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Backgrounds

Exosomes contain several types of transcripts, including long non-coding RNAs (lncRNAs), and have been shown to exert important effects in human diseases. However, the roles of exosomal lncRNAs in type 1 diabetes mellitus (T1DM) have not been well investigated. In the present study, we characterized the plasma-derived exosomal lncRNAs expression profiles of T1DM and predict their potential function in the pathogenesis of T1DM.



Material and Methods

Exosomal lncRNA expression profiles were detected by Illumina Hiseq platform (T1DM subjects N=10; age-, sex- matched Control subjects N=10). Six exosomal lncRNAs were selected to validate their expression level by using quantitative real-time PCR (qRT-PCR) (T1DM subjects N=30; age-, sex- matched Control subjects N=30). Bioinformatics analysis approaches were carried out to explore the potential biological function of differentially expressed lncRNAs.



Results

A total of 162 differentially expressed exosomal lncRNAs were identified in T1DM patients compared with control subjects, among which 77 up-regulated and 85 down-regulated. The expression level of the selected six lncRNAs didn’t show significant difference in the following qRT-PCR analysis. Gene Ontology analysis enriched terms such as activation of phospholipase D activity, neuronal cell body membrane, and calcium sensitive guanylate cyclase activator activity for cis-acting genes of lncRNAs, and metal ion binding for trans-acting genes. The most enriched Kyoto Encyclopedia of Genes and Genomes pathways for the lncRNAs were associated with oxidative phosphorylation and Parkinson’s disease for cis-acting genes, and pathways in cancer as well as focal adhesion for trans-acting genes.



Conclusions

This study characterized the lncRNA profiles of plasma-derived exosomes from T1DM for the first time and these results highlighted the potential role of exosomal lncRNAs in T1DM pathogenesis. A better understanding of exosomal lncRNA profiling will provide novel insights into its molecular mechanisms.
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Introduction

Type 1 diabetes mellitus (T1DM) is a chronic autoimmune disease characterized by absolute insulin deficiency and resultant hyperglycemia (1, 2). The incidence and prevalence of T1DM are increasing worldwide and more than 463 million people are affected (3, 4). This disease is incurable at present and patients with T1DM have to rely on lifelong insulin administration. Besides, the high prevalence of diabetic complications, such as retinopathy, nephropathy, as well as neuropathy, severely influence the life quality of T1DM patients and impose a considerable financial burden. The pathogenesis of T1DM is extremely complex and multiple factors, including genetic backgrounds, environmental triggers, and behavioral changes, may contribute to the onset and development of T1DM (5–7). An improved understanding of T1DM pathophysiology will render early identification and intervene of T1DM.

Growing evidence has suggested that a small extracellular vesicle (EV), namely exosome, plays an important role in multiple pathogenic processes, including T1DM (8). Exosomes, which can be released by virtually all cell types, are significant mediators of intercellular communication and interorgan crosstalk through transferring bioactive molecules, including proteins, lipids, and RNAs between cells (9, 10). Moreover, the content of exosomes is strictly regulated in response to all kinds of endogenous or exogenous stimulations, thus reflecting the biological events or disease conditions (11). Therefore, a better understanding of exosomes may provide a valuable target for disease diagnosis and treatment.

Long non-coding RNAs (lncRNAs), a sub-class of non-coding RNA family, have emerged as crucial regulators in multiple pathophysiological conditions (12). LncRNAs are more than 200 nucleotides in length and take part in the regulation of various cellular and biological processes, such as gene silencing, histone modifications and DNA methylation (13, 14). Accumulating evidence has highlighted the role of lncRNAs in pancreatic islets and development of T1DM (15–18). However, the research about the exosomal lncRNA is relatively lacking, especially in T1DM. Here, we investigated the plasma-derived exosomal lncRNA expression profiles in patients with T1DM and explored their biological function. This present work provided a novel insight into the pathogenesis of T1DM and laid a foundation for using exosomal lncRNAs as biomarkers and therapeutic targets for T1DM.



Materials and Methods


Study Subjects

Patients with T1DM attending the Diabetes Clinic at the Second Xiangya Hospital were recruited. The inclusion criteria of case group were as follows: (1) fulfilling the WHO diagnostic criteria for diabetes (1999); (2) acute onset and insulin dependency within 6 months after diagnosis; (3) positive for at least one following islet autoantibodies: GADA (glutamic acid decarboxylase antibody), IA-2A (protein tyrosine phosphatase antibody), or ZnTA8 (zinc transporter 8 antibody); (4) diabetes duration less than 5 years. Exclusion criteria included pregnancy, combined with other autoimmune diseases, malignant tumors, or a recent cardiovascular event. Non-diabetic subjects without autoimmune diseases, cancers, or family history of diabetes were recruited as health control. This case-control study was approved by the Ethics Committee of the Second Xiangya Hospital and all the research methods were conducted in accordance with the ethical guidelines of the Declaration of Helsinki. All the participants or their guardians indicated that they fully understand the research goals and procedures, and written informed consent was obtained. A total of 10 cases and 10 controls were included in the discovery phase. There was no significant difference in age (P=0.97) and sex (P=0.36) between two groups (Table 1). Besides, we used a new cohort (T1DM subjects N=30; age-, sex- matched Control subjects N=30) for the following qRT-PCR analysis.


Table 1 | Characteristics of T1DM and control subjects.





Isolation of Plasma

Peripheral blood was collected in the EDTA blood tubes from each participant and plasma was separated by centrifugation at 3000 g for 15 min at 4°C. The plasm samples were stored at -80°C before use.



Isolation of Exosome

Size exclusion chromatography methods were adopted to isolate exosomes. In brief, 1 mL of 0.8 μm filtered plasma was 1.5-fold diluted with phosphate-buffered saline (PBS) and the further purification was made by using Exosupur® columns (Echobiotech, China). Next, we eluted the samples with 0.1M PBS and collected about 2 mL elute fractions. The collected fractions were then concentrated to 200 μL by 100 kDa molecular weight cut-off Amicon® Ultra spin filters (Merck, Germany). All procedures were operated according to the manufacture’s institutions.



Transmission Electron Microscopy (TEM)

We put 10 µL purified exosome on a copper mesh and the sample was incubated at room temperature for 1 min. The exosome was negatively stained with uranyl acetate solution for 1 min after washing with sterile distilled water. After dried for 2 min under incandescent light, the exosome was examined under a TEM (H-7650, Hitachi Ltd., Tokyo, Japan).



Nanoparticle Tracking Analysis (NTA)

The size distribution and quality of isolated particle (concentrations between 1x107/mL and 1x109/mL) were determined by the ZetaView PMX 110 (Particle Metrix, Meerbusch, Germany), which equipped with 405 nm laser. A 60 second video was taken with a frame rate of 30 frames/second. The, the particle movement was analyzed by NTA software (ZetaView 8.02.28).



Western Blot Analysis (WB)

The exosome supernatant was denatured in 5 × sodium dodecyl sulfonate (SDS) buffer and subjected to WB analysis (10% SDS-polyacrylamide gel electrophoresis; 50 µg protein/lane) using rabbit polyclonal antibody CD63, TSG101, Alix and calnexin. The proteins were visualized on the Tanon4600 Automatic chemiluminescence image analysis system (Tanon, Shanghai, China). The identification of exosome, including TEM, NTA, and WB analysis, was entrusted the company (Echo Biotech Co., Ltd, Beijing, P. R. China).



Total RNA Isolation

The miRNeasy Serum/Plasma Advanced Kit (Qiagen, cat. No. 217204) was used to extract and purify the exosomal RNA in compliance with the kit instruction. The concentration and purity of RNA were evaluated using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 System (Agilent Technologies, CA, USA).



Library Preparation and Sequencing

The extracted RNA was used as input material for sequencing libraries using the SMARTer Stranded Total RNA-Seq Kit (Takara Bio USA, Inc.) according to manufacturer’s recommendations. Index codes were added to attribute sequences to each sample. At last, library quality was evaluated on the Agilent Bioanalyzer 2100 and qPCR. The clustering of the index-coded samples was performed on acBot Cluster Generation System using TruSeq PE Cluster Kitv3-cBot-HS (Illumina, San Diego, CA, USA). After cluster generation, the library preparations were sequenced on an Illumina Hiseq platform and paired-end reads were generated.



LncRNA Analysis

The transcriptome was assembled using the Stringtie and Scripture based on the reads mapped to the reference genome. The assembled transcripts were annotated using the Cuffcompare program from the Cufflinks package. The unknown transcripts were used to screen for putative lncRNAs. Four computational approaches including CPC, CNCI, Pfam, and CPAT were combined to elect ncRNA candidates from presumed protein-coding RNAs in the unknown transcripts. Presumed protein-coding RNAs were filtered out using exon number threshold and a minimum length. Transcripts having more than two exons and with lengths more than 200 nt were selected as lncRNA candidates and further screened using CPC, CNCI, Pfam, and CPAT that have the power to distinguish the protein-coding genes from the non-coding genes. As well as the different types of lncRNAs include long intergenic lncRNA (lincRNA), intronic lncRNA, anti-sense lncRNA were selected using cuff compare. Stringtie was used to calculate FPKMs of lncRNAs in each sample. Gene FPKMs (fragments per kilo-base of exon per million fragments) were computed by summing the FPKMs of transcripts in each gene group. The lncRNA sequencing and lncRNA analysis were entrusted the company (Echo Biotech Co., Ltd, Beijing, P. R. China).



GO and KEGG Pathway Enrichment Analysis

Gene Ontology (GO) enrichment analysis of the differentially expressed lncRNAs was implemented by the topGO R packages. We used KOBAS (19) software to test the statistical enrichment of differential expression genes in Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways (http://www.genome.jp/kegg/).



Quantitative Real-Time PCR (qRT-PCR) Assay

The total RNA from exosomes was extracted using miRNeasy Serum/Plasma Advanced Kit (Qiagen, cat. No. 217204) according to the manufacturer’s protocol. The total RNA was then reverse transcribed to synthesize cDNA using PrimeScript™ RT reagent Kit (Perfect Real Time) (TAKARA, RR037A). The abundance of target gene expression was detected by TaqMan® probe using qRT-PCR. 2 µL of cDNA was used as the template for each PCR reaction. The GADPH was selected as the internal reference gene. The sequence of primers and probes were shown as Table 2.


Table 2 | Primer list. F- refers to the forward sequence, R- refers to the reverse sequence, and P- refers to the probe sequence.





Statistical Analysis

We used SPSS software version 20.0 to perform the statistical analysis. The data were presented as mean ± SD (standard deviation). Differential expression analysis of lncRNAs between two groups was performed using the Mann Whitney U test with cutoff FPKM > 5, P-value < 0.05 and Fold change > 1.5. The comparisons of the relative expression level of candidate lncRNAs in qRT-PCR were analyzed by the unpaired t-test. A P-value less than 0.05 was considered as statistically significant.




Results


Characterization of Exosome

We used TEM and NTA to evaluate the morphology and sizes distribution of isolated exosome. As shown by Figure 1, the isolated particles were oval and cup-shaped with diameter range between 30 nm to 200 nm (median, 91.7 nm). WB analysis indicated that the presence of exosomal positive protein markers Alix, Tsg101, and CD63, and the absence of Calnexin, the negative protein marker for exosome. All these results suggested that the isolated exosomes were well-prepared and with good purity.




Figure 1 | Identification of exosomes. The transmission electron microscopy images of exosomes (A). The size distribution of exosomes analyzed by nanoparticle tracking analysis (B). Validation of marker proteins and negative protein of exosomes (C).





An Overview of the RNA Sequencing Results

The procedures of lncRNA sequencing and bioinformatics analysis were summarized in Figure 2. A total of 20 samples, including 10 patients and 10 healthy controls were constructed and analyzed. The percentage of Q30 base was at least 91.94%. A total of 40065 lncRNAs, including 33453 known lncRNAs and 6612 novel lncRNAs were generated. Among these identified lncRNAs, lincRNAs accounted for the largest proportion (69.1%), followed by intronic lncRNAs (15.5%), sense lncRNAs (8.6%), and antisense lncRNAs (6.8%). Then, we predicted the target genes of lncRNA. On the one hand, it is predicted that the adjacent genes within 100 kb were its cis-acting gene because lncRNA could regulate the expression of neighboring genes. On the other hand, the trans-acting genes of the lncRNA were predicted by analyzing the expression correlation between lncRNA and corresponding mRNA. The genes with absolute Pearson correlation coefficient greater than 0.9 and P-value less than 0.01 were taken as the trans-acting genes of the lncRNA.




Figure 2 | The procedures of exosomal lncRNA sequencing and bioinformatics analysis.





Differentially Expressed Exosomal lncRNAs

Based on the plasma-derived exosomal lncRNA expression profiles, differentially expressed lncRNAs were distinguished between T1DM patients and control subjects. Hierarchical clustering analysis was performed to cluster lncRNAs according to their expression level (Figure 3A). As shown by volcano diagram (Figure 3B) and MA plot (Figure 3C), total of 162 differentially expressed lncRNAs were identified, in which 77 up-regulated and 85 down-regulated (Table 3). These results indicated that plasma-derived exosomal lncRNA expression profiles were distinguishable between T1DM patients and control subjects.




Figure 3 | Plasma-derived exosomal lncRNA profiles of case and control group. A heatmap (A), volcano diagram (B), and MA plot (C) of the 162 differentially expressed exosomal lncRNAs in T1DM and control subjects. G1: control group; G2: case group.




Table 3 | The detailed information of the differentially expressed exosomal lncRNAs.





Functional Analysis of Exosomal lncRNAs

To explore the potential biological function of 162 differentially expressed lncRNAs, GO enrichment analysis and the KEGG pathway analysis were employed. The lncRNAs exert biological effects by acting as cis- or trans- regulators (20, 21). We summarized the significantly enriched GO terms of cis-acting genes of differentially expressed lncRNAs regarding to the biological process (BP), cellular component (CC), and molecular function (MF), respectively (Figure 4A). For BP, the term with the most genes and with the highest enrichment score was the activation of phospholipase D activity (GO:0031584) (Figure 4B). For CC, the term with the most genes was the extracellular exosome (GO:0070062) and with the highest score was neuronal cell body membrane (GO:0032809) (Figure 4C). In addition, for MF the terms DNA binding transcription factor activity (GO:0003700) and protein binding (GO:0005515) ware associated with most genes, and the most enriched term was calcium sensitive guanylate cyclase activator activity (GO:0008048) (Figure 4D). We also summarized the GO terms of trans-acting genes (Figure 5A). For BP, the term with the most genes was the positive regulation of transcription from RNA polymerase II promoter (GO:0045944) (Figure 5B). For CC, the term cytosol (GO:0005829) was correlated to most genes (Figure 5C). For MF, the term with protein binding (GO:0005515) was most genes, and metal ion binding (GO:0046872) was most significantly enriched term (Figure 5D). Besides, the enriched pathways of target genes of lncRNA were analyzed by KEGG. For cis-acting genes, the most significantly enriched terms were involved in oxidative phosphorylation (ko00190) and Parkinson’s disease (ko05012) (Figure 6A). For trans-acting genes, the terms pathways in cancer (ko05200) and focal adhesion (ko04510) were related to most genes (Figure 6B). We also performed the disease annotation of identified lncRNAs through sequence alignment with LncRNADisease database. The results showed some lncRNAs were associated with autoimmune diseases, including dermatomyositis and polymyositis. LncRNA can be precursor molecule of miRNA. We also detected the lncRNAs which serve as precursor of miRNA through comparing and predicting the miRNA sequence in miRbase database.




Figure 4 | GO terms of cis-acting genes of differentially expressed exosomal lncRNAs. GO categories of differentially expressed lncRNAs (A). Top 20 significant enriched biological processes (B), cellular components (C), and molecular functions (D) of differentially expressed lncRNAs.






Figure 5 | GO terms of trans-acting genes of differentially expressed exosomal lncRNAs. GO categories of differentially expressed lncRNAs (A). Top 20 significant enriched biological processes (B), cellular components (C), and molecular functions (D) of differentially expressed lncRNAs.






Figure 6 | KEGG pathway analysis for cis-acting genes (A) and trans-acting genes (B) of differentially expressed lncRNAs in T1DM and control subjects.





Validation of Exosomal lncRNA Expression by qRT-PCR

To further verify the sequencing data, six differentially expressed exosomal lncRNAs, including one up-regulated (ENST00000525207) and five down-regulated (ENST00000495420, ENST00000488260, ENST00000505090, ENST00000472614, and ENST00000533796), were randomly selected to perform the qRT-PCR analysis (T1DM subjects N=30; age-, sex- matched Control subjects N=30). However, the results indicated that the expression levels of selected lncRNAs were similar between T1DM patients and control individuals (Figure 7).




Figure 7 | The qRT-PCR analysis of selected six exosomal lncRNAs in T1DM and control subjects (T1DM subjects N=30; age-, sex- matched Control subjects N=30). G1: control group; G2: case group.






Discussion

Nowadays, it has been reached a consensus that T1DM is a multifactorial disease, and the precise pathogenic mechanisms are still obscure. Mounting evidence has suggested exosomes play an important role in the onset and development of T1DM (8, 22). However, research about the expression profiles of exosomal lncRNA in T1DM has not yet been reported. Here, we performed the transcriptome-wide expression patterns of plasma-derived exosomal lncRNAs in the T1DM using Illumina Hiseq platform, and further explore their function by bioinformatics analysis.

In the present study, 162 aberrantly expressed exosomal lncRNAs, including 77 up-regulated and 85 down-regulated, were identified. The lincRNA accounted for the most proportion of differentially expressed lncRNAs, which was in accordance with previous study (23). To further validate the expression level of identified exosomal lncRNA, six of them, one up-regulated and five down-regulated, were randomly selected to perform qRT-PCR analysis. However, no significant difference was detected between T1DM patients and control subjects. The relatively limited sample size may contribute to the negative results more or less. Nevertheless, there were still 156 differentially expressed lncRNAs to be further test in future studies. We believe that some of these may have the potential to become novel biomarkers for T1DM given the fact that both exosome (22) and lncRNA (15) have been reported to be significantly associated with T1DM. It has been indicated that islet-derived exosomes can activate immune response and lead to autoimmune attack (24). Also, T lymphocyte-derived exosomes are associated with beta-cell dysfunction and death (25). Some studies also evaluated the diagnostic potential of exosomes in the context of T1DM. It has been demonstrated that human islet-derived exosomal RNAs were differentially expressed when exposed to proinflammatory cytokines (26). Another study investigated the plasma-derived exosomes and reported a distinct exosomes miRNAs signature in patients with long-duration T1DM (27). Some studies have also investigated the potential role of lncRNA in the T1DM pathogenesis. LncRNAs usually expressed in a cell-specific manner. Previous transcriptome profiling studies have identified more than 1000 islet-specific lncRNAs (28, 29). The dysfunction of lncRNAs may lead to autoimmune response and alter the progression of T1DM (30, 31). A recent whole genome RNA sequencing study in circulating leukocytes identified 393 differentially expressed lncRNAs, potentially providing novel targets for diagnosis and treatment of T1DM (32). Another study conducted a comparative analysis of the expression profiles of lncRNA by analyzing published microarray data set and proposed a specific 26-lncRNA signature, which could be used to effectively identify T1DM susceptible individuals (33). In addition, in vitro experiment using MIN6 cells found that the expression of lncRNA was modified by cytokine treatment and overexpression of these lncRNA favored beta-cell apoptosis, indicating dysregulation of lncRNA contributes to the beta-cell failure during the development of T1DM (18). Furthermore, some specific lncRNAs have been reported to be implicated in beta-cell function and T1DM. It has been indicated that lncRNA MALAT1 could induce beta-cell dysfunction through inhibiting the expression of PDX-1 by reducing its H3 histone acetylation (34). The lncRNA Lnc13 could regulate the inflammation of pancreatic beta-cell by allele-specific stabilization of STAT1 mRNA (35). All the aforementioned studies suggested that both exosome and lncRNA were involved in the T1DM pathogenesis.

Next, to predict the potential biological functions of identified differentially expressed lncRNAs, we performed GO enrichment analysis and the KEGG pathway analysis. The terms such as activation of phospholipase D activity, neuronal cell body membrane, calcium sensitive guanylate cyclase activator activity, and metal ion binding were significantly enriched in the identified differentially exosomal lncRNAs. These terms were associated with diabetes or its complication to some extent. For instance, it has been shown that glycosylphosphatidylinositol-specific phospholipase D level were correlated to the insulin resistance of adipose tissue in obese subjects (36). Also, the expression of glycoprotein phospholipase D (GPLD1) was found to be increased in mouse models of T1DM (37, 38), and GPLD1 levels in autoimmune diabetes were higher than that in T2DM or healthy controls (39).

KEGG pathway analysis indicated that the differentially expressed lncRNAs were involved in oxidative phosphorylation, Parkinson’s disease (PD) and pathways in cancer. PD is also a multifactorial disease and both genetic and environmental factors contribute to the pathogenesis of this progressive neurodegenerative disease (40). The primary pathogenic mechanisms of PD remain unclear. However, some pathophysiological processes, such as mitochondrial dysfunction, oxidative stress, and chronic inflammation, are identified to be associated with PD (41). These processes are also involved in the onset and development of T1DM (42, 43), which suggested that PD and T1DM might share some common pathological features. Interestingly, another progressive neurodegeneration disease, Alzheimer’s disease (AD), has been proposed as “type 3 diabetes mellitus” because of the shared molecular and cellular characteristics with T1DM and T2DM (44).

LncRNAs were frequently precursor RNAs of miRNAs. We identified the precursor lncRNAs of miRNA through comparing miRNA sequence in miRbase database. Some identified miRNAs such as miR-21 (45) and miR-424 (46) has been implicated in the progression of T1DM. Therefore, the lncRNA combined miRNA might contribute to the T1DM collectively.

Both exosome and lncRNA have been implicated in the progression of T1DM. However, the exact role of exosomal lncRNA in T1DM lacks full investigation and research. The present study identified the expression profiles of exosomal lncRNA and laid foundation for further study in this field. There are some limitations of our study. First, the sample size was relatively small. Future study should include more samples to decrease the random errors. Second, we only selected six lncRNAs to validate their expression level by qRT-PCR and the sample size was relatively small. Further study should focus on more lncRNAs based on the sequencing results and assess the biomarker potential of exosomal lncRNAs in a larger sample set. Third, we didn’t investigate the function of exosomal lncRNAs and some in vitro or in vivo study are required in future study.

In conclusion, this study identified the characteristics of the plasma-derived exosomal lncRNA transcriptome of T1DM for the first time and threw insights into the biomarker potential and pathogenic factor of exosomal lncRNA in T1DM.
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OEBPS/Images/table1.jpg
Characteristic T1DM (n=10) Control (n=10) P value
Sex (male/female) 3/7 5/5 0.36
Age (year) 2520 £ 7.24 25.10 + 2.96 0.97
BMI (kg/m2) 21.26 +2.71 20.40 +2.24 0.47
Duration (months) 25.40 + 14.94 = =
FPG (mmol/L) 7.79 +3.32 = -
HbA1c % 8.01£2.20 - -

BMI, body mass index; FPG, fasting plasma glucose; HbA1c, Hemoglobin Alc.





