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Background

Exosomes carry various types of transcripts, such as messenger RNAs (mRNAs), and play an important role in mediating cell-to-cell communication, thus influencing multiple physiological and pathological processes. However, the role of exosomal mRNAs in T1DM is largely unknown. Here, we aimed to identify the plasma-derived exosomal mRNA expression profiles in T1DM and to explore their potential biological functions in T1DM.



Materials and Methods

Plasma-derived exosomes were isolated from 10 patients with T1DM and 10 age- and sex-matched control subjects by size exclusion chromatography methods. Transmission electron microscopy, nanoparticle tracking analysis, and western blot analysis confirmed the presence of exosomes. The exosomal mRNAs were analyzed using the Illumina HiSeq platform. Six differentially expressed mRNAs (DEMs) were randomly selected to determine the expression level by quantitative real-time PCR (qRT−PCR) in a larger cohort (T1DM subjects N=40; control subjects N=40). The biological functions of DEMs were predicted by Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analyses. Protein−protein interaction networks were constructed to explore the potential associations among DEMs.



Results

In total, 112 DEMs were identified in T1DM, among which 66 mRNAs were upregulated and 46 mRNAs were downregulated. Four of six candidate exosomal mRNAs were successfully validated by qRT−PCR. Bioinformatics analysis indicated that these mRNAs were most significantly involved in positive regulation by host viral transcription (GO enrichment analysis) and oxidative phosphorylation (KEGG pathway analysis).



Conclusions

Our study reported the plasma-derived exosomal mRNA expression profiles of T1DM for the first time. The identified DEMs might be associated with the pathogenesis of T1DM, and some DEMs have the potential to serve as biomarkers and therapeutic targets for T1DM.
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Introduction

Type 1 diabetes mellitus (T1DM) is defined as a chronic disease caused by autoimmune attack against pancreatic islet beta-cells (1). At present, most patients with T1DM have to rely on lifelong insulin replacement therapy. It has been indicated that the incidence of T1DM peaks at the ages of 10-14 years, and the estimated number of children and adolescents with T1DM is increasing worldwide (2). In addition, because of long-standing hyperglycemia, diabetes mellitus will induce severe chronic injury and dysfunction in all kinds of tissues and organs, imposing tremendous health and economic burdens on patients. It has been widely accepted that the pathophysiological process of T1DM is induced by environmental factors in individuals who are at high genetic risk (3, 4). However, many aspects of the pathogenic process of T1DM are unknown.

Recently, a small membrane-derived lipid bilayer vesicle, namely, the exosome (30-200 nm in diameter), has been shown to be of great importance in mediating intercellular and interorgan communication (5, 6). The bioactive materials delivered by exosomes, such as DNA, RNA (mRNA, lncRNA, and miRNA) and proteins, can be transferred into recipient cells and can alter their status and function (7, 8). In the context of T1DM, the abnormal interactions between pancreatic beta-cells and immune cells, especially T lymphocytes, represent the main pathogenic mechanism (9). Interestingly, mounting evidence has suggested that exosomes might serve as novel mediators between beta-cells and immune cells. For instance, islet-derived exosomes contain beta-cell autoantigens and can be taken up by dendritic cells, thus leading to cell activation (10). In addition, exosome release by T lymphocytes can induce beta-cell apoptosis via certain exosomal miRNA-mediated signaling (11). In addition, given that the content of exosomes can reflect the status of the originating cells, exosomes are viewed as promising diagnostic tools for many diseases. It has been indicated that human islet-derived exosomal RNAs are dysregulated under cytokine stress (12). Our recent study characterized the lncRNA profiles of plasma-derived exosomes from T1DM patients and explored their potential biomarker use (13). In addition, a study measured plasma-derived exosomal miRNA expression profiles and reported a distinct miRNA signature in long-duration T1DM (14), which highlighted the biomarker potential of exosomes in T1DM.

Existing studies have mostly focused on exosomal miRNAs. Here, we report the mRNA expression profiles of plasma-derived exosomes in T1DM for the first time. Our work might provide novel insights into the pathogenesis of T1DM and lay the foundation for the use of exosomal mRNA as a biomarker.



Materials and methods


Study subjects

This study was approved by the institutional ethics review board of the Second Xiangya Hospital of Central South University, and all experiments complied with the ethical principles of the Declaration of Helsinki. The inclusion and exclusion criteria of T1DM patients and control subjects have been described previously (13). In the discovery phase, 10 cases and 10 age- (P=0.732) and sex- (P=0.650) matched controls were recruited (13). We used a larger cohort (T1DM N=40; controls N=40) for the subsequent validation phase. All peripheral blood samples were obtained after full informed consent was received.



Isolation and characterization of exosomes

Peripheral blood samples (5 ml) from participants were collected in EDTA tubes. The plasma was separated and stored at -80°C after centrifugation at 3000×g for 15 min at 4°C. Exosomes were isolated by using size exclusion chromatography with Exosupur® columns (Echobiotech, China) and were characterized by transmission electron microscopy (TEM), nanoparticle tracking analysis (NTA), and western blotting (WB) (performed by EchoBio Technology, Beijing, China). The detailed procedures have been described previously (13). In brief, the filtered plasma was diluted with phosphate-buffered saline and purified by Exosupur® columns. The collected fraction was concentrated by a 100-kDa molecular weight cutoff Amicon® Ultra spin filter (Merck, Germany) to obtain exosomes. Exosomes (10 µL) were placed on a copper mesh and negatively stained with uranyl acetate solution. Then, the sample was examined by TEM (H7650, Hitachi Ltd, Tokyo, Japan). The size distribution of isolated exosomes was determined by a ZetaView PMX 110 (Particle Metrix, Meerbusch, Germany) and analyzed by NTA software (ZetaView 8.02.28). Finally, the exosomes were subjected to WB analysis using rabbit polyclonal antibodies against TSG101, Alix, CD63 and calnexin. The verification of exosomes was entrusted to the company (Echo Biotech Co., Ltd, Beijing, P. R. China).



RNA extraction and mRNA sequencing

The exosomal RNA was extracted using the miRNeasy Serum/Plasma Advanced Kit (Qiagen, cat. No. 217204). RNA profiles were assessed by using the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer 2100 System (Agilent Technologies, CA, USA). After library construction and evaluation, sequencing was performed by an Illumina NovaSeq6000 platform (performed by EchoBio Technology, Beijing, China).



mRNA analysis

Raw reads in fastq format were first processed through in-house Perl scripts. In this step, clean reads were obtained by removing reads containing adapters, reads containing poly-N sequences and low-quality reads from the raw data. At the same time, the Q20, Q30, GC content and sequence duplication level of the clean data were calculated. All downstream analyses were based on clean data with high quality. Paired-end clean reads were aligned to the reference genome GRCh38 using HISAT2. Mapped reads were used for the quantification of gene expression levels and differential expression analysis. StringTie was used to explore novel mRNAs and to calculate FPKMs (reads per kilobase per million mapped reads) of coding genes in each sample. Gene FPKMs were computed by summing the FPKMs of transcripts in each gene group. Sequencing data analyses were mainly performed using R v3.5.1. We applied the Mann−Whitney U test to carry out the differential expression analysis with the cutoffs of FPKM > 5, P value < 0.05 and |log2(FC)| > 0.584. Heatmaps, volcano diagrams, and MA plots were generated to visualize the differentially expressed mRNAs (DEMs) using the R packages “pheatmap” and “ggplot2”.



Functional enrichment analysis of identified mRNAs

After the completion of mRNA analysis, BLAST software was adopted to compare the new genes with the NR, SwissProt, GO, COG, and KEGG databases to obtain annotation information, and then Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analyses were performed by using the topGO R packages and KOBAS software to explore the potential functions of the identified exosomal DEMs (15).



Protein−protein interaction network

The Search Tool for the Retrieval of Interacting Genes (STRING) (v11.5) was used to predict the associations among DEMs. A combined score > 0.4 was considered a statistically significant interaction. A protein‐protein interaction (PPI) network was constructed using Cytoscape v3.7.0. Using the CytoHubba plug-in of Cytoscape software, each gene was scored based on the MNC, DMNC, MCC, EPC, and degree algorithms. Based on the scoring results of the five algorithms, the top 8 genes in each algorithm were considered hub genes.



Quantitative real-time PCR analysis

To validate the expression level of DEMs, six mRNAs, namely, ENSG00000158417, ENSG00000185883, ENSG00000198763, ENSG00000198786, ENSG00000198840 and ENSG00000269028, were randomly selected to perform qRT−PCR analysis in an independent cohort including 40 T1DM and 40 control subjects. The detailed information of the participants is summarized in Table 1. All T1DM patients were at a symptomatic stage, characterized by the presence of islet autoantibodies and persistent hyperglycemia. GAPDH was used as an internal reference. Briefly, total RNA was extracted from plasma-derived exosomes and then reverse transcribed into cDNA by using the PrimeScript™ RT reagent Kit (Perfect Real Time) (TAKARA, RR037A). The expression level of candidate mRNAs was measured with the TaqMan® probe using qPCR, and all experiments were performed in triplicate wells. The primers and probes are shown in Table 2. We used an unpaired t test to compare the expression levels of selected mRNAs between the two groups. A P value < 0.05 was considered statistically significant. The results were visualized using the R package.


Table 1 | Detailed information of T1DM patients and control subjects in the validation phase.




Table 2 | Primer list.






Results


Characterization of exosomes

To validate the detection of exosomes, we performed TEM, NTA, and WB analysis. As shown in Figures 1A, B, the isolated particles were oval- and cup-shaped and were approximately 121.5 nm in diameter (30 nm to 200 nm), consistent with the morphological characteristics of exosomes. With WB analysis, the well-known exosomal marker proteins Alix, Tsg101, and CD63 were detected in isolated fractions, while the negative marker of exosomes, calnexin, was absent (Figure 1C). Thus, exosome samples were well prepared and had good purity.




Figure 1 | Identification of exosomes. Transmission electron microscopy images of exosomes (A). Nanoparticle tracking analysis results (B). Western blot analysis of exosome marker proteins (C).





Plasma-derived exosome mRNA profiling

The analytical process for the sequencing data is summarized in Figure 2. A total of 20 samples, including 10 patients and 10 healthy controls, with 478.89 Gb of clean data were constructed. The clean data of each sample were at least 19.67 Gb. Each sample was compared with the reference genome sequence, and the alignment efficiency ranged from 23.42% to 68.53%. A total of 22,298 mRNAs, including 19,986 known mRNAs and 2312 novel mRNAs, were generated (Table S1). The annotation information of new genes was obtained by using BLAST software (Table S2).




Figure 2 | The analytical procedure for the sequencing data of exosomal mRNAs.





Differentially expressed mRNAs

In this study, plasma-derived exosome samples from 10 patients with T1DM and 10 healthy controls were used for RNA sequencing. A total of 112 mRNAs were differentially expressed (P value < 0.05), of which 66 mRNAs were upregulated and 46 mRNAs were downregulated. We performed hierarchical clustering to sort the identified exosomal DEMs (Figure 3A). A volcano diagram was used to intuitively show the relationship between the P value and the fold change of all transcripts to quickly view the expression level difference and statistical significance of mRNAs between the two groups of samples (Figure 3B). The overall distribution of the expression abundance and fold changes of mRNAs in the two groups is shown through the M-versus-A plot (Figure 3C). In addition, all DEMs sorted by P values are detailed in Table 3. Our results demonstrated that the mRNA expression profiles of plasma-derived exosomes were distinctly different between T1DM patients and controls.




Figure 3 | Exosomal mRNA profiles of type 1 diabetes mellitus (T1DM). Heatmap (A) of the expression levels of the identified differentially expressed mRNAs (DEMs). Red and green represent high and low expression, respectively. G1: control group (N=10); G2: case group (N=10). A volcano diagram (B) and M-versus-A (C) plot were used to show DEMs in T1DM. The Mann−Whitney U test was used to identify DEMs with cutoffs of FPKM > 5, P value < 0.05 and |log2(FC)| > 0.584. Upregulated DEMs (red dots); downregulated DEMs (green dots); nondifferentially expressed mRNAs (black dots).




Table 3 | Detailed information on the DEMs.





Verification of exosomal mRNA expression by qRT−PCR

To further assess the biomarker potential for T1DM, six exosomal DEMs, including five upregulated DEMs, ENSG00000185883 (ATP6VOC), ENSG00000198763 (MT-ND2), ENSG00000198786 (MT-ND5), ENSG00000198840 (MT-ND3) and ENSG00000269028 (MTRNR2L12), and one downregulated DEM, ENSG00000158417 (MTRNR2L12), were selected to validate the sequencing data in an independent cohort. As shown in Figure 4, the qRT−PCR results indicated that four of six candidate mRNAs, namely, ENSG00000198763 (MT-ND2) (P=2.9e-10), ENSG00000198786 (MT-ND5) (P=1.8e-07), ENSG00000198840 (MT-ND3) (P=1.2e-08) and ENSG00000269028 (MTRNR2L12) (P=5.8e-10), were significantly upregulated in T1DM patients compared with control subjects, demonstrating the predictive accuracy of the sequencing data and the biomarker potential of exosomal mRNAs. The remaining two mRNAs, that is, ENSG00000185883 (ATP6VOC) and ENSG00000158417 (MTRNR2L12), failed to reach statistical significance.




Figure 4 | The quantitative real-time PCR (qRT−PCR) results of six selected differentially expressed mRNAs (DEMs) in the type 1 diabetes mellitus (T1DM) and control groups (T1DM N=40; controls N=40). Statistically significant differences (P value < 0.05) were calculated by unpaired t test. The three lines in each figure represent the median and interquartile spacing. G1: control group; G2: case group.





Functional analysis of exosomal mRNAs

To explore the potential biological function of 112 DEMs, GO enrichment analysis and KEGG pathway analysis were employed. The GO database is a structured standard biological annotation system and aims to establish a standard vocabulary system of genes and their products. The GO annotation system includes three main branches, namely, biological process, molecular function, and cellular component. We summarized the significantly enriched GO terms of mRNAs with respect to biological process (Table S3), cellular component (Table S4), and molecular function (Table S5) and (Figure 5A). The mRNAs were significantly associated with biological processes, such as positive regulation by host of viral transcription (GO:0043923), axon regeneration (GO:0009154), and cellular senescence (GO:0035026) (Figure 5B). The top 10 GO terms (“positive regulation by host of viral transcription” to “cellular senescence”) of biological processes still showed statistical significance after correcting the P value (Table S3). Membrane (GO:0016020), RISC complex (GO:0016442), and condensed nuclear chromosome (GO:0000794) were the most enriched cellular components (Figure 5C). RNA binding (GO:0044822), HMG box domain binding (GO:0071837), and RNA−DNA hybrid ribonuclease activity (GO:0004523) were mostly involved in molecular function (Figure 5D). However, the results of the cellular component and molecular function analyses should be interpreted with caution because the Q-value (corrected P value) indicated that the significance disappeared after multiple hypothesis testing (Tables S4, S5).




Figure 5 | GO enrichment analysis of 112 DEMs. GO categories of DEMs (A). Top 20 significantly enriched biological processes (B), cellular components (C), and molecular functions (D) of DEMs. The x-axis represents the number of mRNAs.



As the main public database related to the pathway enrichment analysis, KEGG provides a query of the integrated metabolic pathways, including metabolism of carbohydrates, nucleosides, and amino acids and the biodegradation of organic matter. It not only provides all possible metabolic pathways but also comprehensively annotates the enzymes that catalyze each step of the reaction. In this study, KEGG pathway analysis (Figure 6 and Table S6) suggested that the DEMs between T1DM patients and healthy controls involved in oxidative phosphorylation (ko00190) and Parkinson’s disease (ko05012) and other pathways did not reach statistical significance after correcting the P values.




Figure 6 | Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis of 112 DEMs.





Establishment of the PPI network

STRING is a database of protein−protein interactions that have been predicted and experimentally verified, including direct physical interactions and indirect functional correlations, in multiple species. Combined with the results of differential expression analysis and the interaction pairs recorded in the database, the PPI network of exosomal DEMs was constructed (Figure 7). In total, 66 nodes and 74 protein interaction pairs were identified in the PPI network. According to the score obtained by five algorithms, 8 hub mRNAs, including MT-ND5, MT-ND2, MT-CO1, MT-ND3, MT-CO2, MT-CO3, NDUFB2, and PTGS1, were identified. Among them, MT-ND5 ranks first in each algorithm and is the core hub gene.




Figure 7 | The protein−protein interaction network of DEMs. Network nodes represent proteins, and edges represent protein−protein associations.






Discussion

Existing studies have emphasized the importance of exosomes in multiple pathological processes (7, 16). Valadi et al. first reported that exosomes contain certain mRNAs and that exosomal mRNAs can be delivered to other cells and translated into proteins in a new location (6). Yokoi et al. reported that MMP1 mRNA-carrying extracellular vesicles from highly metastatic cells can induce apoptosis in mesothelial cells and facilitate the peritoneal dissemination of ovarian cancer (17). In addition, in vivo experiments have indicated that exosomes can transfer the mRNA encoding Cre recombinase and can induce Cre-LoxP-mediated recombination in recipient cells (18). These results suggested that exosomes can lead to the delivery of functional mRNA and can alter the phenotype of recipient cells. However, research concerning the association between T1DM and exosomal mRNAs is relatively lacking. In this study, we characterized the expression profiles of exosomal mRNAs in the plasma of T1DM patients and further explored the biomarker potential of the identified exosomal mRNAs. In addition, we performed bioinformatic analysis (GO and KEGG) to clarify the biological functions of the identified DEMs.

Here, a total of 112 exosomal DEMs were detected, of which 66 mRNAs were upregulated and 46 mRNAs were downregulated in T1DM patients compared to controls. These results strongly indicated that the expression profiles of plasma-derived exosomal mRNAs in patients with T1DM differ from those in healthy individuals. Next, six candidate mRNAs were selected to verify the sequencing results by qRT−PCR. Four of six mRNAs, namely, ENSG00000198763 (MT-ND2), ENSG00000198786 (MT-ND5), ENSG00000198840 (MT-ND3) and ENSG00000269028 (MTRNR2L12), were indicated to have significant differences between T1DM patients and control subjects and followed the same tendency as the sequencing data. This result highlighted that plasma-derived exosomal mRNAs might serve as novel minimally invasive diagnostic tools for T1DM. However, two of six mRNAs failed to show statistical significance in the qRT−PCR analysis. Therefore, the biomarker use of other DEMs identified by sequencing requires further validation. At present, the lack of a robust biomarker for T1DM prevents the early recognition and intervention that could preserve residual pancreatic beta-cells. Previous studies have strongly suggested the possible biomarker utility of plasma RNA (19, 20). However, there are some alternative advantages with regard to exosomal RNA in disease diagnosis. For instance, exosomal RNAs tend to be more stable in plasma because the lipid bilayer-enclosed structure can protect the RNA cargo from degradation. In addition, the release and contents of exosomes are strictly regulated by physical and pathological conditions, thus reflecting the biological status of the body.

Next, we performed bioinformatic analysis to predict the biological functions of the identified exosomal DEMs. GO enrichment analysis revealed that the most significantly enriched term was positive regulation by host of viral transcription among the biological processes. Previous studies have also indicated that viral infections play an essential role in T1DM development. Data revealed that more T1DM patients were diagnosed during cold months (21, 22), which suggested that viruses play a role in triggering T1DM because viral infections are more common in winter than in summer. Viral respiratory tract infections in early life have also been reported to be associated with islet autoimmunity and beta-cell damage (23, 24). Moreover, some viruses, such as coxsackieviruses, can induce the onset of T1DM in animal models and can be isolated from the pancreas in patients with newly diagnosed T1DM (25–27). In addition to pathogenic effects, some studies have also shown the protective role of viral infection, which is in agreement with the hygiene hypothesis. It has been reported that the inoculation of young nonobese diabetic (NOD) mice, models of spontaneous autoimmune diabetes mellitus, with some viruses was followed by long-term protection from T1DM (28, 29). However, the underlying mechanisms behind the interactions of viral infections and the onset of T1DM have not been fully elucidated. Our results suggested that exosomal mRNAs might be involved in this process, but the exact functions of the exosomal mRNAs need further investigation. KEGG analysis indicated that the main pathways of the identified DEMs were involved in oxidative phosphorylation and Parkinson’s disease. Interestingly, our previous study also indicated that the KEGG pathway analysis regarding exosomal lncRNAs was associated with Parkinson’s disease (13). Oxidative phosphorylation (OXPHOS) is a metabolic pathway with low glucose utilization and high ketone production. Generally, immune cells generate energy through OXPHOS or aerobic glycolysis, another metabolic pathway associated with high glucose utilization. However, it has been indicated that aerobic glycolysis is suppressed while OXPHOS is exacerbated in individuals with T1DM (30, 31). The dysregulation of lymphoid metabolism might partially explain why T1DM patients were more susceptible to ketosis than type 2 diabetes mellitus (T2DM) patients (32). More interestingly, it has been indicated that the bacillus Calmette-Guerin (BCG) could lower blood glucose levels by shifting the glucose metabolism of the immune system from overactive OXPHOS to aerobic glycolysis (30, 31). Taken together, the bioinformatic analysis suggested that these identified DEMs were involved in the development of T1DM via different pathways. In addition, we constructed a PPI network and identified 8 hub genes (MT-ND5, MT-ND2, MT-CO1, MT-ND3, MT-CO2, MT-CO3, NDUFB2, and PTGS1) among the identified exosomal DEMs. These genes might play an important role in T1DM. For example, a recent study indicated that rare variants within MT-ND5 were associated with fasting insulin (33). In addition, it has been indicated that MT-ND2 could modify resistance against T1DM in NOD mice by modulating beta-cell sensitivity to T-cell effectors (34). However, the exact role of these genes in T1DM in the context of exosomes needs further investigation.

In conclusion, this study identified the characteristics of the plasma-derived exosomal mRNA transcriptome of T1DM for the first time, and the results highlighted the biomarker potential of exosomal mRNA.
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