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This study aimed to explore the potential effects of novel non-coding ribose nucleic acids (ncRNAs) in patients with multiple myeloma (MM). The gene expression profile of plasma cells was used for sequence analysis to explore the expression pattern of ncRNAs in MM. The expression patterns of non-coding RNAs in MM were analyzed by RNA sequencing (whole-transcriptome-specific RNA sequencing). Next, the expression of the selected ncRNAs was verified by quantitative real-time polymerase chain reaction. Further, the lncRNA-associated competitive endogenous RNA network in MM was elucidated using deep RNA-seq. Differentially expressed (DE) ncRNAs were significantly regulated in patients with MM. DE target lncRNAs were analyzed by cis and trans targeting prediction. Two new lncRNAs were shown to be related to MM oncogenes. MSTRG.155519 played a carcinogenic role in myeloma by targeting CEACAM1; MSTRG.13132 was related to FAM46C. Finally, the network of lncRNA–mRNA–miRNA in MM was constructed in this study. The expression of non-coding RNAs through sequence and functional analyses might be helpful for further studies on the pathogenesis of MM and the development of new MM-targeted therapy for non-coding RNAs.
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INTRODUCTION

Multiple myeloma (MM) is a plasma cell neoplasm characterized by the clonal proliferation of malignant plasma cells in the bone marrow microenvironment, clonal proliferation of monoclonal proteins in the blood or urine, and organ dysfunction. The established high-dose therapy/autologous stem cell transplantation and novel drug therapy for MM improved the rate of complete response significantly. However, most patients experience a relapse and require additional treatment. Therefore, it is particularly urgent to explore the new mechanism of MM and develop effective drugs. In addition, the current evaluation of the therapeutic effect on MM is MRD (minimal residual disease) negative. Even if MRD is detected negative by the existing technology, whether the disease is eradicated cannot be determined. Therefore, in addition to the existing detection indicators, other detection items should also be explored to evaluate the MRD-negative result.

Studies of genomics and epigenomics demonstrated that abnormal expression and dysfunction of non-coding ribose nucleic acids (ncRNAs) were important in the pathogenesis of human cancers, similar to protein-coding genes. The human genome shows that non-coding proteins account for 98% of the genome (Fishilevich et al., 2017). ncRNAs can be divided into long non-coding RNAs (lncRNAs; with a length >200 bp) and microRNAs (miRNAs; <200 nucleotides long) according to their sizes (Friedman et al., 2009; Winter et al., 2009; Cech and Steitz, 2014; Fatica and Bozzoni, 2014; Johnsson et al., 2014; Forrest and Khalil, 2017). These ncRNAs have been presumed to be the important new regulators of genetic expression under different pathological conditions (Arjumand et al., 2018; Drak Alsibai and Meseure, 2018). The main mechanisms and functions of lncRNAs include the regulation of gene transcription and translation, epigenetic modification, and interaction with RNA-binding proteins (Tsai et al., 2010; Guttman et al., 2011; Wang and Chang, 2011; Hu et al., 2018). In addition, the regulation of miRNA is also a major mechanism of lncRNAs. lncRNAs regulate the function of miRNA through a competitive endogenous RNA (ceRNA) network that works as an miRNA sponge (Karreth et al., 2015; Zhang and Huang, 2015). Recent studies showed that circRNA served as a new ncRNA, which had been proven to contain target sites for miRNAs and played a role of miRNA sponge in various diseases by disturbing the miRNA signal axis (Zhang et al., 2018).

In recent years, the research on lncRNAs in MM has been emphasized. The knowledge of the key regulators of MM behavior facilitates the development of more effective therapeutic approaches. In this regard, lncRNAs may be involved in regulating the biological function of MM by increasing evidence. One study showed an aberrant expression of multiple lncRNAs in more aggressive stages of MM, suggesting that lncRNAs were vital in the progression of MM (Ronchetti et al., 2016). Another study by Ronchetti et al. (2018) provided a special view for the expression of lncRNA in MM. They examined 30 patients with MM and found a significant correlation between the natural clustering of the transcriptional configuration of whole lncRNAs and the chief molecular prognostic change in MM. In a previous study, an abnormal expression of known lncRNAs in patients with MM was found, including maternally expressed gene 3 (MEG3), colon cancer–associated transcript 1 (CCAT1), and coiled-coil domain-containing 26 (CCDC26) (Lu et al., 2019). Recently, the expression of circRNA in MM was detected using microarray, but the research on the ceRNA of circRNA was lacking (Zhou et al., 2020).

However, the study of the mode of action of lncRNAs in MM is still limited, the expression pattern of ncRNAs in MM is still unclear, and targeted therapies are unavailable. In this study, the sample size increases, and the ncRNAs of MM were predicted and analyzed by RNA second-generation sequencing technology. At the same time, deep RNA-seq was used to elucidate the ceRNA network of MM. This study found more differentially expressed (DE) genes in MM, especially unpublished lncRNAs, using second-generation sequencing, and lncRNA of the MM database was expanded. In particular, new RNAs related to MM pathogenic genes were identified and verified, providing the experimental basis for new targeted therapies for MM.



MATERIALS AND METHODS


Patients and Cell Samples of Bone Marrow

The plasma cells of bone marrow and normal cells were collected from 10 patients with newly diagnosed MM. The patients in the present study met the updated diagnostic criteria of the International Myeloma Working Group for MM (Rajkumar et al., 2014). The median age of the patients was 63.5 (53–72 years). The bone marrow puncture was performed in 10 patients (six males and four females) during the initial diagnosis. Moreover, the CD138 magnetic beads were extracted from myeloma cells, and the transcriptome sequencing was performed. MNCs (mononuclear cells) were extracted from 5 mL of bone marrow. Then, 10 μL of anti-CD138 antibody and 40 μL of PBS were added to every 107 MNCs and then incubated for 15–20 min at 4°C after blending. The MS column was immobilized in the magnetic bead cell sorting field. The cell suspension was added into the MS column after being washed with PBS buffer and separated. After negative cell collection, 0.5 mL of PBS buffer was added to wash the column two times. The MS column was removed from the magnetic field and placed on the appropriate collection tube. CD138-positive cells were washed out with the plunger and collected. After sorting with CD138 magnetic beads, non-CD138-positive cells were collected. RNA was immediately extracted from the sorted MM cells, and total RNA was extracted from the cell samples using a TRIzol reagent and frozen stored at − 80°C. The 20 samples (10 CD138-positive cells and 10 CD138-negative cells) were sequenced, and all data were divided into two groups (positive and negative groups) for analysis. Library construction and sequencing were performed by Annoroad Gene Technology (Beijing, China). All participants signed the informed consent form, and the study was approved by the institutional ethical review board of the Chao-Yang Hospital, Capital Medical University (Beijing, China).



RNA Sequencing and Identification of DE lncRNAs

After downloading the reference genomes and the annotation file from the ENSEMBL database1, the sequencing reads were mapped to reference genomes. The clean data were mapped to the reference genome using HISAT22. The gene expression read count for each gene was quantitated in each sample by HTSeq3, and fragments per kilobase million mapped reads (FPKM) were then calculated to represent the expression level of genes in each sample. DESeq24 was used for the differential expression analysis of two groups (CD138 + and CD138 − groups). Novel lncRNA was screened through a variety of coding potential analysis software, including CNCI analysis (Coding–Non-coding index), CPC analysis (Coding Potential Calculator), PFAM protein domain analysis, and CPAT analysis (Coding Potential Assessment Tool). The four analysis methods all judged that the non-coding transcript was the final novel lncRNA data set. Considering that the number of reads coming from a gene (or transcript isoform) follows a binomial distribution, DESeq2 was proposed to standardize data using the negative binomial distribution statistical method. A P-value was allotted to each gene and adjusted by the Benjamini and Hochberg (BH) method. The DE genes were identified as genes with q ≤ 0.05 and | log2_ratio| ≥ 1. Moreover, 22,923 lncRNAs could be detected by this annotation, including the following biotypes: lincRNA (long intergenic non-coding RNAs), antisense, bidirectional promoter lncRNA, sense overlapping, sense intronic, and 3′ overlapping ncRNA. A total of 9,540 lncRNAs were entered into the database after expression filtering. A protein–protein interaction (PPI) network was constructed by extracting the subnetwork, which consisted of DE protein-coding genes or the trans or cis targets of DE lncRNAs, from the whole PPI network of corresponding species by directly mapping these genes or targets to the PPI network. The subnetwork file was imported into Cytoscape, and the network was visualized based on the attribute of each gene. Finally, target prediction was carried out, and the mRNAs with high Spearman correlation coefficient (P ≥ 0.9) were selected as the trans targets. Subsequently, RNAs with a distance less than 50 kb were selected as the cis targets.



RNA Sequencing and Identification of DE miRNAs

The reference genome index was built using Bowtie1, and then the clean reads were mapped to the genome. The reads were mapped to mature miRNA and hairpin, which were recorded in miRBase (release 21), to identify known miRNAs. The rest of the reads were used to predict a novel miRNA after excluding the reads mapped to the known miRNA/ncRNA/repeat region/mRNA region. The miRDeep2 software was used for identification and prediction. For quantization of miRNA expression, transcripts per million were used for assessment and standardization after obtaining the count of mature miRNAs in miRDeep2. Further, DESeq2 was used for differential expression analysis. A P-value was assigned to each gene and adjusted by the BH approach for controlling the false discovery rate, assuming that the number of reads derived from an miRNA followed a binomial distribution. miRNAs with q < 0.05 and log2 ratio ≥ 1 were identified as DE miRNAs. For miRNA target prediction, target genes of known or novel miRNAs were predicted using MiRanda, PITA (target-site accessibility and free predictors of microRNA targets), and TargetScan.



RNA Sequencing and Identification of DE circRNAs

CircRNA is mainly exon-cyclized ecircRNA, and its ring-forming mechanism has two models: lariat-driven circularization and intron-pairing-driven circularization. Sequencing reads were mapped to reference genomes. The reference genomes and annotation file were downloaded from the ENSEMBL database (see text footnote 1). The reads were mapped to the reference genome using the BWA-MEM algorithm to split and compare the sequences and then scan the resulting SAM files to find PCC (paired chiastic clipping) and PEM (paired-end mapping) sites, as well as GT-AG splicing signals, and finally will have the sequence of the junction site which was realigned with a dynamic programming algorithm, and this method was used for identification. Differential expression analysis was performed by DESeq2 (see text footnote 4). Assuming that the number of reads coming from a gene (or transcript isoform) follows a binomial distribution, DESeq2 was used for differential expression analysis based on the MA plot. A P-value could be assigned to each gene and adjusted by the BH method. DE genes were identified as genes with q ≤ 0.05 and | log2_ratio| ≥ 1. Finally, sponge prediction was carried out, and the target circRNA of miRNA was predicted by MiRanda.



Enrichment Analysis of Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway

Gene Ontology (GO) provides a dynamically updated set of standard vocabulary (control vocabulary) to depict the nature of genes completely as an international standardized classification system of gene function. GO has three ontologies: molecular function, cell component, and biological process (BP) of genes. To investigate whether genes are from one GO (Gene Ontology)5 term, a hypergeometric p-value is calculated and adjusted as q-value, where the background is set to be genes in the whole genome. GO terms with q < 0.05 are considered to be significantly enriched. GO enrichment analysis shows what biological functions the DEGs perform.

The Kyoto Encyclopedia of Genes and Genomes (KEGG)6 contains a collection of manually drawn pathway maps representing proteins and gene products responsible for molecular interaction and reaction networks. KEGG (Kyoto Encyclopedia of Genes and Genomes see text footnote 6) is a database resource which contains a collection of manually drawn pathway maps representing our knowledge on the molecular interaction and reaction networks. Using the same method with GO enrichment analysis, significantly enriched KEGG pathways are identified.

Significant enrichment of ncRNAs was found using KEGG pathway and GO enrichment analyses. Terms with q < 0.05 were considered to be significantly enriched.



ceRNA Sequencing

CeRNA includes lncRNA–mRNA, microRNA–lncRNA, microRNA–mRNA, and cicrRNA–microRNA functional analyses and ternary network analysis. Whole-transcriptome association analysis is a deep analysis based on the standard analysis results of mRNA, lncRNA, circRNA, and microRNA. The results of gene differential expression analysis and microRNA target prediction in the standard analysis were used to comprehensively study the regulation of non-coding RNA on mRNA expression.

Pre-miRNA Identification and miRNA Target Prediction: an lncRNA regulatory network was constructed to reveal the role and interactions among lncRNAs and miRNAs in MM pathogenesis. MiRDeep2 was used to identify the pre-miRNAs in the lncRNA cluster. Target genes of known or novel miRNAs were predicted by MiRanda, PITA, and TargetScan, and the target genes were the cumulative outcome of the prediction using at least two programs.

Analysis of ceRNA by the enrichment of GO and KEGG: The GO and KEGG enrichment of miRNA target genes was performed using the hypergeometric test, in which the P-value was calculated and adjusted as the q-value, and the background data were genes in the whole genome. The GO and KEGG terms with q < 0.05 were considered to be significantly enriched.



Quantitative Real-Time Reverse Transcriptase–PCR

The reverse transcription (RT) reaction system was prepared as follows. The RT reaction (volume 20 μL) conditions were set as 42°C for 50 min and 85°C for 5 min. After the reaction, the solution on the wall of the tube was collected at the bottom of the tube by centrifugation for a short time, and the RT product of the DNA was stored at − 20°C. The amplification of lncRNA was conducted with GenePool (Cat# GPQ1808) using an RNA/lncRNA quantitative polymerase chain reaction (qPCR) kit. The experimental operation was carried out according to the product instructions. The components in the kit were dissolved and put on ice for reserve. The components were added to the reaction tube (dNTP Mix, 2.5 mM; RNase-Free Water 4 μL; Primer Mix, 2 μL; RNA Template 2 μL; 5 × RT buffer, 4 μL; DTT, 0.1 M × 2 μL; HiFiScript, 200 U/μL × 1 μL; RNase-free water up to 20 μL) and mixed. The total volume was 20 μL. They were incubated at 42°C for 50 min and at 85°C for 5 min. After the reaction, the solution on the wall of the tube was collected at the bottom of the tube by centrifugation for a short time, and the RT of the DNA was stored at − 20°C. Fluorescence qPCR amplification conditions were set as follows: 95°C for 30 min; 95°C for 5 s, and 60°C for 30 s for 45 cycles. The amplification of miRNA was performed using an miRNA qPCR kit (GenePool, Cat # GPQ1809). The amplification conditions were set as follows: 95°C for 30 s, 95°C for 5 s, and 60°C for 30 s for 45 cycles.



RESULTS


Clinical Characteristics of Patients With MM

All NDMM (newly diagnosed multiple myeloma) diagnoses were confirmed. The clinical and genetic characteristics of each patient were recorded. The clinical characteristics of the 10 patients with MM are shown in Supplementary Table 1.



Expression Distribution Statistics

According to the gene expression of all samples, the expression density map of the lncRNA was created as shown in Figure 1. The overall distribution trend of the expression of the samples was observed. According to the position relationship between lncRNA and coding sequence, lncRNA can be divided into lincRNA (long intergenic non-coding RNAs), intronic lncRNA (intronic transcript lncRNA), antisense lncRNA, sense lncRNA, and bidirectional lncRNA. After being screened, 22923 lncRNAs, 2094 microRNAs, and 22566 circRNAs were obtained. The expression density map of the circRNA is shown in Figure 2.
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FIGURE 1. Expression profile of lncRNAs. Distribution map of the expression profile: For the gene expression of each group of samples, the density distribution was made after taking the logarithm of base 2. The horizontal coordinate was log2 (FPKM + 0.0001), and the ordinate was the density of genes. Different colors represent different samples.
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FIGURE 2. Expression of the density map of circRNAs: For the gene expression of each group of samples, the density distribution was made after taking the logarithm of base 2. The horizontal coordinate was log2 (SRPBM), and the ordinate was the density of genes. Different colors represent different samples.




DE (Differentially Expressed) ncRNAs and mRNAs

The significance of DE lncRNAs, miRNA, circRNA, and mRNAs was analyzed by the deep sequencing based on the Illumina sequencing platform. Compared with CD138-negative cells, a total of 4,419 DE lncRNAs (1,559 known lncRNAs and 2,860 novel lncRNAs; among them, 2,370 genes upregulated and 2,049 genes downregulated), 355 DE miRNAs (340 known miRNAs and 15 novel miRNAs), and 1,044 DE circRNAs (527 upregulated genes and 517 downregulated genes) were significantly regulated in the malignant plasma cells (CD138-positive cells) of 10 patients. Furthermore, a total of 5,522 DE mRNAs were identified in MM, in which 2,091 were upregulated and 3,431 were downregulated. We assembled transcripts by stringTie software before analyzing their coding potential for the identification of new lncRNAs. First, each sample was spliced separately and then combined with stringTie merge. stringTie software divided the reads into different classes at first and then generated a mosaic map for each class to determine the transcripts. Each transcript generated a maximum flow algorithm to evaluate the expression level and assemble the complex data into transcripts. Three types of lncRNA, including lincRNA, intronic lncRNA, and antisense lncRNA, were selected to screen novel lncRNA. Screening is carried out through a comprehensive variety of coding potential analysis software, mainly through CNCI (Coding–Non-coding Index), CPC (Coding Potential Calculator), PFAM protein domain analysis, and CPAT analysis. The four analysis methods all judged that the non-coding transcript was the final novel lncRNA data set. The non-coding transcripts identified by the above methods were counted, and the common and unique numbers of each method were shown by the Venn diagram. The Venn diagram of novel lncRNAs of the 10 patients with MM is shown in Figure 3. CIRI is an efficient and fast circular RNA identification tool. First, use the BWA-MEM algorithm to split and compare the sequences, and then scan the resulting SAM files to find PCC (paired chiastic clipping) and PEM (paired-end mapping) sites, as well as GT-AG splicing signals, and finally have the sequence of the junction site which was realigned with a dynamic programming algorithm. The results of differentially expressed circRNAs are all novel. The clustering results of the ncRNA of the samples according to the expression of differentially expressed genes in each sample are shown in Figure 4 (heatmap plot of differentially expressed of lncRNAs), Figure 5 (heatmap plot of differentially expressed of microRNAs), and Figure 6 (heatmap plot of differentially expressed of circRNAs).
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FIGURE 3. Novel lncRNAs: Venn diagram results using different software prediction tools, including coding–non-coding index (CNCI), coding potential calculator, protein folding domain database (PFAM), and coding potential assessing tool software, showing upregulated and downregulated lncRNAs whose dysregulated expression pattern was shared by 10 patients with MM.
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FIGURE 4. Heatmaps of DE lncRNA: According to the expression of DE genes in each sample, the logarithm of base 2 was considered, the Euclidean distance was calculated, the system clustering method (hierarchical cluster) was used, and the clustering results of the sample were obtained. The various colors represent different expression levels. Blue color indicates the lower expression level, and yellow color indicates the higher expression levels.
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FIGURE 5. Heatmaps of DE microRNA: According to the expression level of differentially expressed microRNA in each sample, the clustering results of the sample were obtained. In the figure, the various colors represent different expression levels. Blue color indicates the lower expression level, and yellow color indicates the higher expression levels.
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FIGURE 6. Heatmaps of DE circRNA: According to the expression level of differentially expressed circRNA in each sample, the clustering results of the sample were obtained. In the figure, the various colors represent different expression levels. Blue color indicates the lower expression level, and yellow color indicates the higher expression levels.




Functional Prediction of DE ncRNAs

Further, the function of all DE ncRNAs was predicted using analyses of GO and KEGG pathways to examine the function of ncRNAs in MM. For GO/KEGG of ncRNAs, sequence annotation gene.fa documents were obtained by extracting the gene sequence according to the location of the gtf file, but not obtained directly from the annotation file; the comment information is found through blast by using the gene.fa file. In the results of lncRNAs and miRNAs, the target gene mRNA was annotated. GO enrichment analysis and KEGG pathway analysis were performed for the target genes of differentially expressed ncRNAs, including known and novel ncRNAs.

According to co-location and co-expression of DE lncRNAs and miRNAs based on GO analysis, the most significant enrichment in BP (biological process) was due to regulation of cellular process, biological regulation, and regulation of biological process, and the most significant enrichment in CC (cellular component) was due to cell part, organelle, and membrane. Binding and catalytic activity were most significantly enriched in MF (molecular function). The results of lncRNAs are shown in Figure 7; miRNAs are shown in Figure 8.
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FIGURE 7. GO analysis of lncRNA in MM. The significant molecular function, biological process, and cellular component changed mRNA-targeted ncRNAs in MM. Statistics of DE gene annotation results in GO entries. The abscissa is the second-level GO entry in the DE gene annotation results, the left ordinate is the proportion of upregulated/downregulated DE genes, and the right ordinate is the number of upregulated/downregulated DE genes.
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FIGURE 8. GO analysis of microRNA in MM. The significant molecular function, biological process, and cellular component changed mRNA-targeted ncRNAs in MM. Statistics of DE gene annotation results in GO entries. The abscissa is the second-level GO entry in the DE gene annotation results, the left ordinate is the proportion of upregulated/downregulated DE genes, and the right ordinate is the number of upregulated/downregulated DE genes.


According to GO analysis of DE circRNAs, the most significant enrichment in BP was due to B cell receptor signaling pathway, CD4-positive and alpha-beta T cell activation, DNA alkylation, and DNA conformation change; the most significant enrichment in CC was due to AP-type membrane coat adaptor complex, ATPase complex, BRCA1-A complex, CAAX–protein geranylgeranyltransferase complex, and DNA-dependent protein kinase–DNA ligase 4 complex; and the most significant enrichment in MF was due to 1-phosphatidylinosital-3-kinase activity, 1-phosphatidylinosital-4-phosphate 5-kinase activity, ATP binding, and ATP-dependent DNA helicase activity.

The enrichment analysis of each KEGG pathway was carried out using the hypergeometric test to determine the significant enrichment pathway of DE genes. The KEGG pathway of lncRNAs is shown in Figure 9; the most significantly enriched pathways included hematopoietic cell lineage, osteoclast differentiation, chemokine signaling pathway, inflammatory mediator regulation of TRP channels, NOD-like receptor signaling pathway, relaxin signaling pathway, phagosome, Th17 cell differentiation, apoptosis, and NF-kappa B signaling pathway. miRNAs of the KEGG pathway are shown in Figure 10; the most significantly enriched pathways included neuroactive ligand–receptor interaction, endocytosis, cytokine–cytokine receptor interaction, proteoglycans in cancer, jak-STAT signaling pathway, NF-kappa B pathway, and MAPK signaling pathway. circRNAs of the KEGG pathway are shown in Figure 11; viral carcinogenesis, transcriptional misregulation in cancer, Th17 cell differentiation, Rap signaling pathway, and cytokine–cytokine receptor interaction were the top enriched pathways in circRNA.
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FIGURE 9. KEGG pathway of lncRNAs:KEGG pathway scatterplots in the plasma cells of MM. The KO enrichment of all samples was combined, and the distribution map was drawn according to the significant Q-value of the enrichment of the samples. Each point indicates the degree of enrichment of the KO entry, and the closer the color approaches red, the higher the degree of enrichment is. The size of each point indicates the number of genes enriched in the KO entry. The larger the point is, the more the genes are enriched in the KO entry, and vice versa.
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FIGURE 10. KEGG pathway of microRNA.
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FIGURE 11. KEGG pathway of circRNA.


The most significant enrichment based on the GO analysis of targeted genes of DE lncRNAs, target genes of DE miRNAs, and predicted mRNAs was the same as the enrichment obtained based on the colocalization and co-expression of genes of DE lncRNAs, target genes of DE miRNAs, and predicted mRNAs.



qPCR Verification of lncRNAs

The expression of some DE lncRNAs and DE miRNAs was analyzed, and the reliability of the sequencing results was verified, thus providing the basis for further studies. According to sequencing results, six differentially expressed known lncRNAs and six novel lncRNAs were selected and verified by Q-PCR (Supplementary Table 2). At the same time, three related miRNAs (hsa-miR-345-5p, hsa-miR-193b-3p, hsa-miR-338-5p)were selected and verified by qPCR based on these 12 lncRNAs (Supplementary Table 3). We found that the qPCR and sequencing results of four known lncRNA (MIAT, KCNQ1OT1, A2M-AS1, and CTA-292E10.6) and five novel lncRNA (MSTRG.155519, MSTRG.190620, MSTRG.193521, MSTRG.260088, and MSTRG.13132) were consistent and can be verified.

Among these known lncRNAs, the myocardial infarction–associated transcript (MIAT) was found upregulated (gene location: chr22: 26646428–26676475: +, Log2 fold change 1.583265774, p0.0002, primer ACCTTGACTAACTCCTGCCTTC, product length 276) in previous studies on various tumors, but was not found participated in the pathological and physiological processes of MM (Luan et al., 2017). The results of the qPCR are shown in Figure 12.


[image: image]

FIGURE 12. qPCR results of MIAT. MIAT was upregulated in the patients with MM. According to the original detection results of RT-PCR, and the relative quantities was calculated by 2–△△ct, the difference of the transcription level of MIAT of each sample was calculated. The ordinate is the relative expression of MIAT in MM.




Carcinogenic Pathway and lncRNAs

Prediction of the correlation between lncRNA and MM pathogenic genes from the oncogene pathway using lncRNA cis target and lnc_TransTar.xls lncRNA trans target revealed two novel DE lncRNAs among the following verifiable genes: NRAS, FAM46C, CXCR4, PIK3CA, ATP13A4, FGFR3, WHSC1, FAT1, PRDM9, IL7R, PDGFRB, HLA-B, PRDM1, IKZF1, EGFR, BRAF, KDM6A, MYC, CCND1, BIRC3, BIRC2, ATM, PTPN11, RB1, DIS3, TRAF3, CYLD, TP53, SAMHD1, MAFB, carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1), IGLL5, and XBP1 (Kortüm et al., 2015; Kortuem et al., 2016; Lionetti and Neri, 2017; Bolli et al., 2018). This was verified using qPCR (Figure 13).
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FIGURE 13. Verification of novel lncRNAs: According to the original detection results of RT-PCR, and the relative quantities calculated by 2−△△ct, the difference of the transcription level of target gene of each sample was calculated. The ordinate is the relative expression of novel lncRNA in MM. (A) MSTRG.155519 performed by qPCR; (B) MSTRG.13132 performed by qPCR.


(1) MSTRG.155519 and CEACAM1: The CEACAM1 was the downstream pathway of MSTRG.155519 through the prediction of lnc_TransTar.xls lncRNA.

(2) MSTRG.13132 and FAM46C: FAM46C was the downstream pathway of MSTRG.13132 through the prediction of the lncRNA cis target.



Analysis of the Regulatory Network of ncRNAs and mRNAs (ceRNAs)

The ceRNA theory proved that lncRNA had an extensive regulatory function, acting as a sponge and competitive binding site of small RNA. In this study, the regulatory network of ncRNAs and mRNAs was analyzed to explore the molecular mechanism of ncRNAs. The standardized analysis of mRNA, lncRNA, circRNA, and miRNA can be achieved by the construction of specific transcriptome library and sRNA library, and the function of lncRNA can be predicted indirectly. According to these results, we can get the differential expression of lncRNA and its target mRNA. Target mRNA and target lncRNA with the same miRNA binding site were found.

In these miRNAs, it was speculated that some pairs of ceRNAs (lncRNA–miRNA–mRNA) were found using sequence analysis. Among these, novel lncRNA MSTRG.190620 and miR-193b-3p, which constituted ceRNA of lncRNA–miRNA–mRNA, were identified (Figure 14). MiR-193b-3p and MSTRG.190620 were upregulated in malignant plasma cells. The abnormal expression of hsa-miR-193b has been proved to be one of the pathogeneses of malignant tumors (Gonzalez-Gugel et al., 2013; Li et al., 2017).
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FIGURE 14. Novel lncRNA MSTRG.190620 and miR-193b-3p constituted ceRNA of lncRNA–miRNA–mRNA. (A) miR-193b-3p was verified by PCR in MM. (B) Novel lncRNA MSTRG.190620 was verified by PCR in MM. The difference of the transcription level of target gene of each sample was calculated by 2–△△ct. The ordinate is the relative expression of the target gene in MM.




DISCUSSION

MM is a heterogeneous malignant hematological tumor caused by the abnormal proliferation of malignant plasma cells in bone marrow. The occurrence, development, and prognosis of MM are driven by different genetic events. Although the therapeutic agents of MM have improved in the last 10 years, it is still incurable in most cases. Previous studies of functional genomics and epigenomics showed that, similar to protein-coding genes, ncRNAs were dysregulated which played a crucial role in the pathogenesis of human malignant tumors (Garzon et al., 2010; Amodio et al., 2017), including MM (Ahmad et al., 2014). miRNAs have been extensively studied. Notably, lncRNAs which transcribed over half of the human genome deserve more attention at present. lncRNAs are non-coding transcripts of more than 200 nucleotides in length (Johnsson et al., 2014).

In this study, ncRNAs were reported as an important genomic component with a significant impact on the biological behavior of MM. Among ncRNAs, more attention has been paid to lncRNAs. lncRNA is confirmed to regulate gene transcription and mRNA translation through a variety of mechanisms, including epigenetic modification of gene expression, regulation of interaction with RNA-binding proteins, and regulation of miRNA (Wang and Chang, 2011). Therefore, lncRNA is likely to be a tumor-related gene, acting as oncogene or tumor suppressor (Ling et al., 2015), and may become a potential target of therapy and provide the basis for the development of new drugs (Chandra Gupta and Nandan Tripathi, 2017). The role of previously studied lncRNAs, such as homeobox transcriptional antisense RNA (HOTAIR) and metastasis-associated lung adenocarcinoma (MALAT1), maternally expressed gene 3 (MEG3), taurine upregulated1 (TUG1), and nuclear paraspeckle assembly transcript 1 (NEAT1) (Zhou et al., 2007; Benetatos et al., 2008; Cho et al., 2014; Isin et al., 2014; Handa et al., 2017; Amodio et al., 2018; Dahai et al., 2019; Taiana et al., 2019; Shehata et al., 2020), have been widely accepted for their biological functions and mechanisms in the development of MM. However, the precise biological role of the majority of lncRNAs remains unclear. This study provides a rationale for further detailed functional exploration of lncRNAs and their impact on MM biology, focusing on the potential therapeutic application in MM. Further, more novel lncRNAs should be explored, and the functional and regulatory interactions between novel lncRNAs and miRNAs in MM should be predicted. This study investigated DE ncRNAs more broadly and also preliminarily discussed the expression of circRNA in MM. In this study, new MM cases were selected to detect ncRNAs. Plasma cell sorting was performed in all patients, and the differential expression was found to be more accurate than that in most small-sample studies. Therefore, this study investigated DE ncRNAs more broadly and predicted the functional and regulatory interactions between novel lncRNAs and miRNAs in MM cells. The expression of circRNA in MM cells was also discussed preliminarily.

This study concluded that lncRNAs and miRNAs were significantly dysregulated in MM cells. A total of 4,419 DE lncRNAs (1,559 known lncRNAs and 2,860 novel lncRNAs), 355 DE miRNAs (340 known miRNAs and 15 novel miRNAs), and 1,044 DE circRNAs (527 genes were upregulated and 517 genes were downregulated) were significantly regulated in malignant plasma cells of NDMM. In this study, more new lncRNAs were detected, indicating the lack of preliminary studies on the function and role of lncRNAs in MM. Further, the results obtained through the whole-genome sequencing study were more comprehensively compared with the findings of the gene chip technology. Although several lncRNAs were found deregulated in plasma cell dyscrasia, only a few have been functionally validated in biological and disease processes. Among these genes, MIAT was overexpressed in malignant plasma cells. MIAT is a subnuclear lncRNA associated with a variety of high-risk heart diseases, such as acute myocardial infarction, and has been reported to be associated with nervous system neoplasm. In the present study, MIAT was confirmed to be crucial in the growth of tumor cells, invasion, and promotion of apoptosis of tumor cells. A recent study on colorectal cancer and MIAT showed that MIAT promoted the growth and metastasis of colorectal cancer cells by regulating the Mir-132/Derlin-1 pathway, indicating the ceRNA relationship between MIAT and Mir-132, which proved that MIAT played the role of ceRNA in Mir-132 (Liu et al., 2018). Recent studies confirmed that MIAT knockout eradicated the extended migration and survival of neuroblastoma and glioblastoma cell lines and increased the apoptosis of basal cells (Bountali et al., 2019). Although the mechanism underlying this deregulation and its significance in tumorigenesis are still poorly understood, MIAT may still become a potential therapeutic target for MM. Further experiments should be conducted in vivo and in vitro in the future.

The expression profile based on molecular characteristics has become an increasingly important and powerful prognostic tool to predict outcomes in patients with MM. This study intended to predict the relationship between lncRNA and MM pathogenic genes through the oncogene pathway by targeting 33 oncogenes and suppressor genes that have been published and confirmed to be related to the pathogenesis of MM. Two parts of the ncRNAs were obtained, including known genes and novel genes, through high-throughput sequencing. In this study, the novel genes were focused to further clarify the biological characteristics of ncRNAs in MM. Target genes and DE lncRNAs were analyzed using cis and trans target prediction, respectively. Among these, two novel lncRNAs were selected and verified by PCR. These two novel lncRNAs had no annotations in the existing database. Two new lncRNAs were found to be associated with oncogenes: MSTRG.155519, a new upstream molecule in the pathway of MM, and CEACAM1, the downstream regulatory gene of MSTRG.155519, which was found through the prediction of lnc_TransTar.xlslncRNA.CEACAM1, known as CD66a (cluster of differentiation 66a), are members of the carcinoembryonic antigen family and the only CD66 abnormally expressed on the surface of plasmacytes. Members of the immunoglobulin superfamily assume a double status in malignancies (Calinescu et al., 2018). Previous researches have shown a higher expression of CEACM1 in MM. Extramedullary lesions were associated with CEACAM1 (Josef et al., 2010; Guinn et al., 2011; Johnson and Mahadevan, 2015; Xu et al., 2018). The other novel lncRNA was MSTRG.13132, related to FAM46C, the downstream pathway of MSTRG.13132. Partial deletion of the short arm (1p) of chromosome FAM46C:1 frequently occurs in MM. The common segments are 1 p32.3, 1 p31.3, 1 p22.1–1 p21.3, and 1 p12. Among these, homozygous deletion of 1 p12 (FAM46C) is one of the most valuable areas for research and may act as a tumor inhibitor in MM (Mroczek et al., 2017; Zhu et al., 2017; Ryland et al., 2018; Walker et al., 2018). Previous studies found that wild-type FAM46C could induce growth inhibition and apoptosis of MM cells. The viability of the cells decreased by 50–80% in 6 days in MM cell lines. The overexpression of FAM46C shortened the survival time of MM cells by downregulating the expression of interferon regulatory factor-4 and MYC (Zhu et al., 2017). These studies confirmed that the expression of FAM46C could induce MM growth inhibition and apoptosis and was crucial in the occurrence, development, and apoptosis of MM. lncRNAs, which regulate these MM oncogenes, could be potential therapeutic targets for MM. A recent study analyzed the expression profiles of lncRNAs in MM by reusing the publicly available microarray data exposed in the database. Bioinformatics analysis was used to predict the biological functions of prognostic lncRNAs (Zhou et al., 2015). In our study, the expression of ncRNA was monitored by sequencing, and the relationship between oncogenes and lncRNAs was obtained by analyzing the data in cis and trans forms.

At present, lncRNA and circRNA have been found to regulate mRNA expression via different mechanisms. A specific transcriptome library and an sRNA library were constructed at the same time to realize the standardized analysis of mRNA, lncRNA, circRNA, and miRNA so as to examine the interactive regulation of various ncRNAs. Besides the analysis of the four types of ncRNAs, the prediction and analysis of ceRNA were carried out. In this study, novel lncRNA MSTRG.190620 was found to build the interaction diagram with hsa-miR-193b-3p. The qPCR results were consistent with the sequencing results of related miRNAs (hsa-miR-193b has been confirmed to be involved in the pathogenesis of malignant tumors) (Wang et al., 2016; Song et al., 2018; Lin et al., 2019). This study speculated using sequence analysis that ceRNA was associated with the lncRNA–miRNA–mRNA network. The results revealed that miR-193b-3p (upregulated in MM) and the novel lncRNA MSTRG.190620 constituted ceRNAs in malignant plasma cell. Hsa-miR-193b-3p was found to be upregulated in different non-viral vectors and could thus be used as a potential target in the non-viral cancer gene treatment (Lin et al., 2019).

In our study, circRNAs were detected. Emerging evidence showed the presence of circRNA with a closed-ring structure in human cells, and endogenous circRNA-regulated gene expression acted as a molecular sponge and thus restrained their function by binding to miRNAs or other molecules. CircRNAs in human cells might be important in the development of tumors. Although the expression of circRNAs was detected in this study, it is still in the early stage of research; the results of our circRNA are all unknown, and little information is found on the annotation of circRNAs. Therefore, the biological functions of these circRNAs in both physiological and pathological processes in MM need to be further explored.

A new data analysis model was proposed in this study due to the predictive role and mutual regulated relationship of lncRNA, miRNA, circRNA, and mRNA in MM pathogenesis. The present study showed that ncRNAs were completely provided by the whole-genome sequencing method. This study also provided a catalog and information of the predicted differential expression of ncRNAs in MM cells and identified several genes associated with the pathogenesis of MM by sequencing, thus contributing to the further exploration of ncRNAs in MM. In this study, the specific expression of ncRNAs in malignant plasma cells was different from the bone marrow stromal cells, indicating that MM cells have different biological characteristics. The next step should be to study proteomics and related signaling pathways of these predicted ncRNAs, which might fully elucidate the underlying mechanism of MM, and ncRNAs might become an index to evaluate MRD.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Chao-Yang Hospital, Capital Medical University (Beijing, China). The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

ML and WC conceptualized this study. ML worked on the methodology, helped in writing and preparing the original draft, and participated in visualization. YW helped in software application and helped in data curation. WG carried out the validation. YT conducted the formal analysis. GW participated in the investigation. AL collected the resources. WC participated in writing, reviewing, and editing, helped in supervision, and carried out the project administration. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by the Yangfan Project Special Foundation of Beijing Hospital Authority (ZXLY201606).



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2021.625019/full#supplementary-material


FOOTNOTES

1
http://www.ensembl.org/index.html

2
http://ccb.jhu.edu/software/hisat2/index.shtml

3
http://www-huber.embl.de/users/anders/HTSeq/doc/overview.html

4
http://www.bioconductor.org/packages/release/bioc/html/DESeq.html

5
http://geneontology.org/

6
http://www.kegg.jp/


REFERENCES

Ahmad, N., Haider, S., Jagannathan, S., Anaissie, E., and Driscoll, J. J. (2014). MicroRNA theragnostics for the clinical management of multiple myeloma. Leukemia 28, 732–738. doi: 10.1038/leu.2013.262

Amodio, N., D’Aquila, P., Passarino, G., Tassone, P., and Bellizzi, D. (2017). Epigenetic modifications in multiple myeloma: recent advances on the role of DNA and histone methylation. Expert. Opin. Ther. Targets 21, 91–101. doi: 10.1080/14728222.2016.1266339

Amodio, N., Stamato, M. A., Juli, G., Morelli, E., Fulciniti, M., Manzoni, M., et al. (2018). Drugging the lncRNA MALAT1 via LNA gapmeR ASO inhibits gene expression of proteasome subunits and triggers anti-multiple myeloma activity[J]. Leukemia 32, 1948–1957. doi: 10.1038/s41375-018-0067-3

Arjumand, W., Asiaf, A., and Ahmad, S. T. (2018). Noncoding RNAs in DNA damage response: opportunities for cancer therapeutics. Methods Mol. Biol. 1699, 3–21. doi: 10.1007/978-1-4939-7435-1_1

Benetatos, L., Dasoula, A., Hatzimichael, E., Georgiou, I., Syrrou, M., and Bourantas, K. L. (2008). Promoter hypermethylation of the MEG3 (DLK1/MEG3) imprinted gene in multiple myeloma. Clin. Lymphoma Myeloma 8, 171–175. doi: 10.3816/CLM.2008.n.021

Bolli, N., Biancon, G., Moarii, M., Gimondi, S., Li, Y., de Philippis, C., et al. (2018). Analysis of the genomic landscape of multiple myeloma highlights novel prognostic markers and disease subgroups. Leukemia 32, 2604–2616. doi: 10.1038/s41375-018-0037-9

Bountali, A., Tonge, D. P., and Mourtada-Maarabouni, M. (2019). RNA sequencing reveals a key role for the long non-coding RNA MIAT in regulating neuroblastoma and glioblastoma cell fate. Int. J. Biol. Macromol. 130, 878–891. doi: 10.1016/j.ijbiomac.2019.03.005

Calinescu, A., Turcu, G., Nedelcu, R. I., Brinzea, A., Hodorogea, A., Antohe, M., et al. (2018). On the dual role of carcinoembryonic antigen-related cell adhesion molecule 1 (CEACAM1) in human malignancies. J. Immunol. Res. 2018:7169081. doi: 10.1155/2018/7169081

Cech, T. R., and Steitz, J. A. (2014). The noncoding RNA revolution-trashing old rules to forge new ones. Cell 157, 77–94. doi: 10.1016/j.cell.2014.03.008

Chandra Gupta, S., and Nandan Tripathi, Y. (2017). Potential of long non-coding RNAs in cancer patients: from biomarkers to therapeutic targets. Int. J. Cancer 140, 1955–1967. doi: 10.1002/ijc.30546

Cho, S. F., Chang, Y. C., Chang, C. S., Lin, S. F., Liu, Y. C., Hsiao, H. H., et al. (2014). MALAT1 long non-coding RNA is overexpressed in multiple myeloma and may serve as a marker to predict disease progression. BMC Cancer 14:809–817. doi: 10.1186/1471-2407-14-809

Dahai, L., Jianfeng, W., and Meihan, L. (2019). Long noncoding RNA TUG1 promotes proliferation and inhibits apoptosis in multiple myeloma by inhibiting miR-29b-3p. Biosci. Rep. 39:BSR20182489. doi: 10.1042/BSR20182489

Drak Alsibai, K., and Meseure, D. (2018). Tumor microenvironment and noncoding RNAs as co-drivers of epithelial-mesenchymal transition and cancer metastasis. Dev. Dyn. 247, 405–431. doi: 10.1002/dvdy.24548

Fatica, A., and Bozzoni, I. (2014). Long non-coding RNAs: new players in cell differentiation and development. Nat. Rev. Genet. 15, 7–21. doi: 10.1038/nrg3606

Fishilevich, S., Nudel, R., Rappaport, N., Hadar, R., Plaschkes, I., Iny Stein, T., et al. (2017). GeneHancer: genome-wide integration of enhancers and target genes in GeneCards. Database (Oxford), 2017:bax028. doi: 10.1093/database/bax028

Forrest, M. E., and Khalil, A. M. (2017). Review: regulation of the cancer epigenome by long non-coding RNAs. Cancer Lett. 407, 106–112. doi: 10.1016/j.canlet.2017.03.040

Friedman, R. C., Farh, K. K., Burge, C. B., and Bartel, D. P. (2009). Most mammalian mRNAs are conserved targets of microRNAs. Genome Res. 19, 92–105. doi: 10.1101/gr.082701.108

Garzon, R., Marcucci, G., and Croce, C. M. (2010). Targeting microRNAs in cancer: rationale, strategies and challenges. Nat. Rev. Drug Discov. 9, 775–789. doi: 10.1038/nrd3179

Gonzalez-Gugel, E., Villa-Morales, M., Santos, J., Bueno, M. J., Malumbres, M., Rodriguez-Pinilla, S. M., et al. (2013). Down-regulation of specific miRNAs enhances the expression of the gene smoothened and contributes to T-cell lymphoblastic lymphoma development. Carcinogenesis 34, 902–908. doi: 10.1093/carcin/bgs404

Guinn, B. A., Bosslet, K., Lee, C., Richardson, D., and Orchard, K. (2011). Expression of CD66 in non-Hodgkin lymphomas and multiple myeloma. Eur. J. Haematol. 87, 554–555. doi: 10.1111/j.1600-0609.2011.01698.x

Guttman, M., Donaghey, J., Carey, B. W., Garber, M., Grenier, J. K., Munson, G., et al. (2011). lincRNAs act in the circuitry controlling pluripotency and differentiation. Nature 477, 295–300. doi: 10.1038/nature10398

Handa, H., Kuroda, Y., Kimura, K., Masuda, Y., Hattori, H., Alkebsi, L., et al. (2017). Long non-coding RNA MALAT1 is an inducible stress response gene associated with extramedullary spread and poor prognosis of multiple myeloma. Br. J. Haematol. 179, 449–460. doi: 10.1111/bjh.14882

Hu, G., Niu, F., Humburg, B. A., Liao, K., Bendi, S., Callen, S., et al. (2018). Molecular mechanisms of long noncoding RNAs and their role in disease pathogenesis. Oncotarget 9, 18648–18663. doi: 10.18632/oncotarget.24307

Isin, M., Ozgur, E., Cetin, G., Erten, N., Aktan, M., Gezer, U., et al. (2014). Investigation of circulating lncRNAs in B-cell neoplasms. Clin. Chim. Acta 431, 255–259. doi: 10.1016/j.cca.2014.02.010

Johnson, B., and Mahadevan, D. (2015). Emerging role and targeting of carcinoembryonic antigen-related cell adhesion molecule 6 (CEACAM6) in human malignancies. Clin. Cancer Drugs 2, 100–111. doi: 10.2174/2212697X02666150602215823

Johnsson, P., Lipovich, L., Grander, D., and Morris, K. V. (2014). Evolutionary conservation of long non-coding RNAs; sequence, structure, function. Biochim. Biophys. Acta 1840, 1063–1071. doi: 10.1016/j.bbagen.2013.10.035

Josef, K., Heidi, M., Robert, P., Pavel, K., and Marek, T. (2010). Expression of CD66 in non-Hodgkin lymphomas and multiple myeloma. Eur. J. Haematol. 85, 496–501. doi: 10.1111/j.1600-0609.2010.01529.x

Karreth, F. A., Reschke, M., Ruocco, A., Ng, C., Chapuy, B., Leopold, V., et al. (2015). The BRAF pseudogene functions as a competitive endogenous RNA and induces lymphoma in vivo. Cell 161, 319–332. doi: 10.1016/j.cell.2015.02.043

Kortuem, K. M., Braggio, E., Bruins, L., Barrio, S., Shi, C. S., Zhu, Y. X., et al. (2016). Panel sequencing for clinically oriented variant screening and copy number detection in 142 untreated multiple myeloma patients. Blood Cancer J. 6:e397. doi: 10.1038/bcj.2016.1

Kortüm, K. M., Langer, C., Monge, J., Bruins, L., Egan, J. B., Zhu, Y. X., et al. (2015). Targeted sequencing using a 47 gene multiple myeloma mutation panel (M(3) P) in -17p high risk disease. Br. J. Haematol. 168, 507–510. doi: 10.1111/bjh.13171

Li, S., Chen, X., Liu, X., Yu, Y., Pan, H., Haak, R., et al. (2017). Complex integrated analysis of lncRNAs-miRNAs-mRNAs in oral squamous cell carcinoma. Oral Oncol. 73, 1–9. doi: 10.1016/j.oraloncology.2017.07.026

Lin, C. W., Jan, M. S., and Kuo, J. S. (2019). The microRNA expression profiles in extracellular vesicles from HeLa cancer cells in response to cationic lipid- or polyethylenimine-mediated gene delivery. J. Drug Target 27, 94–102. doi: 10.1080/1061186X.2018.1491977

Ling, H., Vincent, K., Pichler, M., Fodde, R., Berindan-Neagoe, I., Slack, F. J., et al. (2015). Junk DNA and the long non-coding RNA twist in cancer genetics. Oncogene 34, 5003–5011. doi: 10.1038/onc.2014.456

Lionetti, M., and Neri, A. (2017). Utilizing next-generation sequencing in the management of multiple myeloma. Expert Rev. Mol. Diagn. 17, 653–663. doi: 10.1080/14737159.2017.1332996

Liu, Z., Wang, H., Cai, H., Hong, Y., Li, Y., Su, D., et al. (2018). Long non-coding RNA MIAT promotes growth and metastasis of colorectal cancer cells through regulation of miR-132/Derlin-1 pathway. Cancer Cell Int. 18:59. doi: 10.1186/s12935-017-0477-8

Lu, M., Hu, Y., Wu, Y., Zhou, H., Jian, Y., Tian, Y., et al. (2019). Genome-wide discovery and characterization of long noncoding RNAs in patients with multiple myeloma. BMC Med. Genomics 12:135. doi: 10.1186/s12920-019-0577-5

Luan, T., Zhang, X., Wang, S., Song, Y., Zhou, S., Lin, J., et al. (2017). Long non-coding RNA MIAT promotes breast cancer progression and functions as ceRNA to regulate DUSP7 expression by sponging miR-155-5p. Oncotarget 8, 76153–76164. doi: 10.18632/oncotarget.19190

Mroczek, S., Chlebowska, J., Kulinski, T. M., Gewartowska, O., Gruchota, J., Cysewski, D., et al. (2017). The non-canonical poly(A) polymerase FAM46C acts as an onco-suppressor in multiple myeloma. Nat. Commun. 8:619. doi: 10.1038/s41467-017-00578-5

Rajkumar, S. V., Dimopoulos, M. A., Palumbo, A., Blade, J., Merlini, G., Mateos, M. V., et al. (2014). International Myeloma Working Group updated criteria for the diagnosis of multiple myeloma. Lancet Oncol. 15, e538–e548. doi: 10.1016/S1470-2045(14)70442-5

Ronchetti, D., Agnelli, L., Pietrelli, A., Todoerti, K., Manzoni, M., Taiana, E., et al. (2018). A compendium of long non-coding RNAs transcriptional fingerprint in multiple myeloma. Sci. Rep. 8:6557. doi: 10.1038/s41598-018-24701-8

Ronchetti, D., Agnelli, L., Taiana, E., Galletti, S., Manzoni, M., Todoerti, K., et al. (2016). Distinct lncRNA transcriptional fingerprints characterize progressive stages of multiple myeloma. Oncotarget 7, 14814–14830. doi: 10.18632/oncotarget.7442

Ryland, G. L., Jones, K., Chin, M., Markham, J., Aydogan, E., Kankanige, Y., et al. (2018). Novel genomic findings in multiple myeloma identified through routine diagnostic sequencing. J. Clin. Pathol. 71, 895–899. doi: 10.1136/jclinpath-2018-205195

Shehata, A. M. F., Kamal Eldin, S. M., Osman, N. F., and Helwa, M. A. (2020). Deregulated expression of long non-coding RNA HOX Transcript Antisense RNA (HOTAIR) in Egyptian patients with multiple myeloma. Indian J. Hematol. Blood Transfus. 36, 271–276. doi: 10.1007/s12288-019-01211-9

Song, B., Du, J., Song, D. F., Ren, J. C., and Feng, Y. (2018). Dysregulation of NCAPG, KNL1, miR-148a-3p, miR-193b-3p, and miR-1179 may contribute to the progression of gastric cancer. Biol. Res. 51:44. doi: 10.1186/s40659-018-0192-5

Taiana, E., Ronchetti, D., Favasuli, V., Todoerti, K., Manzoni, M., Amodio, N., et al. (2019). Long non-coding RNA NEAT1 shows high expression unrelated to molecular features and clinical outcome in multiple myeloma. Haematologica 104, e72–e76. doi: 10.3324/haematol.2018.201301

Tsai, M. C., Manor, O., Wan, Y., Mosammaparast, N., Wang, J. K., Lan, F., et al. (2010). Long noncoding RNA as modular scaffold of histone modification complexes. Science 329, 689–693. doi: 10.1126/science.1192002

Walker, B. A., Mavrommatis, K., Wardell, C. P., Ashby, T. C., Bauer, M., Davies, F. E., et al. (2018). Identification of novel mutational drivers reveals oncogene dependencies in multiple myeloma. Blood 132, 587–597. doi: 10.1182/blood-2018-03-840132

Wang, F., Lu, J., Peng, X., Wang, J., Liu, X., Chen, X., et al. (2016). Integrated analysis of microRNA regulatory network in nasopharyngeal carcinoma with deep sequencing. J. Exp. Clin. Cancer Res. 35:17. doi: 10.1186/s13046-016-0292-4

Wang, K. C., and Chang, H. Y. (2011). Molecular mechanisms of long noncoding RNAs. Mol. Cell 43, 904–914. doi: 10.1016/j.molcel.2011.08.018

Winter, J., Jung, S., Keller, S., Gregory, R. I., and Diederichs, S. (2009). Many roads to maturity: microRNA biogenesis pathways and their regulation. Nat. Cell Biol. 11, 228–234. doi: 10.1038/ncb0309-228

Xu, J., Liu, B., Ma, S., Zhang, J., Ji, Y., Xu, L., et al. (2018). Characterizing the tumor suppressor role of CEACAM1 in multiple myeloma. Cell Physiol. Biochem. 45, 1631–1640. doi: 10.1159/000487730

Zhang, H. D., Jiang, L. H., Sun, D. W., Hou, J. C., and Ji, Z. L. (2018). CircRNA: a novel type of biomarker for cancer. Breast Cancer 25, 1–7. doi: 10.1007/s12282-017-0793-9

Zhang, T., and Huang, W. (2015). Progress in competing endogenous RNA and cancer. J. Cancer Ther. 6, 622–630.

Zhou, F., Wang, D., Wei, W., Chen, H., Shi, H., Zhou, N., et al. (2020). Comprehensive profiling of circular RNA expressions reveals potential diagnostic and prognostic biomarkers in multiple myeloma. BMC Cancer 20:40. doi: 10.1186/s12885-020-6515-2

Zhou, M., Zhao, H., Wang, Z., Cheng, L., Yang, L., Shi, H., et al. (2015). Identification and validation of potential prognostic lncRNA biomarkers for predicting survival in patients with multiple myeloma. J. Exp. Clin. Cancer Res. 34:102. doi: 10.1186/s13046-015-0219-5

Zhou, Y., Zhong, Y., Wang, Y., Zhang, X., Batista, D. L., Gejman, R., et al. (2007). Activation of p53 by MEG3 non-coding RNA. J. Biol. Chem. 282, 24731–24742. doi: 10.1074/jbc.M702029200

Zhu, Y. X., Shi, C. X., Bruins, L. A., Jedlowski, P., Wang, X., Kortum, K. M., et al. (2017). Loss of FAM46C promotes cell survival in myeloma. Cancer Res. 77, 4317–4327. doi: 10.1158/0008-5472.CAN-16-3011


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 Lu, Wu, Gao, Tian, Wang, Liu and Chen. 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.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Novel Non-coding RNA Analysis in Multiple Myeloma Identified Through High-Throughput Sequencing



		INTRODUCTION



		MATERIALS AND METHODS



		Patients and Cell Samples of Bone Marrow



		RNA Sequencing and Identification of DE lncRNAs



		RNA Sequencing and Identification of DE miRNAs



		RNA Sequencing and Identification of DE circRNAs



		Enrichment Analysis of Gene Ontology and Kyoto Encyclopedia of Genes and Genomes Pathway



		ceRNA Sequencing



		Quantitative Real-Time Reverse Transcriptase–PCR







		RESULTS



		Clinical Characteristics of Patients With MM



		Expression Distribution Statistics



		DE (Differentially Expressed) ncRNAs and mRNAs



		Functional Prediction of DE ncRNAs



		qPCR Verification of lncRNAs



		Carcinogenic Pathway and lncRNAs



		Analysis of the Regulatory Network of ncRNAs and mRNAs (ceRNAs)







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/fgene-12-625019-g009.jpg
KEGG

Hematopoietic cell lineage
Systemic lupus erythematosus
Osteoclast differentiation
Malaria
Th17 cell differentiation
Natural killer cell mediated cytotoxicity
Cell adhesion molecules (CAMs)
Cytokine—cytokine receptor interaction
Alcoholism
Staphylococcus aureus infection
Th1 and Th2 cell differentiation
Leishmaniasis
Chemokine signaling pathway
Chagas disease (American trypanosomiasis)
Inflammatory bowel disease (| g
Tuberculosis
T cell receptor signaling pathway
Asthma
Acute myeloid leukemia
African trypanosomiasis
Viral carcinogenesis
Primary immunodeficiency
Allograft rejection
Phagosome
Fc epsilon Rl signaling pathway
Pathways in cancer
Rap1 signaling pathway
Graft-versus—host disease
Amoebiasis
Sphingolipid signaling pathway
Rheumatoid arthritis
Fc gamma R-mediated phagocytosis
NF-kappa B signaling pathway
Antigen processing and presentation
Measles
Platelet activation
HTLV-I infection
Type |l diabetes mellitus
Apoptosis
Pertussis
Insulin resistance
Adipocytokine signaling pathway
Leukocyte transendothelial migration
Transcriptional misregulation in cancer
Inflammatory mediator regulation of TRP channels
Cholinergic synapse
FoxO signaling pathway
Type | diabetes mellitus
Colorectal cancer
Adherens junction
Progesterone—-mediated oocyte maturation
Relaxin signaling pathway
ak-STAT signaling pathway
GE-RAGE signaling pathway in diabetic complications
Complement and coagulation cascades
Toll-like receptor signaling pathway
Viral myocarditis
Salmonella infection
Aldosterone-regulated sodium reabsorption
Gastric cancer
Autoimmune thyroid disease
Breast cancer
Circadian entrainment
Regulation of actin cytoskeleton
Longevity regulating pathway
PI3K-Akt signaling pathway
Morphine addiction
Proteoglycans in cancer
B cell receptor signaling pathway
cAMP signaling pathway
gp ulation of lipolysis in adipocytes
APK signaling pathway
Prostate cancer
Endocrine resistance
Glutamatergic synapse
TNF signaling pathway
Carbohydrate digestion and absorption
AMPK signaling pathway
Neurotrophin signaling pathway
Toxoplasmosis
Starch and sucrose metabolism
Axon guidance
Focal adhesion
Central carbon metabolism in cancer
Phospholipase D signaling pathway
Influenza A
Intestinal immune network for IgA production
Hepatitis B
IL-17 signaling pathway
Protein processing in endoplasmic reticulum
Neuroactive ligand-receptor interaction
Neomycin, kanamycin and gentamicin biosynthesis
Thyroid cancer
Kaposi sarcoma-associated herpesvirus infection
Prolactin signaling pathway
Thyroid hormone synthesis
Dopaminergic synapse
Fluid shear stress and atherosclerosis
Nf)OptOSIS — multiple species
elanogenesis
Gastric acid secretion
MicroRNAs in cancer
’_‘ Lysosome
|
[

Amino sugar and nucleotide sugar metabolism
Glycosphingolipid biosynthesis — lacto and neolacto series
Insulin secretion





OPS/images/fgene-12-625019-g008.jpg
Saoug0 JO JoqUINN

N oo
O 00 —
o I~ O N
A — N O
c i
wn
.0
-d
-
.m_
|
ol ©
==
O
—m
7
v
0]
o]
2
o| S
Dl
cC |2
|
n|l=
O|.C
Q|
et
=
)
=
o
o
-
o
(O]
7l
0
=
8
1] 15 | £}
o o o o o
S 00 O 3 ~

Souo9) JO Juad.Ud9d

100, 113
Iy Wy, c@n&w&
QO\Qw Y] .\m\b





OPS/images/fgene-12-625019-g007.jpg
Sauao JO JaqquINN

N
I~ N 5
nmM NS
— O £ O
00 F —
- i
m -
.m
)
(&)
— o
,.m_
| -
el ©
==
(O
— 9
(7))
wnv
1)
(@)
o
—
o S
V| ©
cC |9
| 3
S —
0|9
Q|
et
=
Y]
-
o
o
=
o
(@)
|
)
=
Y
i B s 3 £ir “IF
o o ) o o
S o0 O s ~

Souo9) JO Ju=ad.Udad





OPS/images/fgene-12-625019-g006.jpg
- Color Ke

Il

it H

_______ j

__;__ ﬁ__ ‘__ |

g
it __g__,ﬁ

il ! b
I

baupsr H
bauor o
baugesD 7
baun 7
bauzer z
BauLedA @
BauoyIX N
bauzsdr z
sodpsr H
sodor ©
sodeclH
bauggiH 1
sodn 7
sodoyIX N
sodg6er Z
sodl6dA @
sodzG4r Z
sodg6SO Z
baulgxA z
sodL9XA Z





OPS/images/fgene-12-625019-g005.jpg
10

0
Value

- Color Ke

-10

IR LITY __

,F_,.. :

baupsr H
bauor
BauledA @
Bauger z
Bauor X N
baugesy Z
baun 7
bauLgxXA Z
Bausgdr z
sodpsr H
baugelH 1
sodgelH T
sodn 7
sodor ©
sod;G4dr Z
sodgesO Z
sodL9XA Z
sodl6dA @
sodopIX W
sodzer Z





OPS/images/fgene-12-625019-g004.jpg
BausGdr 7
baugeso z
baud7 Z
Bauger z
baupsr H
Bauoy X N
BaupedA @
bauor ®
sodl6dA A
sodgesSO Z
sodo7 Z
sod;g4dr Z
sodor ©

sodoyIX N
sodz6r Z
sodpsr H

BauLoxA Z
sod9gXA Z
sodec1H 1
BauceIH 1






OPS/images/fgene-12-625019-g003.jpg





OPS/images/fgene-12-625019-g013.jpg
MSTRG.13132

MSTRG.155519

<

sod )] 7
8aunH] 7
sod O¥1X N
8au ovIX N
sodHr o
82uOr o
sod 665D Z
89U G6SD Z
sod z61 Z
8au Z61r1 Z
sod T6dA Q
3au T6dA @
sod T9XA Z
89U TOXA Z
sod /G4 Z
88U £G4r Z
sod S H
3au g1 H
sodgglH 1
8augelH T

o
o
0

T

O O O O O O
O O O O O O
O N < M AN

sanjijuenb anne|ay

700

sod )7 Z
8au D 7

m sod oy1X W

=3

3au ov1IX W
sod D O
8auDr o
sod G6SD Z
89U 665D Z
sod Z61r Z
8au Z61r Z
sod T6dA @
83U T6dA @
sod TOXA Z
89U TOXA Z
sod £G4[ Z
m Bau /G4( 7
sod S H
| 8u pSIH
| sodgglH ]
89UgELH 1

-

-

—

2500

o
o
N

2000
1500 -
1000 -

saljijuenb aAne|ay

o





OPS/images/cover.jpg
frontiers
in Genetics

Novel Non-coding RNA Analysis
in Multiple Myeloma Identified
Through High-Throughput
Sequencing





OPS/images/fgene-12-625019-g012.jpg
MIAT

sod )7 7

8ou )7z
“OpIX N
“OrIX W
sod 21D
8audf D
- sod 565077
80U G657
' sod 7611 Z
 8ou Z611 2
| sod T6dA™Q
80U T6dA G
' sod T9XA Z
- 80U TOXA Z
' sod /5417
- 82U /G417 Z
| sod pSIH
- 8au S H
- sodggIH T

700

| I
o o
S O
O
sallijuenb aAne|ay

I

200 -
100 -

o
o
(a0}

400 -

gaugelH 1

o





OPS/images/fgene-12-625019-g011.jpg
on

r

De

Viral myocarditis -

Viral carcinogenesis -

Type Il disbetes mellitus -

Type | diabetes mellitus =

Tuberculosis =

Transcriptional misregation in cancer =
Toxoplasmosis -

Toll-like receptor signaling pathway -

TNF signaling pathway -

Thyrold hormone synthecsis -

Thyrold cancer-

Th1 and Th2 cell differentation-

Thi7 cell differentdation -

T cell receptor signaling pathway -

Systemic bipus erythematosus -

Starch and sucrose metabolism -
Staphylococcus aureus Infection =
Sphingolipid signaling pathway =
Salmonella infection -

Rheumnatcld arthrits -

Relaxin signaling pathway -

Regudation of lipalysis in adipocytes =
Regdation of actin cytoskeleton =

Rap1 signaling pathway -

Proteagycans in cancer=

Proteln proceseing in endoglasmic reticdum =
Prostate cancer -

Prolactin signaling pathway -
Progesterone-medated oocyle maturation -
Primary immunodeficiency -

Platelet activation=

PI3K-Akt signaling pathway =
Phospholipase D signaling pathway -
Phagoscme -

Pertuscis -

Pathways In cancer -

Osteoclast differentiation -

NF-kappa B signaling pathway -
Neurotrophin signaling pathway -
Neuroactive ligand—.v“,,.v. imeraction-
Neomycin, kanamydn and gentamicin bicsynthesis -
Natural killer cell mediated cytotoxdcity -
Morphine addiction -

MicroRNAs in cancer -

Melanogenesis -

Meades -

MAPK signaling pathway =

Malaria-

Lysosome -

Longevity regulating pathway -

Leukocyte transendothelial migration-
Lelshmaniasis-

Kaposi sarcoma-associated herpesvirus infection-
Jak-STAT signaling pathway -

Intestinal Immune network for IgA production =
Insulin secretion -

Insuin resistance -

Influenza A~

Inflammatory mediator regdation of TRP charrels -
Inflammatory bowel dseasze (IBD) -

IL-17 signaling pathway -

HTLV-I infection-

Hepatitis B

Hematopaietic cell lineage =
Graft-versus-host disease -
Clycoaphingolipid blosynthesis - lacto and neolacto seres -
Glutamatergc synapse -

Gastric cancer-

Gastric acid secretion-

FoxO signaling pathway -

Focal adhesion-

Fluld shear stress and atherosclerosis =

Fc gamma R-medated phagocytosis =

Fc epslion Rl signaling pathway =

Endocrine resistance -

Dopaminergc synapso -

Cytokine-cytokine receptor interaction =
Complement and coagulation cascades =
Cclorectal cancer-

Circadian entralnment -

Chalinergc synapse -

Chemokine signaling pathway -

Chagas dsease (Amerkan trypanosomiacis) -
Central carbon metaboliem in cancer -

Cell adhesion molecues (CAMs) =
Carbohydrate dgesticn and absorption =
cAMP signaling pathway =

Breast cancer -

B cell receptor signaling pathway -

Axon guddance -

Autoimmune thyrcid disease =

Asthma-

Apoptosis — mutiple spedes -

Apoplosis -

Antigen processing and presentation -
AMPK signaling pathway -

Amoebiasis -

Amino sugar and nucleotide sugar metabolism -
Allograft rejection =

Aldosterone-regulated sodium reabsorption =
Alcoholism =

AGE-RAGE signaling pathway In diabetic complicaticns -
frican trypanoscmiacis -

Adipocytokine signaling pathway -
Adherens junction -

Acute myelcld leukemia-

The Enrichment of KEGG

4
Rich_Ratio






OPS/images/fgene-12-625019-g010.jpg
KEGG

Endocytosi

Cy!oklne cytoklne receplor interaction
Proteoglycans in cancer

HTLso? fechon

Jak-STAT signaling pathway
cAMP ﬂgnahng pathway
NF-k: B signaling pathway

MAPk 5|gnallng palhway
ysosome

3xytocm signali way

-‘K pertrophic car xomyopalhy (HCM)
ronic myeloid leukemia

Axonguldance
Focal adhesi

Insulin secreuon

Adrene signal Ing in cardlomyocytes
Prolactin sagnallngp |h way

Calcium sngnallng pathway

PI3K-Ak nallng palhway

Protein dug stion and absorp!

Dilated cardiomyopathy

qucokss / GIuconeogenesns

Mea:
I'NF sgnalmg palhway
Proslate cancer =
Complement and co: gulahon cascades
Osleoclast dlfferenhahon

hlolmergﬁ synap:

patny { )

naling pa!hway
hyroid ormone synthesi:
erotonergic syn
Iulamaterglc s napse
aling palhway

%

psleln-Barr virus infection

WT- receptor sigr -mm%I pa(hway

oI —Ilke eceplors naling pa!hway

¢ epsilon Rl signaling pathway

Aetabolism of xanobmhcs by cytochroma P450
Nalur I kl| mediated cytoto:

Hemalo |ehc cell lineage

Fauy po tabolism o

t h 5|g lmg pathway

Basgl cell carcinoma

Other 1y 10

hyroid ca
ErbB S|gnahng pathway
Hippo signaling palhway
Dopaminergic synaps:
Chagas dlsease (Amencan trypanosomiasis)
Retrograde endocannabinoid signali
Various types of N-glycan biosynthesis
Cocaine addiction
RIG-I-like receptor signaling pathway

VIeI lanogenesis
Primaj |mmunodef|c|ency
Peroxis:

regulation of TRP channels
Morphine addlc( on =
Non-small cell Iung cancer
Wnt sngnallng thway
£ ecepto ;I nleracl’llon
slrogen signaling pathway
Olfaclory lransductP n
etabolism - cylochrome P450
Vlr carcmogenesns
N-Glycan biosynthesis
Prion diseases
Malari
Ald b
Pentose and glucuronate interconversions
Amphetamme addiction
gamma R-mediated phagocylosis
Glycerollpxd metabolism
FF-’I dgehog sngnalmg pathway
Rap1 s-g ng pathw:
Starch and sucrose melabohsm
Central carbon metabolism in cancer
dherensj nct |o

po e -

Insulin si nall pa(hway

Auin o9 9 ng

Platelet activatiof

Leuk ocyle (ransendc!hellal migralion
Chemical carcmggenes

Fally acid deg
Endometrial ¢;
Bacterial i mvas:on ol epithelial cells
Hepatitis B
Pancreallcca ncer

ertussis
Inflamma(ory bowel disease (IBD)
Butanoate metabolism
Path ic Esc henchlacollmfectlon
Sphmgoli dmelab
Incsitol phosphate matabolism
Glycosaminogl, biosynthesis - hep: Ifate / hep:

GnRH signaling pathway
Tryptophan metabo
Vahne Ieucma and. |soleucme degradauon

Circadian entrainment
Regulation of aclin cytoskelet
Intestinal immune network for IgA production
'gﬁe Il diabetes melmus
er glycan degr. :’11
a

F sng alin:
Punne metal
Typel dlabeles mellltus
Progesterone-mediated cocyte maturation
Pmpan oale metabolism
Staphylococcus aureus infection
African trypanosomiasis
Falll acid elongation
Methane metabolism
Fructose and mannose metabolism

s"s of secondar{ metabohles
Glycosphln r
Biosynthesis ol antibiotics

Panlo henale and CoA btosynlhesis_

APK signaling pathway — ily
Primary bile aciy bacsynlhess
Carbon hxah n in pholosymhehc organisms

GABAe
NOD-Ilke receplors naling pathway
Glycosamlnogl <?egra?ahen y

homologous end—jo ning
|1 ioma
Toxoplasmosis
Long-term depression
Nicotine addiction
Nicotinate and nicotinamide metabolism
Choline melabolusm in cancer
AIIo?raII rejec
hosl disease

Levshmanlas:s
IB\utom\mune thyroid disease

ABC transporte
Amino sugar and nucleolide sugar metabolism
_(I_Dysr:eme and methionine metabolism

lg t

Gal aclose me tabolis
Terpenoid backbone biosynlhesns
beta-Alanine metabolism

GMP KG sngnalmg palhw y

secretion

Drug mel lism - other enzymes
Slero:d biosynthesi
gh?‘sphandyhnosnol signaling system

Long-term potentiation

3astric aci secreticn

ysine degra

arbohydrate d:gesuon and absorpnon

Acule myelond leukemia
Fanconi |anem| thway

C
as sngnalmg
Lalycosphmgollprd hosynlhesns ganglio series
'\Gﬁly golipid biosynthesis - globo and isoglobo series
lan:
Ovanan sIerosdogenesns
Glycosamlnoglycan blosynlhesus keratan sulfate

Sulfur re|ay system
TGF-beta signaling palhway
Remn—-anglolensm

ippo signaling pal |h ﬂy
Vascular smooth muscle contraction
Taurine and hypotaurine metabolism
anmvrin k in and ici

s I hi Faci T wel s Wata 7 d

Al
Fox! s«gnahng pathway
ladder cancel

Selenocompound metabolism
Metabolic palhways

Base excision rej

Synaptic vesicle y I

Cytosolic DNA-sensing pathway
Rheumatoid arthnlls

Pyrimidine m bo

Colorectal can

Ammoacyl lRNA b|osynlheS|s

CelI 1
Qoc yle meiosis
3‘5’3?“'“'5: h
signaling pathway - yeast

Proximal tubule b< rbonate reclamation
Relmol metabolis
mRNA survelllance pathway
Steroid hormone blosyntheS|s
Falty acid biosynthe:
Taste transduction

OF, gIQIN‘NINININ

e I' o<

$E3E00550%

E-Repoy R 382

BABB 8383

mlIlw @ olm""l No

:Dl‘i-lr_:g §|N‘E': o

oI (o] 3=

<&5X ne

33L82UB8E

-a¥oc 923 5‘

F] &3 238

& 08 & Q








OPS/images/logo.jpg
’ frontiers
in Genetics





OPS/images/cross.jpg
3,

i





OPS/images/fgene-12-625019-g014.jpg
MSTRG.190620

hsa-miR-193b-3p

<

o
Tp]
o

1 I I 1 I

O O O O O O O
O n O n O un

M N N A

sanijuenb anne|ay

o
N
o

o O O O
o wn O 9w
N - o

saniuenb anne|ay

o

sod D7 Z
8au D7 7
sod op1X W
3au opIX W
sod DI O
8auOHr o
sod G650 Z
8au 665D Z
sod z611 Z
8au z61r Z
sod T6dA @
8au 16dA 4
sod T9XA Z
89U TOXA Z
sod /G4 Z
8au /641 Z
sod ¥Sf H
8au ySr H
sodgelH 1
8augelH 1

sod )1 7
8au ] 7
sod ov1X N
3au oVIX N
sodHr o
8au-Oro
sod G650 Z
83U 665D Z
sod Z611 Z
3au 611 Z
sod T6dA @
83U T6dA @
sod TOXA Z
83U TOXA Z
sod /G4 Z
8au £G41 Z
sod yS1 H
8aupsr H
sodgglH 1

| SaugelH ]





OPS/images/fgene-12-625019-g002.jpg
Density

(o]
o

e

0.6

0.4

0.2

0.0

Distrubution of Sample Expression

log2(SRPBM)

NUNBRREEN

RENRRENER

Z_JL92pos
Z_LCneg
Z_LCpos
Z_YXé61neg
Z_YXe1pos





OPS/images/fgene-12-625019-g001.jpg
Density

0.15

0.10

0.05

0.00

Distrubution of Sample Expression

log2(FPKM)

NUNBRREEN

Z_JL92pos
Z_LCneg
Z_LCpos
Z_YXé61neg
Z_YXe1pos





