cav 1 level significantly inhibited apoptosis in GC cells (Figures 4A, B). After Rictor overexpression in SGC-7901 and AGS cells, western blot analyses showed an increase of Cav 1 expression (Figures 4C, D). In GC cells, Rictor and Cav 1 did not co-localize (Figures 4E, F), suggesting there was no direct interaction between them. Western blot analysis indicated that p-Akt and Cav 1 levels increased after transfection of both SGC-7901 and AGS cells with the Rictor plasmid (Figures 4G, H).




Figure 4 | Cav 1-induced inhibition of apoptosis of gastric cancer cells and association between Rictor and Cav 1. (A) Transfected Cav 1 plasmid could inhibit the apoptosis of SGC-7901 cells (n=9). (B) Transfected Cav 1 plasmid could inhibit the apoptosis of AGS cells (n=9). Values represent the Means ± SD, *P < 0.05 and ***P < 0.001 were calculated using Student’s t-test. (C) Western blot analysis of the increase of Cav 1 expression with Rictor overexpression in SGC-7901 cells. (D) Western blot analysis of the increase of Cav 1 expression with Rictor overexpression in AGS cells. (E, F) Immunofluorescence showed no co-localization between Rictor and Cav 1. (G) Western blot analysis of p-Akt and Cav 1 levels increased after transfection of SGC-7901 cells with Rictor plasmid. (H) Western blot analysis of p-Akt and Cav 1 levels increased after transfection of AGS cells with Rictor plasmid. β-actin served as a loading control.





Rictor Activates Cav 1 Through the Akt Signaling Pathway to Inhibit Apoptosis of Gastric Cancer Cells

Two different cell lines (SGC-7901 and AGS) were transfected with Rictor-siRNA to verify Rictor-siRNA knock down efficiency (Figures 5A, B). After transfection with Rictor-siRNA, the protein levels of p-Akt and Cav 1 were analyzed (Figures 5C, D). After transfection of Rictor plasmid into SGC-7901 and AGS cells for 24 h, 20μM of the Akt inhibitor ly294002 was added. Western blot analysis showed the levels of p-Akt and Cav 1 decreased (Figures 5E, F). Apoptosis increased in both cell lines, after transfection with the Rictor plasmid for 24 h and a 24 h treatment with Akt inhibitor ly294002 (Figures 5G, H).




Figure 5 | Association between Rictor and Cav 1 analyzed using western blot and apoptosis detection. (A, B) Two different cell lines were transfected with Rictor-siRNA respectively to verify Rictor-siRNA knock down efficiency. (C) Protein levels of p-Akt and Cav 1 induced by Rictor knockdown in SGC-7901 cells were assessed. (D) Protein levels of p-Akt and Cav 1 induced by Rictor knockdown in AGS cells. (E) After transfection of Rictor plasmid in SGC-7901 cells for 24 h and addition of 20 μM ly294002 for 6 h, the changes of p-Akt and Cav 1 protein levels were detected by western blot. (F) After transfection of Rictor plasmid into AGS cells for 24 h, and addition of 20 μM ly294002 for 6 h, the changes of p-Akt and Cav 1 protein levels were detected by western blot. β-actin served as loading control. (G) Apoptosis of SGC-7901 cells after 24 h transfection with Rictor plasmid and 24 h treatment with 20 μM ly294002 (n=3). (H) Apoptosis of AGS cells after 24 h transfection with Rictor plasmid and 24 h treatment with 20 μM ly294002 (n=3). Values represent the Means ± SD. **P < 0.01, ***P < 0.001 and ****P < 0.0001 were calculated using Student’s t-test.





Knockdown Cav 1 Had No Effect on Apoptosis Inhibition by Rictor Overexpression

To investigate whether Cav 1 had a direct effect on apoptosis inhibition due to Rictor overexpression, we co-transfected the Rictor plasmid and three Cav 1-siRNAs into SGC-7901 and AGS cells, then tested apoptosis rates by flow cytometry. The results indicated that knocking down Cav 1 had no effect on apoptosis inhibition by Rictor overexpression (Figures 6A, B).




Figure 6 | Cav 1 knockdown has no effect on apoptosis inhibition induced by Rictor overexpression. (A) Co-transfection of Rictor plasmid and Cav 1-siRNA in SGC-7901 cells indicated that knocking down Cav 1 did not affect the inhibition of Rictor on apoptosis (n=3). (B) Co-transfection with Rictor plasmid and Cav 1-siRNA in AGS cells indicated that knocking down Cav 1 did not affect the inhibition of Rictor on apoptosis (n=3). Values represent the Means ± SD. *P < 0.05, **P < 0.01 and ***P < 0.001 were calculated using Student’s t-test. (C) Signaling pathway of Rictor and Cav 1.



Finally, the prospective Rictor signaling pathway is summarized in Figure 6C. Rictor inhibited the apoptosis of tumor cells by regulating apoptosis-related proteins, and activated the tumor cell apotosis inhibition effect of Cav 1 through the Akt signaling pathway. Cav 1 did not directly affect the inhibitory effect of Rictor on apoptosis.




Discussion

Oncogenic signaling and metabolic alterations are interrelated in cancer cells. mTOR, which is frequently activated in cancer, controls cell growth and metabolism (30). This signaling pathway is often highly activated in GC, and is closely related to clinicopathological characteristics, such as recurrence and metastasis (31). Studies have proved, through immunohistochemistry, that the increase in Rictor expression is associated with tumor progression and poor prognosis in GC patients (10). It has also been reported that p-mTOR could be used as a prognostic marker, suggesting that investigations of mTOR inhibitors may provide a novel therapeutic approach. mTOR exerts additional functions when combined with Rictor to form mTORC2 (32). However, the expression and role of Rictor remains unclear in GC. In this study, we found that Rictor was expressed at 77.17% in GC versus 25.33% in adjacent mucosa, and this overexpression significantly correlated with tumor size, depth of invasion, lymph node metastasis, and TNM stage. This indicates that Rictor is involved in tumor growth and metastasis. In addition, Kaplan-Meier analysis showed that Rictor positive expression predicted poorer overall survival. In renal cancer, Rictor is closely related to metastasis and cell proliferation of renal cancer cells, and the downregulation of Rictor could inhibit metastasis and proliferation, thus inhibiting tumor growth (33). In mouse mammary glands, downregulation of Rictor can block the expansion and obstruction of ductal branches regulated by mTORC2, as well as the invasion and survival of mammary epithelial cells (34). Rictor is highly expressed in human glioblastomas, and activation of mTORC2 also enhances phosphorylation of the downstream substrate Akt (35). Our results are consistent with the majority of the reported findings. We propose that Rictor positive expression is implicated in progression and metastasis of GC, and might serve as a novel biomarker and therapeutic target. The present study of Rictor expression by immunohistochemistry in human cancer tissues suggests that targeting Rictor/mTORC2 may attenuate tumor growth. As a result, we found that Rictor overexpression can affect the expression of apoptosis-related proteins such as Caspase-3, Bax, and Bcl-2, thereby reducing the apoptosis of GC cells. Targeted inhibition of Rictor leads to growth inhibition and induces apoptosis in both rapamycin-sensitive and rapamycin-resistant CRCs, suggesting that selective targeting of mTORC2 may represent a novel therapeutic strategy for treatment of CRC (36). The effects of Rictor on cell proliferation and apoptosis have been observed in malignant pheochromocytoma (37), melanoma (38, 39) and lung cancer (40).

Resistance of solid tumors to chemo-and radiotherapy remains a major obstacle in anti-cancer treatment (41). Cav 1 has gained attention owing to its high expression in many tumors, and high Cav 1 levels are correlated with a worse clinical outcome. Cav 1 plays an important role in modulating tumor host interactions by promoting tumor growth, metastasis, therapy resistance, and cell survival. Understanding these interactions and thus, inhibiting Cav 1, may offer a novel strategy for preventing cancer therapy resistance and improving clinical outcomes. Cav 1 is an integral membrane protein that is abundantly expressed in adipocytes, endothelial cell, pneumocytes, fibroblasts, and muscle cells (42–44), and is involved in cell signaling and transport. It is also involved in caveola-mediated endocytosis, and therefore regulates numerous cellular processes by transmitting extracellular signals via intracellular pathways (45, 46). Cav 1-dependent signal transduction regulates cell cycle, proliferation and invasion (47) and cell death (48–50). The molecular mechanisms of Cav 1, mediating radio and chemoresistance of cancer cells, have been increasingly studied in the last few years. High Cav 1 expression, correlated with worse clinical outcomes and drug resistance, has been reported in ovarian, colon, and breast cancer (51–53). High Cav 1 expression is also associated with RAF-ERK signaling, cell cycle progression and colony forming ability (54). Patients with Cav 1-positive tumors, post-gastrectomy, display decreased disease-free and overall survival (55). Moreover, Cav 1 expression is associated with poor prognosis in GC (56). Cav 1 expression is low in GC patients in comparison to healthy stomach tissue. Additionally, GC cell lines of primary tumors display low levels of Cav 1, whereas cell lines originated from metastases show high expression levels (57). In human SGC-7901 cells, Cav 1 promotes anchoring‐independent growth and apoptosis resistance by activating Src-dependent EGFR-ITGB1 signaling, which may indicate Cav 1 to be a potential therapeutic target for gastric metastasis (21). Mechanically sensitive caveolin-1 activation induces the PI3K/Akt/mTOR signaling pathway to promote motility and invasive in vivo formation, and metastasis of breast cancer (22).

We found that overexpression of Rictor led to increased expression of Cav 1. Similarly, knocking down Rictor led to decreased expression of Cav 1. By immunofluorescence, Rictor was located in the cytoplasm and Cav 1 was located on the cell membrane. There was no co-location between Rictor and Cav 1. We speculate that there is no direct interaction between them, and that Rictor regulates Cav 1 through the Akt signaling pathway by activating Akt Ser473. This regulatory effect was reduced when Akt was inhibited by the PI3K/Akt inhibitor ly294002, and apoptosis of GC cells also increased significantly. However, siRNA knockdown of Cav 1 did not affect the apoptotic resistance of Rictor to GC cells. We speculate that Rictor is upstream of Cav 1 and has a positive regulatory effect on Cav 1; however, Cav 1 does not have a significant effect on Rictor. These results indicate that inhibition of Rictor/mTORC2 may prevent undesired oncogenic effects of Cav 1 simultaneously.

Targeting Rictor/mTORC2 as an anticancer therapy is an attractive prospect, since 68% of GC patients show elevated Akt levels, and mTORC2 is a critical kinase to phosphorylate Ser473 residue for full activation of Akt. Rictor/mTORC2 might be more deleterious to cancer cells than to normal cells, leading to less toxicity by selective mTORC2 inhibition. Our results also support the hypothesis that Rictor plays a critical role in GC proliferation. Our findings provide the rationale for further investigations toward mTOR kinase inhibitor targeting both mTOR complexes or specifically targeting mTORC2 as an effective therapeutic candidate against GC in the future (58).

In summary, the current study provides substantial new evidence that Rictor is involved in GC cell proliferation and increases the tumor-promoting effect of Cav 1, indicating that Rictor may serve as a feasible therapeutic target for GC.
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A growing number of studies are reporting important roles played by long non-coding RNAs (lncRNAs) in various pathological and physiological processes. LncRNAs are implicated in numerous genomic regulatory functions at different levels, including regulation of transcription, post-transcriptional processes, genomic stability, and epigenetic genome modifications. Double homeobox A pseudogene 8 (DUXAP8), a novel lncRNA, has been reported to be involved in many cancers, including gastric, colorectal, esophageal, bladder, oral, ovarian, lung, and pancreatic cancers as well as hepatocellular carcinoma (HCC). DUXAP8 plays specific oncogenic roles via numerous malignancies promoting pathways. DUXAP8 is frequently dysregulated in multiple cancers, acting as a sponge to downregulate various tumor-suppressing microRNA activities. In this review, we comprehensively explore DUXAP8 expression and prognosis across cancer types, and systematically summarize current evidence concerning the functions and molecular mechanisms of DUXAP8 in tumorigenesis and progression. We conclude that DUXAP8 is a potential biomarker and therapeutic target for multiple cancers.
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INTRODUCTION

Cancers collectively represent a life-threatening disease with major impact on public health (the second leading cause of death worldwide). An estimated 18.1 million new cancer cases and 9.6 million deaths occurred in 2018 (Bray et al., 2018). The predicted number of new cancer patients is projected to be 14 million in 2035 (Pilleron et al., 2019).

The human genome project has revealed that there are approximately 20,000–25,000 protein-coding genes in the human genome that account for 2% of the total human genome sequence (Ponting et al., 2009). Genetic mutations associated with diseases are commonly located in non-coding regions of the human genome (Elkon and Agami, 2017; Darbellay and Necsulea, 2020). The majority of the human genome is not protein-coding, and other transcriptionally active regions were originally considered to be transcriptional noise. As such, they attracted little attention (Ponting et al., 2009; Evans et al., 2016; Yang et al., 2020). Recent studies have demonstrated that expression of the non-coding RNAs produced by these regions is systematically altered in cancers, and displays potential correlations with protein coding gene expression, demonstrating the importance of long non-coding RNAs (lncRNAs) in tumor formation, development, and progression (Goodall and Wickramasinghe, 2021; Statello et al., 2021). As lncRNAs are highly enriched in the genome, they are dynamically regulated in cell-, tissue-, and development-specific manners (Sun et al., 2018).

Double homeobox A pseudogene 8 (DUXAP8), according to the HUGO Gene Nomenclature Committee, is a newly identified lncRNA located on 22q11.1. DUXAP8 is approximately 2,307 bp long. Recent studies have reported that DUXAP8 mRNA is substantially upregulated in many cancer tissues, including pancreatic, bladder, colon, lung, ovarian, and breast cancers (Jiang et al., 2018; Lin et al., 2018; Chen et al., 2020a; He et al., 2020; Meng et al., 2020; Wang et al., 2020; Yang et al., 2021), as well as thyroid, hepatocellular and renal cell carcinomas (RCCs) (Hu et al., 2020; Wang et al., 2020; Pang and Yang, 2021), and glioma, compared to corresponding non-tumor tissues. Emerging literature supports that overexpressed lncRNA DUXAP8 might function as a sponge in cancer tissues, targeting tumor suppressive microRNAs, thereby facilitating target oncogene signaling pathway activity and promoting tumor development and progression.

In this review, we comprehensively summarize tissue and developmental stage-specific lncRNA DUXAP8 mRNA expression and systematically describe DUXAP8-associated regulatory mechanisms based on current literature.


The Transcriptional Level of Double Homeobox A Pseudogene 8 Across Pancancer

To characterize mRNA expression levels of DUXAP8 in 33 different cancers, we developed gene expression profiling interactive analysis 2 (GEPIA2) and determined that DUXAP8 displays markedly different expression levels among cancers.

We observed that DUXAP8 produces relatively high transcripts per million (TPM) in bladder urothelial carcinoma (BLCA), cholangiocarcinoma (CHOL), esophageal carcinoma (ESCA), head and neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma (KIRC), liver hepatocellular carcinoma (LIHC), lung adenocarcinoma (LUAD), lung squamous cell carcinoma (LUSC), ovarian serous cystadenocarcinoma (OV), skin cutaneous melanoma (SKCM), stomach adenocarcinoma (STAD), thymoma (THYM), uterine corpus endometrial carcinoma (UCEC), and uterine carcinosarcoma (UCS) tissues compared to corresponding normal tissues. We also observed low DUXAP8 TPM in acute myeloid leukemia (LAML) and testicular germ cell tumors (TGCT) compared to normal tissues (Figure 1).
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FIGURE 1. The expression of double homeobox A pseudogene (DUXAP) pattern across pancancer. DUXAP8 expression was dysregulated in several cancer types, and elevated in the bladder urothelial carcinoma (BLCA), cholangiocarcinoma (CHOL), esophageal carcinoma (ESCA), head and neck squamous cell carcinoma (HNSC), kidney renal clear cell carcinoma (KIRC), liver hepatocellular carcinoma (LIHC), lung squamous cell carcinoma (LUSC), ovarian serous cystadenocarcinoma (OV), skin cutaneous melanoma (SKCM), stomach adenocarcinoma (STAD), thymoma (THYM), uterine corpus endometrial carcinoma (UCEC), and uterine carcinosarcoma (UCS). However, the downregulated DUXAP8 expression was observed in the low DUXAP8 TPM in acute myeloid leukemia (LAML) and testicular germ cell tumor (TGCT).


These results indicate that upregulated DUXAP8 expression in tumor tissues compared with adjacent normal tissues might be a useful indicator in cancer diagnosis.



Long Non-coding RNA Double Homeobox A Pseudogene 8 Displays Potential as a Novel and Broadly Useful Biomarker for Cancer Prognosis

To further explore the prognostic role of DUXAP8 expression levels in cancers, we used the GEPIA2 survival analysis module and found that high DUXAP8 mRNA expression correlated with poor overall survival in seven cancers. Specifically, patients with high DUXAP8 expression levels had a shorter survival time than patients with low DUXAP8 expression levels in breast invasive carcinoma (BRCA) (p = 0.041), colon adenocarcinoma (COAD) (p = 0.0094), HNSC (p = 0.047), KIRC (p = 7.6e−6), kidney renal papillary cell carcinoma (KIRP) (p = 0.0057), LIHC (P = 0.0038), and UCEC (p = 0.03) (Figure 2). In summary, high DUXAP8 expression was positively associated with shorter survival times and worse prognosis. These results indicate that in most tumor tissues, high DUXAP8 expression has potential as a novel prognostic indicator of cancer progression.
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FIGURE 2. The prognostic prediction of DUXAP pattern in different cancer types. (A) DUXAP8 expression correlated with poor overall survival in seven cancers. (B–H), patients with overexpressed DUXAP8 had a shorter survival time than patients with downregulated DUXAP8 expression in breast invasive carcinoma (BRCA) (p = 0.041), COAD (p = 0.0094), HNSC (p = 0.047), KIRC (p = 7.6e–6), KIRP (p = 0.0057), LIHC (P = 0.0038), and UCEC (p = 0.03).




Associations Between Long Non-coding RNA Double Homeobox A Pseudogene 8 and Clinical Characteristics Based on Current Literature

Double homeobox A pseudogene 8 expression was upregulated in various cancers, such as bladder cancer, hepatocellular carcinoma (HCC), colorectal cancer (CRC), lung cancers, oral cancers, gastric cancer, ovarian cancer, pancreatic cancer, neuroblastoma, and pancreatic cancer. The association between the clinical characteristics and DUXAP8 expression was listed in Table 1.


TABLE 1. The clinical information of double homeobox A pseudogene 8 (DUXAP8) in pan-cancers.
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Bladder Cancer

Bladder cancer has become one of the most common cancers worldwide. More than 2 million woman were diagnosed patients were diagnosed, and more than 0.6 million death in 2018 (Wigner et al., 2021). LncRNAs have been identified as novel essential regulators of various human cancers. DUXAP8 is reportedly upregulated in bladder cancer tissues (Jiang et al., 2018; Lin et al., 2018). Researchers have detected substantially elevated lncRNA DUXAP8 expression in bladder cancer tissues compared with adjacent normal tissues (Lin et al., 2018). High DUXAP8 expression is correlated with shorter overall survival time. Advanced stage bladder cancer patients frequently have higher DUXAP8 mRNA expression levels than stage I and stage II patients (Lin et al., 2018).



Hepatocellular Carcinoma

Hepatocellular carcinoma is among the most common malignant tumor types, and has a poor prognosis in part due to late diagnosis (Huang et al., 2020). The molecular mechanisms underlying HCC pathogenesis have not been comprehensively elucidated (Huang et al., 2020). Emerging evidence suggests that lncRNAs are widely expressed and might function as promising therapeutic targets and prognostic indicators of various diseases and cancers (Hu et al., 2019; Statello et al., 2021). DUXAP8 expression is markedly upregulated in HCC tumor tissues compared to that in corresponding normal tissues (Yue et al., 2019; Hu et al., 2020; Wang et al., 2020; Wei et al., 2020; Zhang et al., 2020). Jiang et al. (2019) and Wang et al. (2020) found that higher DUXAP8 expression is strongly associated with poor prognosis in HCC (Wang et al., 2020). They also showed that DUXAP8 RNA affects mitotic nuclear division, histone binding, regulation of cell cycle phase transitions, oxidative phosphorylation, cell division, and the tricarboxylic acid cycle, indicating that DUXAP8 can act as an oncogene in HCC progression (Wang et al., 2020). Hu et al. (2020) also showed that DUXAP8 is substantially upregulated in HCC tissues, and found that DUXAP8 was markedly elevated in advanced stage III/IV tumors compared with stage I/II tumors (Hu et al., 2020). Wei et al. (2020) applied GEPIA and found that DUXAP8 was upregulated in HCC tissues. They also correlated upregulated DUXAP8 expression with larger tumor size, more advanced tumor stage, and distant metastases. Patients with higher DUXAP8 expression were associated with shorter overall survival times (Wei et al., 2020). Yue et al. (2019) discovered that DUXAP8 was considerably upregulated in elderly patients (>60 years), tumors in advanced stages (stage III/IV), and during vascular invasion. Similarly, they found upregulated DUXAP8 expression in stage II/III HCC samples relative to stage I HCC samples, and saw an association with poor prognosis (Zhang et al., 2020).



Colorectal Cancer

Colorectal cancer is the third most common malignancy. Involvement of a variety of genetic and epigenetic changes has been reported in CRC initiation and progression (Okugawa et al., 2015; Siskova et al., 2020). LncRNAs have been reported to play important roles in epigenetic alterations, revealing their potential as novel targets for CRC prevention and treatment (Chen et al., 2021; Liao et al., 2021). Gong et al. (2019) found that CRC patients in stages I-II presented with lower levels of tumor DUXAP8 than those in stage III-IV, and patients with larger tumor sizes expressed higher levels of DUXAP8. Another study demonstrated increased DUXAP8 expression in CRC tissues compared with paracarcinoma tissues, and showed that high DUXAP8 expression was indicative of shorter overall survival time (He et al., 2020). These data suggest the carcinogenic potential of DUXAP8 in CRC.



Renal Cell Carcinoma

Renal cell carcinoma remains one of the most lethal urological malignancies (Capitanio et al., 2019). Epigenetic modifications are common in RCC, suggesting that these modifications play an important role in RCC initiation and progression (Joosten et al., 2018). Researchers have discovered that many lncRNAs are upregulated and associated with poor prognosis in RCC (Zhai et al., 2017). Many researchers have investigated public RNA sequencing data and microarray gene profiling data from RCC patients, and found that DUXAP8 was markedly upregulated in RCC tumor tissues compared with adjacent para-tumor tissues (Xu et al., 2017; Huang et al., 2018; Chen et al., 2019). They have also shown that increased DUXAP8 expression correlates with poor prognosis in RCC (Xu et al., 2017; Huang et al., 2018; Chen et al., 2019).



Lung Cancer

Lung cancer is the leading cause of cancer-related deaths worldwide (Loewen et al., 2014). LncRNAs are a new class of cancer regulators that govern fundamental biochemical and cellular processes in lung cancer (Feng et al., 2019). DUXAP8 expression is substantially increased in LUAD tumor tissues. High DUXAP8 expression is closely associated with advanced tumor stages, larger tumor sizes, and metastasis (Yang et al., 2019; Yin et al., 2020; Liu et al., 2021). Ji et al. (2020) have also revealed that DUXAP8 is notably increased in non-small-cell lung cancer (NSCLC) tissues, and is associated with lymph node metastases and advanced tumor stages. Sun et al. (2017) analyzed tumor tissue and normal tissue from 78 pairs of patients, and found that DUXAP8 was notably increased in tumor tissues compared with normal tissues. Elevated DUXAP8 expression has been positively correlated with tumor size, lymph node metastasis, tumor stage, shorter survival time, and shorter progression-free survival time (Sun et al., 2017; Li L.M. et al., 2021).



Ovarian Cancer

Double homeobox A pseudogene 8 is markedly upregulated in ovarian cancer, where elevated expression is associated with shorter overall survival time (Lian et al., 2018; Li J.R. et al., 2021).



Oral, Esophageal, Gastric, and Colon Cancers

Digestive tract cancers are a group of malignant cancers that together represent the most common cause of cancer-related deaths worldwide (Lai et al., 2019; Stokłosa et al., 2020). DUXAP8 is substantially upregulated in oral cancer tissues compared to normal tissues (Chen et al., 2020b). Increased DUXAP8 expression is negatively associated with overall patient survival time (Chen et al., 2020b). In esophageal cancer, DUXAP8 expression level is closely related to clinical stage, lymph node metastasis, and overall survival (Liu et al., 2018; Xu et al., 2018). Increased DUXAP8 expression has also been detected in gastric cancer tissues compared to corresponding normal tissues (Ma et al., 2017). In colon cancer research, elevated DUXAP8 expression has been positively correlated with advanced stages, lymph node metastasis, and shorter overall survival time (Ma et al., 2017).



Double Homeobox A Pseudogene 8 in Ovarian and Pancreatic Cancers

Double homeobox A pseudogene 8 expression was markedly upregulated in tumor tissues compared to corresponding adjacent pancreatic tissue samples (Lian et al., 2018; Li J.R. et al., 2021). Increased DUXAP8 expression was also found to closely associate with larger tumor size, advanced stage, and shorter overall survival time (Lian et al., 2018).



Double Homeobox A Pseudogene 8 in Other Cancers

Studies have also revealed that DUXAP8 is substantially upregulated in neuroblastoma and papillary thyroid carcinoma tissues compared to corresponding adjacent normal tissues (Nie et al., 2020). Levels of DUXAP8 detected in neuroblastoma tumor tissues have been higher in T4 stage than in T1 stage, and elevated DUXAP8 expression is associated with worse prognosis (Nie et al., 2020).



Double Homeobox A Pseudogene 8 Regulatory Mechanism in Cancer Initiation and Tumor Progression

Double Homeobox A Pseudogene 8 is markedly upregulated in various cancer tissues, which plays an important role in cancer initiation and progression. In this review, we comprehensively summarize existing research on DUXAP8 functional roles in various cancers, such as bladder cancer, HCC, CRC, RCC, NSCLC, esophageal cancer, oral cancer, gastric cancer, neuroblastoma, thyroid carcinoma, and breast cancer.

A mechanism of regulation is illustrated in Figure 3. In bladder, Lin et al. (2018) have demonstrated that DUXAP8 downregulated phosphatase level and facilitated tumor cell progression. Jiang et al. (2018) have demonstrated that DUXAP8 knockdown in bladder cancer cells can inhibit tumor cell invasion and induce tumor cell apoptosis. In a study by Hu et al. (2020), DUXAP8 acted as an oncogene when expressed at elevated levels, promoting and maintaining multiple malignant phenotypes by sequestering miR-485-5p to regulate the DUXAP8/Forkhead box M1 axis. Wei et al. (2020) demonstrated that DUXAP8 could sequester miR-422a, thus enhancing pyruvate dehydrogenase kinase isozyme 2 (PDK2) expression in HCC cell lines and promoting HCC malignant phenotypes. Yue et al. (2019) also demonstrated that DUXAP8 knockdown substantially inhibited the proliferation, migration, and invasion abilities of HCC cell lines. DUXAP8 can also sequester miR-490-5p, activating budding uninhibited by benzimidazole-1 (BUB1) expression and facilitating tumor proliferation and invasion (Zhang et al., 2020). Increased DUXAP8 expression allows it to sequester miR-577, enhancing the levels of ras-related protein 14 and promoting tumor proliferation and invasion (Du et al., 2019). Gong et al. (2019) demonstrated that DUXAP8 knockdown may suppress the proliferative, migratory, and invasive abilities of CRC cells. Specifically, in an in vitro study, increased DUXAP8 apparently potentiated the expression of lysine-specific histone demethylase 1A (LSD1) and Enhancer of zeste homolog 2 (EZH2), thereby accelerating CRC cell malignant activities. He et al. (2020) reported that increased DUXAP8 expression activates CRC cell proliferation and inhibits apoptosis, and that DUXAP8 interacts with EZH2 and H3K27me3. These studies suggest that DUXAP8 displays potential as a novel therapeutic target for CRC. Reports indicate that in RCC, DUXAP8 pseudogenes promote tumor growth via suppression of the miR-29c-3p, collagen type I alpha 1 (COL1A1)/COL1A2 axis in RCC (Chen et al., 2019). Xu et al. (2017) have shown that DUXAP8 knockdown markedly inhibited RCC cell invasion abilities. Huang et al. (2018) have demonstrated that increased DUXAP8 lncRNA might promote RCC cell proliferation and invasion by regulating the miR-126/cell death abnormal-axis. In lung cancer, increased DUXAP8 promotes cancer proliferation and suppresses apoptosis by targeting miR-26b-5p (Liu et al., 2021). Yang et al. (2019) found that DUXAP8 knockout substantially inhibited cell invasion, whereas DUXAP8 overexpression promoted cell invasion. Another study demonstrated that increased DUXAP8 expression might promote lung cancer cell growth, metastasis, and glycolysis. Mechanistically, increased DUXAP8 expression inhibited miR-409-3p expression to upregulate HK2 and LDHA expression (Yin et al., 2020). In NSCLC, increased DUXAP8 could inhibit tumor growth and metastasis through reciprocal regulation of miR-498 and TRIM44 in vivo (Ji et al., 2020). DUXAP8 acts as an oncogene, facilitating tumor cell proliferation, migration, and invasion by interacting with EZH2 and LSD1 to suppress their activities (Sun et al., 2017). In oral cancer, increased DUXAP8 promotes tumor proliferation, migration, and invasion by activating the EZH2/Kruppel-like factor 2 (KLF2) axis (Chen et al., 2020b). In esophageal cancer, DUXAP8 knockdown may inhibit tumor proliferation, migration, and invasion (Liu et al., 2018; Xu et al., 2018). In gastric cancer regulatory mechanisms, increased DUXAP8 expression promotes tumor cell proliferation and tumorigenesis, partly through epigenetic silencing of pleckstrin homology domain-containing family O member 1 transcription by binding to polycomb-repressive complex 2 (Ma et al., 2017). Marked upregulation of DUXAP8 in colon cancer tissues compared with peritumor tissues has also been validated, and has been associated with tumor stage (III/IV) and larger tumor sizes (Chen et al., 2020a). In colon cancer cells, DUXAP8 accelerated malignant progression by targeting LSD1 and EZH2 (Chen et al., 2020a). Meng et al. (2020) demonstrated that DUXAP8 is involved in ovarian cancer proliferation, migration, and invasion. Increased DUXAP8 promotes yes-associated protein 1 (YAP1) expression by inhibiting miR-590-5p expression in ovarian cancer cells (Meng et al., 2020). In pancreatic cancer, DUXAP8 promotes the migration and invasion of pancreatic cancer cells by sequestering miR-448 and focal adhesion kinase (Li J.R. et al., 2021). Another study demonstrated that DUXAP8 regulates pancreatic cancer cell proliferation, migration, and invasion through epigenetic silencing of CDKN1A and KLF2 expression (Lian et al., 2018). Studies have also revealed that DUXAP8 exacerbates the malignancy of neuroblastoma cells via a miR-29/nucleolar protein 4 like axis in vivo (Nie et al., 2020). In papillary thyroid carcinoma, DUXAP8 binding of miR-223-3p upregulates CXC chemokine receptor 4 signaling (Pang and Yang, 2021). Specifically, increased DUXAP8 expression was positively associated with SOS1, c-Myc, and CCND1 expression. DUXAP8 is also markedly upregulated in breast cancer. Increased oncogenic DUXAP8 function in sequestering miR-29a-3b enhances oncogene suppressor APC domain containing 2 expression and its corresponding oncogenic signaling pathways (Yang et al., 2021). These studies may provide novel insights into the etiology of cancers, and valuable lncRNA candidates for further investigation of lncRNA roles in cancer progression.
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FIGURE 3. The specific long non-coding RNA (lncRNA)-miRNA oncogene regulation mechanism of DUXAP8 in various cancers. The DUXAP8 was significantly overexpressed in tumor tissues. The increased DUXAP8 function as an oncogene and a sponge which targeting mi-RNAs and activated downstream oncogene pathways.




CONCLUSION AND FURTHER PERSPECTIVES

Expression of the novel lncRNA DUXAP8 has been described in various cancers. DUXAP8 levels are substantially upregulated in tumor tissues compared with adjacent normal tissues. High DUXAP8 expression correlates with shorter overall survival time and worse prognosis. Higher DUXAP8 levels indicate larger tumor sizes and advanced tumor stages. Aberrant DUXAP8 expression is closely related to many clinicopathological parameters. Therefore, in clinical applications, DUXAP8 displays potential as a novel indicator for the early diagnosis and prediction of tumor progression and outcome. However, DUXAP8 mRNA expression has not been fully characterized in blood and other biological samples. With the development of advanced technologies, the expression landscape of DUXAP8 in patient body fluids will soon be described. DUXAP8 is also involved in multiple mechanisms regulating cancer initiation and progression, indicating strong potential for DUXAP8 as a therapeutic target. In conclusion, DUXAP8 is a promising cancer indicator and therapeutic target for cancer.
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Type of cancers Number of tumors Wild type Mutation Location Mutation (%) References

Gastric carcinoma 230 228 2 Chr9:35,658,037 dupA 0.9 Son et al. (2020)
Chr9: 35,658,174dupT

Colorectal carcinoma 388 387 1 Chr9:35,658,167G > T 0.3 Son et al. (2020)

Sarcoma 70 69 1 (malignant Chr9.35,658,015_35,658,031 1.4 Son et al. (2020)

| sradg dupCACGTC-
histiocytoma) CTCAGCTTCAC (17
bp)
Breast cancer 360 = = Chr9:35658033 G > A - Rheinbay et al. (2017)
Chr9:35658043 T > G
Adulthood AML 200 199 1 (AML with 4.35,658,020_35,658,039 05 Son et al. (2019)
multilineage dup
dysplasia) CCTCAGCTTCACAGAGTAGT
(20 bp)
Adulthood ALL 150 149 1 B-ALY 4.35,658,017_35,658,037 07 Son et al. (2019)
dup
CGTCCTCAGCTTCACAGAGTA
21 bp)
Childhood ALL 200 199 1 B-ALY 4.35,658,029_35,658,041 05 Son et al. (2019)
dUPCACAGAGTAGTAT
(13 bp)
Multiple myeloma 75 74 1 4.35,658,015_35,658,031 0 Son et al. (2019)
dup
CACGTCCTCAGCTTCAC
(17 bp)
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Pathologic Clinical samples Cell lines Animal models Targets/regulators  Results References
conditions and signaling
pathways
Sepsis (myocardial - Murine HL-1 Male C57B6/L mice ~ miR-1-5p/HSPA4 RMRP regulated Han et al.
dysfunction) cardiomyocytes cardiomyocyte apoptosis (2020)
and inhibited
Lipopolysaccharide-
induced
sepsis.
Atherosclerosis s Human vascular Wistar rats miR-128-1~ RMRP was upregulated in An et al. (2020)
smooth muscle 5P/Gadd45g coronary atherosclerosis.
cells, HEK293T Its downregulation
associated with inhibition of
IL-6, IL-8, and apoptosis
related proteins.
Ischemic heart PBMC and left = C57BL/6 J male = RMRP was dysregulated in Greco et al.
failure (HF) ventricle biopsies of mice both end- and (2016)
18 non-end-stage non-end-stage HF patients
dilated ischemic and mouse model of
cardiomyopathy cardiac hypertrophy.
and 17 controls/11
post-ischemic
end-stage HF
patients
Ischemic - H9c2 Sprague-Dawley miR-206/ATG3 and RMRP downregulation Kong et al.
myocardial injury male rats PIBK/AKT/mTOR enhanced cardiac function (2019)
pathway and suppressed apoptosis
followed by myocardial I/R
injury.
Cardiac fibrosis — = pathogen-free miR-613 RMRP was upregulated in Zhang et al.
Sprague-Dawley cardiac fibrosis. Its (2019)
rats reduction led to inhibition of
cardiac proliferation,
differentiation and collagen
accumulation.
Ischemic stroke (IS) - BVv-2 Adult male PI3K/Akt signaling Valproate inhibited RMRP Li and Sui
C57BL/6 mice pathway expression, which (2020)
increased survival rates and
modulated cell apoptosis.
Multiple sclerosis Whole venous = — Th17 effector RMRP gene expression Ghaiad et al.
(MS) blood from 72 program tended to be increased in (2020)
patients and 28 patients with
healthy controls relapsing-remitting form of
MS.
Rheumatoid Peripheral blood = - = RMRP expression was Moharamoghli
arthritis (RA) from 20 RA patients upregulated in T cells of RA etal. (2019)
and 18 healthy patients and correlated with
matched controls disease duration.
Major depressive Peripheral blood - Adult male BALB/c - RMRP was downregulated Seki et al.
disorder (MDD) from 29 MDD mice in MDD patients and mouse (2019)

patients and 29
matched healthy
controls

model. It was correlated
with depression severity.
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LncRNA

LINC02535

ALO34397.3

AC007639.1

CHODL-AS1

ALO78645.1

LINCO1878

AL031600.2

AC090518.1

LINC02412

AC018607.1

Sequence

Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:
Forward:
Reverse:

5'-GGCTGGTTGTGGTGGCTCATG-3'
5'-TTGCGATATTGCCCAGGCTTGTC-3';
5'-AGGCACCACTCCACTGACAGAC-3'
5-CCCTGGCAAAGTTGTTGGAAAGTG-3';
5'-GCTGACTCGGTGGGTGCTTTG-3
5'-GAGGCTGAGGTGGGAGGATCG-3';
5'-AGCACTCAGCACCAGCACAAAC-3'
5'-GCAGGTCAGCTTCAGTTGGAGATC-3';
5'-GCAGGTATTGTCAGTAGGGCAAGG-3
5'-TCCCAAGCATGGAAACAGGTTCAC-3';
5'-TGTGGGAAGCAGGTTCAGGATTTC-3
5'-TGCCACTTTCCCAATCACGAAGAG-3';
5'-CCAGCAAGGAATAGCCTGAGAAGC-3'
5'-GGACACACCCTGCCCAGAGG-3';
5'-TGTTGCCCTGTTCACCGAAATCC-3

5 -TTTCCTTGCCTGTTGTCCTCTGTG-3';
5'-CTGGAGCAGGAGCCTCAGTCTC-3'
5'-TCTGGTGTCTGGAAGGGATGATGG-3';
5'-TGATCCTCCTGCCTCAGCTTCTC-3'
5'-TCCAGTGCCTGTGCATGTTCTTC-3
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Tumor type Expression Target Target Associated cellular Clinicopathological References
level miRNAs proteins process features
Cervical cancer UP miR-6893 S100A1; Promotes cell — Chen M. et al.,
Beclin1; p62 proliferation, migration, 2019
invasion, and inhibits
apoptosis
Gallbladder cancer upP - - - TNM stage, lymph Wang X. et al,,
node metastasis, 2020
distant metastasis,
poorer progression-free
survival, poorer overall
survival,
Rectal cancer Down miR-19b-3p JAK1/STAT3; Inhibits cell proliferation, — Fan et al., 2019
AMPK migration, invasion, and
induces apoptosis
Osteosarcoma Down miR-630 KLF6 Inhibits cell proliferation, Enneking stage, poorer Liu et al., 2021
migration, invasion, and overall survival
induces apoptosis
Glioblastoma Down miR-92, WWOX Inhibits cell proliferation, Advanced clinical Rao et al,,
miR-630 induces apoptosis stage, poorer overall 2018; Zhang X.
survival etal., 2019
Gastric carcinoma Down miR-3200-5p, PEBP1; PAWR Inhibits cell proliferation, Higher TNM stage, Hu et al., 2020;
miR-199a-3p migration, invasion, and poorer overall survival Song et al.,
induces apoptosis 2020
Lung adenocarcinoma Down miR-17 QKI-5 Inhibits cell proliferation Lymph node Zhang B. et al.,
metastasis, advanced 2019
clinical stage, poorer
overall survival, poorer
progression-free
survival
Ovarian cancer Down miR-760, SOCS3; KLF15 Inhibits cell proliferation, Poorer overall survival LiL.etal,
miR-182-5p migration, invasion 2020; Wang N.
et al., 2020
Hepatocellular carcinoma Down miR-9, p21; NOX4 Inhibits cell proliferation, Poorer overall survival Han et al.,
miR-9-5p migration, invasion, and 2017; Wang J.
induces apoptosis et al., 2020
Renal cell carcinoma Down miR9 miR223 LMX1A Inhibits cell proliferation, Poorer overall survival LiK. etal,
migration, invasion 2020
Prostate cancer Down miR-17-5p - Inhibits cell proliferation Pathological T/N stage, Hu and Guo,
and invasion poorer overall survival, 2020
poorer disease-free
survival
Bladder cancer Down miR-221 E-cadherin/N- Inhibits migration, Distant metastasis, LiY. etal., 2019
cadherin invasion poorer overall survival,
poorer disease-free
survival
Colorectal cancer Down - Wnt/B-catenin Inhibits cell proliferation TNM stage, lymph Geetal, 2018
and invasion node metastasis,
poorer overall survival
Breast cancer Down - TRAF4; Eg5 Inhibits cell proliferation Poorer overall survival Liu et al., 2018
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LncRNA

ATB

MALAT1

HOTAIR

HULC

UCA1

TUC338
CCAT1

DANCR

HOTTIP
TUGT

LINC00152

MEG3

PTENP1

ASLNC02525
SNHG1
HANR

Linc-USP16
(Linc00161)
NEAT1
PCAT-1
Lnc-EGFR
MVIH

Full Name

Activated by TGF-B
LncRNA metastasis-associated

lung adenocarcinoma transcript 1
Hox transcript antisense intergenic RNA

Highly up-regulated in liver cancer
Urothelial cancer-associated 1

Transcribed ncRNA encoding uc.338
“The long non-coding RNA Colon Cancer
Associated Transcript 1

Differentiation antagonizing non-protein
coding RNA

HOXA transcript at the distal tip

Taurine up-regulated gene 1

Long intergenic non-protein coding RNA
00152
Maternally expressed gene 3

Phosphatase and tensin homolog
pseudogene 1

‘Small Nucleolar RNA Host Gene 1
HCC associated long non-coding RNA

Long intergenic non-protein coding RNA
161

Nuclear-enriched abundant transcript 1
Prostate cancer-associated transcript 1
Lnc-epidermal growth factor receptor
LncRNA associated with microvascular
invasion in HCG

Expression
in HCC

Up-regulated

Up-regulated

Up-reguiated
Up-regulated
Up-reguiated

Up-regulated
Up-reguiated

Up-regulated

Up-regulated
Up-reguiated

Up-regulated

Down-
regulated
Down-
reguiated
Up-regulated
Up-regulated
Up-regulated

Up-regulated

Up-regulated
Up-regulated
Up-reguiated
Up-regulated

Biological function

1EMT, invasion, metastasis,
colonization

1EMT, prolferation, migration,
metastasis, invasion
1Apoptosis

1EMT, prolferation, invasion,
metastasis, autophagy

1EMT, prolferation, invasion,
metastasis, autophagy

1EMT, proliferation, invasion,
metastasis

1Prolferation

1Prolferation, migration, apoptosis

1Proliferation, metastasis

1Prolferation

1Prolferation

1Apoptosis

1EMT, prolferation, invasion,
metastasis

1Apoptosis

IProliferation

TAutophagy, apoptosis
IProliferation, migration, invasion
1Prolferation, invasion
1Proliferation, invasion, migration
1Prolferation

1Apoptosis

IProliferation, migration

1Prolferation
1Prolferation
1Proliferation
1Proliferation, migration

Related Molecule/Pathway

TGF-B, ZEB1, ZEB2, miR-200, IL-11, STAT3 pathway

Wit pathway, SRSF1, mTOR pathway, miR-143-3p, ZEB1, AJAP1, miR-146b-5p,

miR-204, SIRT1

miR-23b-3p, ZEB1, ATG3, ATG7, OGFr, CCND1, RBM38, miRNA-218, P14, and

P16 signaling, GLUT1, mTOR pathway

PTEN, miR15a, AKT-PI3K-mTOR pathway, miR-9-mediated RXRA signaling

pathway
Hippo signal pathway

PAI-1, Pax6, p53, PAI-RBP1 pathway
Let-7, c-Myc, HMGA2

B-catenin, TCF/LEF

miR-192, miR-204, HOXA
miR-142-3p, ZEB1, miR-144, JAK2/STAT3 pathway

EpCAM, mTOR pathway, E-cadherin, EZH2
MEGS, p53, MDM2

PTEN, PIBK/AKT pathway

Hsa-miRNA-489-3p, twist1 (twist related protein 1)
miR-195

GSKIP, GSK3p

AKT pathway, miR-21, miR-590-5p, PTEN.
mMIR-129-5p-VCP-IkB system

miR-215, CRK-ike proto-oncogene, adaptor protein (CRKL)

EGFR/Foxp3, AP-1/NF-AT1 axis
ARID1A, SWI/SNF chromatin remodeling complex

References

(18-20)

(@1-27)

(28-39)
(25, 40-44)
(45-47)

(29, 48)
(49, 50)

(51-59)

(54-57)
(54, 58-60)

(42, 49, 61)
(62-64)
(65-68)

69)
(70
1)
(72)
73
(74)

(75)
75)
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LncRNAs

Up-regulated BANCR, BC014579, CCAT1, CDKN2B-AS1, CYTOR, DANCR, DBH-AS1, EGFR-AS1, FTX, GAS5, H19, HEIH, HELLS, HOTAIR, HOTTIP, HOXA13,
HULC, ICR, LINC00974, LINCO1225, LINCO1419, LINCO1419, Inc-AF085935, IncRNA-ATB, Inc-uc003wbd, MALAT1, MEG3, NEAT1, PANDAR,
PCNA-AS1, PVT1, RP11-160H22.5, RP11-401P9.4, RP11-501G6.1, RP11-672F9.1, RP5-1014016.1, SIRT1-AS, SIRT1-AS 622C mutation,
SNHG19, SNHG3, SOX2-OT, TUG1, uc004bdv.3, UCAT, UFC1, ULK4P2, WRAP53, WSPAR, XLOC_014172, ZEB1-AS1, ZFAST

Down-regulated  AF070632, AOC4P, AX800134, C14orf132, CR613944, CTB-16785.2, GAS5, H19, LINCO0173, LINCO1018, lincRNA-CALCA, lincRNA-TSPANS,
MEGS, NPTN-IT1, PRAL, PTENP1, TP53COR1, uc007ncr, WT1-AS
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circRNA Gene miR Target Target genes/proteins Sample Function Ref

symbol

Up-regulation

circRNA_100338 SNX27 miR-141-3p MTSS1 Tissues, cell line Not investigated (15)

circ_0092493 ARL3 miR-1305 WNT2, UBE2T, MDM2, TGF-B2, Tissues, cell line Promotes cell proliferation and (16)

POLR3G invasion
has_circ _0006942 ATP5H miR-138-5p TNFAIP3 Tissues, cell line Promotes HBV replication and 17)
expression

circ_0009582 RERE Not Not investigated Plasma Not investigated (18)
investigated

circ_0037120 RHBDF1 Not Not investigated Plasma Not investigated (18)
investigated

circ_0140117 CNKSR2 Not Not investigated Plasma Not investigated (18)
investigated

has_circ_0000976 ~ HPCAL1 Not Not investigated Plasma, tissues, cell Not investigated (19)
investigated line

has_circ_0007750 RABGGTA Not Not investigated Plasma, tissues, cell Not investigated (19)
investigated line

has_circ_0139897 ~ MTM1 Not Not investigated Plasma, tissues, cell Not investigated (19)
investigated line

has_circ_0027089  PTGES3 Not Not investigated Plasma Not investigated (20)
investigated

has_circ_00777930 AHI1 Not Not investigated Plasma Not investigated (20)
investigated

has_circ_0001818 UBR5 Not Not investigated Plasma Not investigated (20)
investigated

has_circ_0026337 SCN8A Not Not investigated Plasma Not investigated (20)
investigated

Down-regulation

has_circ_0011883  PPT1 Not Not investigated Plasma Not investigated (20)
investigated

has_circ_0001070  R3HDM1 Not investigate  Not investigated Plasma Not investigated (20)

circRNA_101764 MIPOL1 miR-181 PIBK-Akt Tissues Not investigated 1)
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Group Primary 6 months survival 12 months survival

miR-203-Low miR-10b-High (high risk) Surgery 8/10 (80%) 4/10 (40%)
No surgery 7/10 (70%) 1/10 (10%)
miR-203-High miR-10b-Low (low risk) Surgery 9/10 (90%) 8/10 (80%)
No surgery 9/10 (90%) 7/10 (70%)

miR-203-Low/miR-10b-High: Patients with low expression of miR-135 and miR-203 and high expression of miR-10b in bone metastasis prior to surgery; miR-203-
High/miR-10b-Low: Patients with high expression of miR-135 and miR-203 and low expression of miR-10b in bone metastasis prior to surgery.
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Tumor primary site Number of patients Females Males
(Total n = 44)

Lung 18 7 (38.9%) 11 (61.1)
Breast 26 26 (100%) 0 (0%)
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CeRNA function of Cancer type References
LINC00662

miR-145-5p/PAFAH1B2 lung cancer Xu et al. (2020)

axis

miR-320d/E2F1 axis non-small cell lung cancer Lv et al. (2021)
miR-497-5p/ EgIN2 axis ~ breast cancer Cheng L. et al. (2020)
miR-497-5p/CDC25A axis cervical cancer Wei et al. (2020)
miR-34a-5p/LMAN2L axis glioma Geng et al. (2020)
miR-107/HMGB1 axis glioma Wu et al. (2020)
miR-16-5p/RNF144B axis chordoma Wang et al. (2020)

miR-497-5p/AVL9 axis
miR-145/c-myc axis

miR-340-5p/HOXB2 axis

miR-497-5p/YAP1 axis
hnRNPC/AK4 axis
miR-890/ELK3 axis

miR-340-5p/ROCK1 axis

colorectal cancer
colorectal cancer

esophageal squamous cell
carcinoma

gastric cancer

oral squamous cell carcinoma
melanoma

acute myeloid leukemia

Wang H. et al. (2019)
Yao et al. (2020b)
Zhang et al. (2020)

Liu et al. (2018)
Chen et al. (2020)
Xia et al. (2020)
Liu'Y. et al. (2019)
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Human body  Cancer type Expression Property Prognosis Function References
systems
Respiratory lung cancer up-regulated oncogene poor proliferation and colony formation Xu et al. (2020)
system
lung cancer up-regulated oncogene poor invasion, migration and CSCs stemness Gong et al. (2018)
non-small cell lung up-regulated oncogene / progression, proliferation, apoptosis, cell cycle arrest, Lv et al. (2021)
cancer migration and invasion
Reproductive breast cancer up-regulated oncogene poor proliferation and migration Cheng L. et al. (2020)
system
breast cancer up-regulated oncogene poor / Xiong et al. (2020)
prostate cancer up-regulated oncogene poor tumorigenesis, proliferation, migration, invasion and Li et al. (2019)
apoptosis
prostate cancer up-regulated oncogene poor proliferation, migration, invasion and apoptosis Yao et al. (2020a)
cervical cancer up-regulated oncogene / proliferation, metastasis, progression and the Wei et al. (2020)
radioresistance
Nervous glioma up-regulated oncogene / proliferation and migration Geng et al. (2020)
system
glioma up-regulated oncogene poor proliferation, and invasion Wu et al. (2020)
chordoma up-regulated oncogene poor malignant progression, proliferation, colony formation, Wang et al. (2020)
invasion, migration, and glycolysis
Digestive colorectal cancer up-regulated oncogene poor tumorigenesis, metastasis, cell cycle arrest at G2/M phase, Wang H. et al. (2019)
system proliferation, apoptosis, migration and invasion
colorectal cancer up-regulated oncogene poor proliferation, apoptosis, and invasion Yao et al. (2020b)
colon cancer up-regulated oncogene poor proliferation, migration and invasion, apoptosis Cheng B. et al. (2020)
hepatocellular up-regulated oncogene / / Tian et al. (2020)
carcinoma
hepatocellular up-regulated oncogene poor proliferation, migration, invasion and apoptosis Guo et al. (2020)
carcinoma
esophageal squamous  up-regulated oncogene poor proliferation, migration, invasion, viability and metastasis Zhang et al. (2020)
cell carcinoma
gastric cancer up-regulated oncogene poor proliferation, and chemo-sensitivity Liu et al. (2018)
oral squamous cell up-regulated oncogene poor proliferation, apoptosis, migration and invasion Xu et al. (2019)
carcinoma
oral squamous cell up-regulated oncogene / radioresistance Chen et al. (2020)
carcinoma
Other systems ~ melanoma up-regulated oncogene poor proliferation, migration and invasion Xia et al. (2020)
acute myeloid leukemia  up-regulated oncogene / malignant growth Liu'Y. et al. (2019)
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Variables

Univariate analysis

Multivariate analysis

HR (95% CI) p-value HR (95% CI) p-value
TCGA
Age (Continuous) 1.066 (1.056-1.077) <0.001 1.030 (1.018-1.042) <0.001
Gender (Male vs. Female) 1.269 (0.976-1.651) 0.076 — —
Grade (Continuous: IV, lll, and 1) 4.870 (3.957-5.994) <0.001 1.429 (1.029-1.985) 0.033
IDH (Mutant vs. wild type) 0.661 (0.511-0.854) 0.002 0.718 (0.497-1.039) 0.079
1p/19q (Codel vs. Non-codel) 0.856 (0.629-1.166) 0.324 — —
MGMT (Methylated vs. Unmethylated) 0.657 (0.497-0.869) 0.003 1.257 (0.846-1.868) 0.258
Risk score (Continuous) 2.993 (2.639-3.395) <0.001 2.028 (1.633-2.519) <0.001
CGGA
Age (Continuous) 1.024 (1.016-1.032) < 0.001 1.007 (1.000-1.014) 0.054
Gender (Male vs. Female) 1.072 (0.894-1.286) 0.453 — —
Grade (Continuous: IV, lll, and 1) 2.712 (2.380-3.091) <0.001 1.955 (1.680-2.275) <0.001
IDH (Mutant vs. wild type) 0.340 (0.282-0.409) <0.001 0.736 (0.550-0.983) 0.038
1p/19q (Codel vs. Non-codel) 0.237 (0.176-0.319) <0.001 0.426 (0.308-0.591) <0.001
MGMT (Methylated vs. Unmethylated) 0.807 (0.674-0.965) 0.019 0.912 (0.758-1.098) 0.329
Risk score (Continuous) 3.083 (2.678-3.550) <0.001 1.926 (1.526-2.432) <0.001
Rembrandt
Gender (Male vs. Female) 1.032 (0.767-1.390) 0.834 — —
Grade (Continuous: IV, lll, and 1) 1.699 (1.432-2.016) <0.001 1.540 (1.290-1.839) <0.001
Risk score (Continuous) 3.280 (2.261-4.758) <0.001 2.435 (1.654-3.585) <0.001
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Characteristics Training Validation cohorts
cohort
TCGA CGGA Rembrandt
(n=611) (n =966) (n=327)
Age (years) <= 50 349 698 127
>50 262 268 157
NA 0 0 43
Gender Female 255 399 89
Male 356 567 147
NA 0 0 91
2016 WHO A, IDH-mutant 39 110 NA
Classification
A, IDH-wild type 15 43 NA
AA, IDH-mutant 78 121 NA
AA, IDH-wild type 33 82 NA
O, IDH-mutant and 29 84 NA
1p/19g-codel
AO, IDH-mutantand 22 67 NA
1p/19g-codel
GBM, IDH-mutant 69 84 NA
GBM, IDH-wild type 88 280 NA
NOS 238 95 NA
Grade Il 218 270 69
1l 236 322 7
\% 160 374 187
IDH status Mutant 370 499 NA
Wild type 234 418 NA
NA 7 49 NA
1p19q codeletion Codel 146 199 NA
Non-codel 459 696 NA
NA 6 71 NA
MGMT promoter Methylated 425 454 NA
status
Unmethylated 154 359 NA
NA 32 153 NA
TMZ chemotherapyYes 436 668 NA
No 94 265 NA
NA 82 33 NA
Radiotherapy Yes 119 740 NA
No 94 192 NA
NA 398 34 NA

A, astrocytoma; AA, anaplastic astrocytoma; O, oligodendroglioma,; AO, anaplastic

oligodendroglioma; GBM, glioblastoma; NOS, not otherwise specified.
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A All patients with available radiotherapy information
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Signature Stage I/1l Stage Ill Stage IV

Positive (LM) 5/12 (41.67%) 2/12 (16.66%) 5/12 (41.67%)
Negative (NM) 4/5 (80%) 0/5 (0%) 1/5 (20%)

Positive signature: Downregulated LOC285194, upregulated HOTAIR/MALATT.
Negative signature: Upregulated LOC285194, downregulated HOTAIR/MALATT.
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Gender Number (Total = 8) Liver metastases Other metastases

Males 5 (62.5%) 5 (100%) 1(20%)
Females 3 (37.5%) 3 (100%) 0 (0%)
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Location
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Diffuse
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<6cm

>5cm

Depth of invasion
THT2

T3+T4

Lymph node metastasis
Negative
Positive

Distant metastasis
MO

M1
TNM stage

Who grading
Grade 1

Grade 2

Grade 3
Tumor thrombus
Negative
Positive

Cases

57
35

30
62

11
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49

Al

51

14
78
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69

84

28
47

14
68
10

79
13

n (%)

44(81.5)
27(77.1)

22(68.8)
49(79.0)

10(90.9)
18(75.0)
36(73.5)
7(87.5)

35(85.4)
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Rictor

P value

0.238

0.470

0.173

0.019*

0.026*

0.037*

0.083"

0.009*

0.029*

0.046"

Statistical analysis indicated that Rictor expression was correlated with tumor size, depth
of invasion, lymph node metastasis, TNM stage, WHO grading and tumor thrombus.
There was no significant association with gender, age, tumor location and distant

metastasis. *P < 0.05.
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Group Se Sp PPV NPV Accuracy AUC

Training set 0.830 0.960 1.000 0.960 0.970 0.999
Test set 0.560 0.910 1.000 0.910 0.950 0.974

AUC, area under the receiver operating characteristic curve; NPV, negative predictive value; PPV, positive predictive value; Se, sensitivity; Sp, specificity.
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Primer Sequence (5’ to 3))

GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACAGCCTATC
GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACACCTATCC
GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACCACTCA
GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACGCACAAAT
GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACCACCTG
GTTGGCTCTGGTGCAGGGTCCGAGGTATTCGCACCAGAGCCAACACTCAC

CGCTTCACGAATTTGCGTGTCAT

Forward CTCACCCATCAACAACCGCT
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Disease type

Cardiac disease

Myocardial
infarction

Acute myocardial
infarction

Neuropathic pain

Neurodegeneration

Alzheimer’s disease

Osteoarthritis

Bone marrow

Inflammation

Spinal cord injury

Acute kidney injury

Nephropathy

Placental
angiogenesis
Acute pneumonia

Pulmonary fibrosis

Primary graft
dysfunction

Rett syndrome

Acute respiratory
distress syndrome
SCNT embryo
development

Human trophoblast
cells

Endothelial cells
injury
Skin fibroblasts

Osteoblasts

Keratoconus
Hair follicle
regeneration
Acute liver injury
Stanford Type A
Aortic Dissection

miRNA

miR-330-3p, miR-101

miR-130a-3p,
miR-101a-3p

miR-449, miR-122-5p,
miR-125b, miR-133a,
miR-150-5p
miR-133b-3p, miR-154-5p,
miR-137, miR-544,
miR-150

miR-133b-3p

miR-132, miR-124
miR-211, miR-214-3p,
miR-17-5p, miR-1277-5p,

miR-376¢-5p, miR-142-5p,
miR-149-5p, miR-675-5p

miR-9-5p

miR-27a-3p, miR-34a,
miR-30c-5p, miR-146a

miR-27a, miR-494,
miR-32-5p

miR-15-5p, miR-212-3p,
miR-122-5p, miR-142-5p

miR-217, miR-93-5p,
miR-485
R-429, miR-485-3p

m

miR-370-3p

miR-139
miR-21

miR-204

miR-144

miR-320

miR-29a, miR-29b-3p

miR-203-3p, let-7c-5p

miR-181a
miR-424

miR-17

Target

S§1008, TLR2

PDE4D, FOS

Notch1, FOXP2,
hexokianse 2, SOCS2,
Bax

Trisomy 21, Pitx3,
TLR5, TNFAIP1,
STAT3, ZEB1

Pitx3
BACE1

CXCR4, MAPK,
AHNAK, BMP2,
TIMP-3, MMP-13,
ADAMTS5, OPN,
SGTB, DNMT3A,
G5

F—kB, NLRP3,
Smurf1, YY1, PTEN,
Navi.7

Smurf1, PTEN, Notch-1

CULS, ASF1A,
BRWD1M, PFKFB2,
PDCD4

TLR4, CDKN1A,
PSMB8

VEGF-A, SOX7,
ERK1/2, Akt

TLR4, JAK, STAT,
F—kB

B-catenin

L-12A

eCP2, BMP/TGF-B
RF2
REX1, YY1,
SL1/MSL2

Titin, MAPK, MMPs

0oD2

LIN28A, COL1AT

ZFPM2, STAT3

COL4A1
Shh

BRD4
PTEN

Mechanism of action
and function

Aberrant expression
INcRNA Xist is involved
in non-cancer related
diseases and cells
development, such as
cell apoptosis, cell
cycle, cell proliferation,
cell differentiation.

Signaling pathway

TGF-beta signaling
pathway, PI3K-Akt
signaling pathway,
Toll-like receptor
signaling pathway,
cAMP signaling
pathway, Notch
signaling pathway,
Prolactin signaling
pathway, JAK-STAT
signaling pathway,
Toll-like receptor
signaling pathway,
NF—«B signaling
pathway, NOD-like
receptor signaling
pathway, C-type lectin
receptor signaling
pathway, Hedgehog
signaling pathway,
Thyroid hormone
signaling pathway,
HIF-1 signaling
pathway, Wnt/B-catenin
signaling pathway,
BMP/TGF-B signaling
pathway, MAPK and
MMPs signaling
pathway, Human
papillomavirus
infection, AGE-RAGE
signaling pathway in
diabetic complications,
Relaxin signaling
pathway, T cell receptor
signaling pathway and
B cell receptor signaling
pathway, etc.
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Cancer type

Bladder cancer

Breast cancer

Colorectal cancer

Glioblastoma

Hepatocellular
carcinoma

Nasopharyngeal

Lung cancer

Osteosarcoma

Pancreatic
cancer

Retinoblastoma

Cervical cancer

Gastric cancer

Melanoma

Esophageal
cancer
Laryngeal
squamous cell
carcinoma

Ovarian cancer

Neuroendocrine
tumor

Neuroblastoma
Thyroid cancer
Colon cancer

Renal cell
carcinoma

Prostate cancer
Chordoma

miRNA

mi
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R-124, miR-139-5p,
R-200c, miR-133a,
R-335

R-155, miR-20a,
R-200c-3p, miR-454,
R-92b, miR-503,
R-125b-5p, miR-362-5p
R-137, miR-132-3p,
R-486-5p, miR-93-5p,
R-124, miR-30a-5p,
R-338-3p
R-152, miR-27a, miR-429,
R-137, miR-126, miR-133a,
R-29¢, miR-204-5p

R-29b, miR-92b,
R-155-5p, miR-200b-3p,
R-139-5p, miR-194-5p,
R-497-5p, miR-181a
R-34a-5p, miR-29c¢,
R-491-5p, miR-148a-3p,
R-381-3p
R-140, miR-363-3p, let-7i,
R-449a, miR-374a,
R-212-3p, miR-186-5p,
R-137, miR-744, miR-367,
R-141, miR-16, miR-335,
R-144-3p, miR-17,
R-142-5p

R-21-5p, miR-193-3p,
R-195-5p, miR-137,
R-302b, miR-375-3p,

iR-1563

R-133a, miR-140, miR-124,
R-34a-5p, miR-34a,
R-141-3p, miR-429
R-21-5p, miR-124, miR-101,
R-140-5p, miR-200a-3p

R-200a, miR-140-5p,
R-889-3p
R-101, miR-497, miR-185,

iR-337

R-21, miR-139-5p, miR-217

R-101, miR-494

R-124-8p, miR-144,
R-125-5p

R-214-3p, MiR-150-5p
R-424-5p

iR-375

R-34a, miR-141
R-34a
R-106b-5p, miR-302¢

R-23a
R-124-3p

Target

AR, Wnt1, TET1, p53

CDX1, TP53, ANLN,
Slug, ESA, PHLPP1,
AKT, MSN, cMet,
LRC5, UBAP1

EZH2, MAPK1, NRP-2,
HIF1A, AXL, METTL14,
SGK1, ROR1, PAX5

Smurft, ZO-2, FOXC1,
Rac1, SLC1A5, IRST,
SOX4, MMR, Bcl-2,
ASCT2

HMGB1, SMAD?7,
SOx86, PTEN, PDKT1,
AKT, MAPK1, PDCD4,
PTEN

E2F3, Notch3,
ADAM17, NEKS5,
PDCD4, Fas-L

iASPP, TCF-4, MDM2,
BAG-1, HIF1A-AS1,
KLF2, Bcl-2, LARP1,
CBLL1, PXN, Notch-1,
RING1, ZEB2, CDKS8,
SOD2, ROS, SMAD2,
p53, NLRP3, MDRT1,
RP1, ATG7, PAX6
p21, NF-kB, PUMA,
PDCD4, RSf1, YAP,
RAP2B, AKT, mTOR,
SNAN

EGFR, IASPP, YAP,
EGFR, TGF-p2, ZEB1

VEGF, NKILA, STAT3,
ZEB1, ZEB2, SOX4,
NRP1

Fus, ORC1, SIX1

EZH2, MACCH,
TGF-p1, MDR1, MRPT1,
JAK2

PIBKR1, ROCK1
EZH2, CDK6

EZH2, IRS1, TRIB2

PTEN, PDCD4
bFGF

EZH2, DKK1, L1CAM
MET
Wnt/B-catenin
p21, SDC1

RKIP, LINE-1
IASPP

Mechanism of action

and function

Aberrant expression
INcRNA Xist is involved
in cancer cells growth,

proliferation,

metastasis, migration,
invasion, apoptosis,
epithelial mesenchymal

transition and drug
resistance

Signaling pathway

TGF-beta signaling

pathway, PIK3/AKT

signaling pathway,
mTOR signaling
pathway, Wnt/
B-catenin signaling
pathway, p53
signaling pathway,
MAPK signaling
pathway, FOXO
signaling pathway,
HIF-1 signaling
pathway, Thyroid
hormone signaling
pathway, Notch
signaling pathway,

C-type lectin receptor

signaling pathway,

JAK-STAT signaling
pathway, AGE-RAGE

signaling pathway,
Pathways of

neurodegeneration—

multiple diseases
and ECM-receptor
interaction, etc.

References

Hu et al., 2017; Xiong et al., 2017;
Xu R. et al., 2018; Hu B. et al., 2019;
Zhou et al., 2019c; Chen D. et al., 2020

Xing et al., 2018; Zhao L. et al., 2018;
Zheng R. et al., 2018; Li et al.,
2020c,d,e; Liu et al., 2020a; Zhang
etal., 2020a

Chen D.L. et al., 2017; Song et al.,
2017; Liu et al., 2018a, 2019a; Zhu J.
etal., 2018; Zhang et al., 2019d; Ma
et al., 2020; Yang L.G. et al., 2020
DuP etal.,, 2017; Wang Z. et al., 2017;
Yu H. et al., 2017; Cheng Z.H. et al.,
020; Luo C.X. et al., 2020; Shen J.
., 2020; Sun Y. et al., 2020; Yao
., 2020; Zhao Q. et al., 2020
huang et al., 2016; Chang et al., 2017;
etal.,, 2017; Kong et al., 2018; Lin
et al., 2018; Liu and Xu, 2019; Xie

et al., 2019; Zhang et al., 2019h

Song et al., 2016; Han et al., 2017;
Cheng Q. et al., 2018; Shi et al., 2020;
Zhao C.H. et al., 2020

Sun J. et al., 2017; Sun W. et al., 2017;
Wang H.Y. et al., 2017; Xu Z.Z. et al.,
2017; Zhang Y.L. et al., 2017; Jiang
H.J. etal., 2018; Li C. et al., 2018;
Wang et al., 2018c, 2019c; Liu et al.,
2019b; Qiu et al., 2019; Tian et al.,
2019; Zhou et al., 2019e; Jiang et al.,
2020; Rong et al., 2020; Xu et al., 2020
Wu D.P. et al., 2017; Zhang and Xia,
2017; Lv et al., 2018; Yang C. et al.,
2018; Li H. et al., 2019; Sun X. et al.,
2019; Wen et al., 2020

Liang et al., 2017; Wei W. et al., 2017;
Sun Z. et al., 2018; Shen et al., 2019;
Sun and Zhang, 2019; Zou et al., 2020
Hu et al., 2018; Cheng Y. et al., 2019;
Dong et al., 2020; Wang et al., 2020c;
Zhao H. et al., 2020

Zhu H. et al., 2018; Chen X. et al.,
2019c; Liu et al., 2020d

ChenD.L. et al,, 2016; Ma L. et al.,
2017; Zhang Q. et al., 2018; Zheng W.
et al., 2020

Pan et al., 2019; Zhang et al., 2019f;
Tian K. et al., 2020

Wu X. et al., 2017; Chen et al., 2019f

al
a

2
etal
et a
A

=
9

Xiao D. et al., 2019; Cui et al., 2020; Liu
et al., 2020b

Zuo et al., 2019; Wang and Li, 2020
Zhou et al., 2019b

Yang H. et al., 2020
Liu et al., 2018c; Xu Y. et al., 2018
Sun N.N. et al., 2018

Zhang J. et al., 2017; Sun K. et al.,
2019

Laner et al., 2005; Du VY. et al., 2017
Hai, 2020





OPS/images/fcell-09-645647/fcell-09-645647-g003.jpg
~
3
j<>}
g
Q

b\asmma gastric cancer

90y,

%&9?
Q
%

N
b
B

MDR1 /MRP1

il

SIX1

L

iR-2002-3p

il

o

K

~N
D
==
b
~N

A

S

-

e \\
R X
T;‘:' 2

Alzheimer's
disease

L

. _ g

et @_
hair fO“ide
i - BRD4 regeneration
) '(Y/, > < F ) mIR-

b

3
P
w
(o°]
—

=
m
P
(S

_.l
@
5
<
a)
0
a
o

|eaBuieydosey





OPS/images/fcell-09-645647/fcell-09-645647-g002.jpg
X1

YY1 Pol II
k FBC I ]

Nucelosomes Jpx Tsix

B

Establishing XCI
#

Nucelosomes

Tpx RNA RN A Nucelosomes Nucelosomes
I SN

Jpx
1H3K9me2 / H3K27me3 / H2AK119ub . 5
'meG -~ 9 N

Maintaining XCI

Cis-acting regulation =~ —
Trans-acting regulation — |

TT

Nucelosomes

Nucelosomes

Nucelosomes

PRDM14
\\
ALY 111

X
IRl T

I

——
.
-

:

Nucelosomes






OPS/images/fonc.2021.636965/fonc-11-636965-g002.jpg





OPS/images/fcell-09-645647/fcell-09-645647-g001.jpg
Linx

Pluripotency factors

i}

Xite o Tsix « Xist

Slc16a2

o

YY1

REX1

ATRX,PRC2, RNF20,
WTAP, SPEN, RBM15,
SMRT15,HDAC3

Not determined: SMC1a.SMC3. RAD21. SmcHD1., macroH2A.
WAPL. CTCF.AURKB., DNMT1, TOP1. TOP2a/b, SHARP.
LBR, Airn, Kcenqlotl, trisomy 21, Ul snRNP, Rsx

P-

DNA binders

F B C D E
2.5kb

hnRNP U

[haRNP U]

RNA binders





OPS/images/fonc.2021.636965/fonc-11-636965-g003.jpg





OPS/images/fcell-09-645647/cross.jpg
3,

i





OPS/images/fonc.2021.657965/fonc-11-657965-g004.jpg
MACCI-AS1 L A [ MTA2TR B
MACCL-ASI q

SRS Tt
MIAZTR| MTA2TR

© BXI11






OPS/images/fonc.2021.657965/fonc-11-657965-g003.jpg
PLACTI

TAcTi

A

pLaCTI

HOTTIP 5 B
Horme
o T

oy

SLCTAII-ASI

SLETAI-ASE
el

NRE

Cij| soxzor jgmx:m D

TS

(i

LINCOI1 j‘&v\‘ - miRae

Ten
ousn Aot v

AGAP2-ASI






OPS/images/fcell-08-609832/fcell-08-609832-t001.jpg
Variables

ASHGV40002660
ASHGVA40041402
ASHGVA40037204
ASHGV40000862
ASHGVA40033167
ASHGV40021176
ASHGVA40033762
ASHGV40052035

HR

0.681
0655
111
0978
1.086
1.028
1.241
0.968

Disease free survival
Multivariate analysis

95% CI

0.693-0.782
0.451-0.949
0.915-1.346
0.873-1.095
0.91-1.248
0.883-1.196
1.009-1.526
0.784-1.196

P-value

<0.001
0025
0.289
0698
0.431
0725
0.041
0764

HR

0.709
0.656
0.97
0.897
0.882
0.942
1.692
1.277

Overall survival
Multivariate analysis

95% CI

0.564-0.8911
0347-1.241
0.701-1.343
0.732-1.099
0.673-1.157
0.7-1.268
1.181-2.424
0.884-1.845
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0.003
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0.004
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Sex, male/female

Age

ASA

Tumor size

Pathological T stage

Pathological N stage

BMI

Postoperative hospital stay

Tumor location
Ascending colon
Transverse colon
Descending colon
Sigmoid colon
Rectum

CEAlevel

CA19-9 level

Risk score

Nerval invasion

Vascular invasion

Tumor differentiation

HR

1.103
0979
0.467
0.946
1.851

2.360
1.011

0.997

Reference
1.059
1.141
0.954
0810
1.458
1.657
1.233
1.973
3.266
1.429

Univariate analysis

95% Cl

0.591-2.057
0.954-1.005
0.261-0.835
0.818-1.005
1.022-3.351
1.629-3.418
0.923-1.108
0.950-1.047

Reference
0.336-3.340
0.354-3.680
0.351-2.544
0.326-2.014
0.781-2.722
0.724-3.794
1.167-1.302
1.027-3.791
1.330-8.020
0.902-2.264

P-value

0.758
0.100
0.010
0.460
0.042
<0.001
0.807
0.908
0.984

0.922
0.826
0.910
0.650
0.237
0232
<0.001
0.042
0.010
0.128

Multivariate analysis

HR 95% CI
0.586 0.337-1.021
1.423 0.737-2.745
1717 1.118-2.638
1.079 1.051-1.108
1.665 0.828-3.348
2025 0.766-5.354

CRC, colorectal cancer; HR, hazard ratio; Cl, confidential interval: ASA, American Society of Anesthesiologists; BMI, body mass index.

P-value

0.059

0.293
0.013

<0.001
0.1563
0.153
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LncRNA Sample Cell line Target/pathway Function Kaplan Meier Ref
NORAD Human, SK-N-SH, IMR-32, ATGS, LC3-II, NORAD by upregulating HDAC8 via buffering miR-144-3p Higher expression of NORAD
Mouse  SK-N-SH/DOx, IMR- P62, Beclin-1, could enhance doxorubicin resistance of NB. was associated with a lower  (53)
32/Dox PCNA, Cyclin-D1 OS rate.
Bcl-2, Bax, HDAC8
SNHG7 Human HUVEC, LAN-6, SK- miR-329-3p, SNHG7 by regulating the miR-329-3p/MYO10 axis could -
N-AS, MYO10, LC3B-I/I, enhance chemoresistance to cisplatin via modulating cisplatin- (62)
LAN-6/Cis, Beclin-1, P62 induced autophagy.
SK-N-AS/Cis
SNHG16 Human, SK-N-AS, miR-338-3p, PLK4 ~ SNHG16 via regulating miR-338-3p/PLK4 axis could enhance  —
Mouse  SK-N-SH, MRP-1, p-gp, cisplatin resistance in NB. (63)
SK-N-AS/Cis, P13K/AKT

SK-N-SH/Cis
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Cancer types Clinical tumor tissues Expression Clinical characteristics References
level
Bladder cancer 31 pairs upregulated High DUXAP8 expression indicating poor prognosis and Linetal., 2018
advanced tumor stages
HCC TCGA database upregulated High DUXAP8 expression indicating poor prognosis Wang et al., 2020
HCC 55 pairs upregulated High DUXAP8 expression indicating poor prognosis Hu et al., 2020
HCC 50 pairs upregulated High DUXAP8 expression is associated with larger tumor Wei et al., 2020
size, tumor stages, and distant metastasis
HCC TCGA database upregulated Higher DUXAPS8 expression had poor prognosis Jiang et al., 2019
HCC TCGA database upregulated High DUXAP8 was positively correlated with elder Yue et al., 2019
patients (year over 60), advanced stages (stage lll/IV),
and vascular invasion
HCC HCC microarray profiles upregulated Higher DUXAP8 was detected in stage Il/llIl HCC samples Zhang et al., 2020
compared to stage | HCC.
High DUXAP8 expression predicted poor OS and
correlated with lymph nodes metastasis, and tumor
stages
CRC 127 pairs upregulated High DUXAP8 was correlated with shorter OS Du et al., 2019
CRC upregulated CRC patients in stage I-1l presented a lower level of Gong et al., 2019
DUXAPS than those in stage IlI-IV, and patients with
larger tumor size remained higher DUXAP8 expression
CRC 30CRC patients upregulated High DUXAP8 expression indicating poor prognosis He et al., 2020
RCC 5 public RCC microarray upregulated High DUXAP8 expression indicating poor prognosis Xu et al., 2017;
gene profiling datasets Huang et al., 2018;
Chenetal., 2019
Lung 45 patients upregulated High DUXAPS expression was associated with advanced Liu et al., 2021
adenocarcinoma tumor stages, larger tumor sizes, and metastasis
Non-small cell lung 43 patients upregulated DUXAP8 was upregulated and associated with low Yang et al., 2019
cancer overall survival in NSCLC patients
Non-small cell lung 66 pairs upregulated high expression of DUXAP9 is closely associated with Yin et al., 2020
cancer advanced tumor stages, larger tumor sizes, lymph node
metastasis, and associated with shorter overall survival
Non-small cell lung 54 patients upregulated High expression of DUXAP8 was associated with Jietal, 2020
cancer advanced tumor stages, larger tumor sizes, lymph node
metastases, and poor prognosis.
Non-small cell lung 78 pair of patients upregulated Increased DUXAPS expression was associated with poor Sun et al., 2017
cancer prognosis
Oral cancer GDC Data Portal and upregulated High expressed DUXAP8 was associated with shorter OS Chen et al., 2020b
Gene Expression time
Omnibus (GEO) datasets
Gastric cancer 72 pairs upregulated High DUXAP8 was associated with advanced tumor Ma et al., 2017
stages, larger tumor size, lymphatic metastasis, and poor
prognosis
Ovarian cancer 33 pairs upregulated High DUXAP8 expression indicating poor prognosis LiJ.R. et al., 2021
Pancreatic cancer 24 paired upregulated DUXAP8 was significantly upregulated in pancreatic Li J.R. et al., 2021
cancer tissues
Pancreatic cancer 58 patients upregulated High DUXAP8 expression obtained larger tumor size and Lianet al., 2018
TNM stages, and associated with shorter overall survival
time
Neuroblastoma Gene Expression upregulated High DUXAP8 was higher in NB tumor tissues in T4 Nie et al., 2020

Omnibus (GEO) database

stage than that in T1 stage. High DUXAP8 was
associated with poor prognosis
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Name
L1-Linc00963 sense:
Li-Ainc00363 antsense
Lu-control sense
Lu-contrl antisense
TRIMZ4 SANA sense
TRIMZ SANA an senso

NC SANA sense
NC SRNA antisense

Sequence

5- AGGTCGACTCTAGAGGATCC.
CCGGCCOGTCTCRGGGCCCTGAGTCS'
5'-CACAGGCTAGCTCAACCGGTTTA
TGCTGAMATATICCAAGGTTTATTG 3
5AGGGTACCCCTGGACCGRTCRCC
ACCTAGGCGGGACCGGAGACG-3
5-TCCACTAGGTGCGGACCGGGCGTGA
ACTCCCAATGAGCAS!
5'-GCCACCAAGUGGUUUAUCATT-3
5'-UGAUAMCCACUUGGUGGCTT-3
5'-UUCUCCGAACGUGUCAGGUTT-3'

5 AGGUGACACGUUCGGAGAATT-3'
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Name Sequence

Linc00963 forward (humar) 5'- AGGAGCAACAGCGAAGGT -3
Linc00963 reverse (mouse) & TCTGTGGTGOGTGTCTGC -3
p-actin forward 5'- GGCGGCACCACCATGTACCCT -3
p-actin reverse. &'- AGGGGCCGGACTCGTCATACT -3
TRIM24 forward 5-GCAGGTGAAGAAGGCTCGAT-
TRIM24 reverse - COCAGAATGATGAGCAAGCAS'
MR-G5 forvard 5-AATAGTGCCTAMGTGCTGC-3"
MR-G5S reverse 5AGACCCACCTCAATCATCCT-3"

U8 forward 5-CTOGCTICGGCAGCACA S

U reverse 5'-AACGCTTCACGAATTTGCGT-3"
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