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Background: Diabetic retinopathy (DR) is a common diabetes complication and was considered as the major cause of blindness among young adults. MiRNAs are a group of small non-coding RNAs regulating the expression of target genes and have been reported to be associated with the development of DR in a variety of molecular mechanisms. In this study, we aimed to identify miRNAs that are differentially expressed (DE) in the serum of DR patients.

Methods: We recruited 21 type 2 diabetes mellitus (T2DM) inpatients of Chinese Han ancestry, consisting of 10 non-proliferative DR patients (DR group) and 11 non-DR T2DM patients (NDR group). MiRNA was extracted from fasting peripheral serum and quantified by RNA-seq. The expression levels of miRNA were evaluated and compared between the two groups, with adjustments made for age differences. The validated target genes of miRNAs were subjected to a pathway analysis. We also constructed a weighted polygenic risk score using the DE miRNA and evaluated its predictive power.

Results: Five miRNAs were DE between DR and NDR groups (p-Value ≤ 0.01, LFC ≥ 2 or LFC ≤-2). These included miR-4448, miR-338-3p, miR-190a-5p, miR-485-5p, and miR-9-5p. In total, these miRNAs were validated to regulate 55 target genes. Four target genes were found to overlap with the NAD metabolism, sirtuin, and aging pathway, which was thought to control the vascular growth and morphogenesis. The predictive power of our polygenic risk score was apparently high (AUC = 0.909). However, it needs to be interpreted with caution.

Conclusion: In this study, we discovered novel DR-specific miRNAs in human serum samples. These circulating miRNAs may represent the pathological changes in the retina in response to diabetes and may serve as non-invasive biomarkers for early DR risk prediction.
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INTRODUCTION

Diabetic retinopathy (DR) is one of the most common and serious complications in diabetes and considered as the leading cause of blindness in adults (Zhang et al., 2018). Moreover, people with DR are at high risk of other micro- and macrovascular complications from diabetes (Joglekar et al., 2016). The etiology of DR have been extensively studied, however, the mechanisms are still unclear. Until now, DR can only be diagnosed through retinal examination (Shaker et al., 2018) and the prognosis of almost all treatment remains poor (Stitt et al., 2016). Furthermore, the effectiveness of biomarkers for early detection needs to be improved (Ye Z. et al., 2017; Liang et al., 2018).

MiRNAs are a group of small non-coding RNAs with a length of 19–24 nucleotides, which are capable of regulating the expression of specific genes (Ye Z. et al., 2017). MiRNAs have been noted to be very stable in a variety of body fluids, such as serum, plasma, saliva, tears, aqueous and vitreous humor, and urine (Ye and Steinle, 2017; Shaker et al., 2018). In addition to their regulatory functions of gene expression and as a potential therapeutic target, miRNA is considered as a useful and easily accessible diagnostic marker for many diseases, including non-small-cell lung cancer (Shao et al., 2017), breast cancer (Li et al., 2016), gastric cancer (Pereira et al., 2019), coronary artery disease (Zhang et al., 2019), as well as a potential mediator of physiological and pathological processes (Ye and Steinle, 2017). They can be released from their cells of origin and circulate to different target cells in different tissues (Elmasry et al., 2018). Thus, peripheral blood circulating miRNAs have emerged as both novel biomarkers of diabetes and therapeutic targets for disease treatment (Gong and Su, 2017; Kamalden et al., 2017; Ye E.A. et al., 2017; Pastukh et al., 2019).

Although the diagnostic and therapeutic potential of circulating miRNAs was particularly profound in cancers, there were evidences showing that dozens of circulating miRNAs were dysregulated in type 1 and type 2 diabetes (Terrinoni et al., 2018). As for clinical applications, therapies which target pathogenic miRNAs have entered clinical trials, including tumor suppressor miR-34 and hepatitis related miR-122 (Kalariya et al., 2017; Rupaimoole and Slack, 2017).

Until now, there has been limited understanding of the expression profile of total miRNA in circulating serum of DR patients. Our goal in this study is to identify miRNAs that are differentially expressed (DE) in DR patients, and further investigate whether circulating miRNAs can be used as biomarkers in predicting the DR onset in type 2 diabetes mellitus (T2DM) patients. We think that our results would be valuable to the clinical management and mechanism studies of microvascular complications of T2DM.

MATERIALS AND METHODS

Study Subjects

T2DM patients from inpatients of the endocrinology department of China-Japan Union Hospital of Jilin University were recruited between November 2016 and May 2017. All the patients were subjected to a detailed medical examination and retinopathy diagnosis. The T2DM diagnoses were made as per the diagnostic criteria and classification of diabetes of World Health Organization (1999). In brief, people were classified as T2DM patients if they showed diabetes symptoms (e.g., feeling very thirsty, urinating often, and losing weight) and met one of the following criteria: fasting blood glucose ≥ 7.0 mmol/L, 2-h post 75 g glucose load blood glucose ≥ 11.1 mmol/L or random blood glucose ≥ 11.1 mmol/L. For those who were not showing diabetes symptoms, a second blood glucose test was performed to confirm the diagnosis. All these patients were negative for Type 1 diabetes antibodies.

According to the international clinical classification systems for diabetic retinopathy in the fundus disease academic conference in 2002 (Wilkinson et al., 2003), T2DM patients were divided into two groups. The DR group consisted of T2DM patients with less than 5 years of diabetes duration (N = 10), while the NDR group was consisted of T2DM patients with more than 10 years of diabetes duration (N = 11). The DR diagnosis was not made until at least 2 physicians reached a consistent conclusion. We excluded patients with diabetic complications other than retinopathy, including nephropathy, peripheral neuropathy, ketoacidosis, hyperosmolar coma, and other acute complications of diabetes. Patients with other major diseases, such as severe stress (e.g., recent cardiovascular events or trauma surgery), acute or chronic infection, liver diseases, rheumatic diseases or tumor, were also excluded.

This study was approved by China-Japan Union Hospital of Jilin University and complied with the guidelines and principles of the Declaration of Helsinki. Written informed consent was obtained from all the participants or their legal representatives.

Data Collection

All the patients were subjected to a detailed questionnaire, medical examinations, laboratory testing and fundus ophthalmoscope examination by using a non-mydriasis retinal camera (Canon, Tokyo, Japan). The height and weight were measured and used to calculate the body mass index (BMI, kg/m2). Other medical information, e.g., age, gender, self and family disease history, diabetes course, glycemic control, medication history, allergic history, and smoking and drinking behaviors, were collected using a questionnaire.

Serum Collection and Storage

The selected subjects fasted for 8–12 h. Approximately 5 ml of venous blood sample was extracted in the early morning in a citrate anticoagulant tube at room temperature. The venous whole blood samples were centrifuged at 1000g for 10 min. The serum was taken and stored at -80°C for subsequent use.

RNA-Seq

Serum samples were shipped to the sequencing company on dry ice (Kangchen, Shanghai, China). Total RNA was extracted from serum samples using Trizol (Invitrogen, Wisconsin, United States). Sequencing libraries were prepared using NEBNext small RNA library prep set for Illumina (New England Biolabs). The PCR (polymerase chain reaction) products of about 135–155 bp, corresponding to small RNAs of 15–35 nt in length, were gel purified and sequenced on an Illumina NextSeq 500 sequencer.

MiRNA Expression Quantification

We adopted miRDeep2 (version 0.0.8) pipeline to identify and quantify expressed miRNAs in our samples. Briefly, the adapter sequences were clipped from raw reads. The clipped read of length 18 nt and above were aligned to reference genome (build GRCh38) by bowtie (version 1.2.1). Finally, the core miRDeep2 algorithm was invoked to quantify the read counts which have been mapped to miRNA hairpins and mature form (miRBase release 21).

Statistical Analysis and Differential Expression Analysis

All statistical analysis of clinical data was done using SPSS 21.0 software (IBM, NY, United States). The differences between groups were compared with t-test for age and BMI, or fisher’s exact test for sex. A p-value of 0.05 or less was considered as a significant difference in sex, age and BMI.

Read counts mapped to the same mature miRNA, derived from different precursors, were merged together. The differential expression of miRNA between DR and NDR group was estimated in a general linear model (DESeq2, version 1.22.1), adjusted for age. The raw count data from RNA-seq were modeled under a negative binomial distribution. The logarithm of the normalized fragments per million (FPM) was calculated and used to estimate the coefficients of the general linear model using Wald test. MiRNAs of insufficient abundance (total count < 200) were excluded from the analysis. The p-values were corrected for multiple testing using the procedure proposed by Benjamini and Hochberg (1995).

Target Genes of Differentially Expressed MiRNAs and Pathway Analysis

The target genes regulated by miRNAs can be either predicted using algorithms or validated using biological experiments. In this study, we investigated the target genes that have been validated using luciferase reporter assay to be regulated by one of the DE miRNAs (Ru et al., 2014). We employed FUMA gene2func online tool to reveal the pathways defined in WikiPathways that the target genes have a role in Watanabe et al. (2017); Slenter et al. (2018).

Polygenic Risk Score and Prediction Power of DR in T2DM Patients

In the scenario of single miRNA, the DR risk of a T2DM patient was estimated using the logarithm of normalized FPM of the miRNA per se. For the polygenic risk score constructed with multiple miRNAs, the logarithms of the normalized FPM across multiple miRNAs were summed together, weighted by the log2 fold change (LFC) of the miRNAs, respectively. The area under the curve (AUC), sensitivity and specificity, and optimal cutoff were estimated using the pROC package of R (https://www.r-project.org).

RESULTS

Characteristics of DR and NDR Groups

Twenty-one T2DM patients were included in our study. All samples were of Chinese Han ethnicity. DR group has four cases of males and six cases of females, with an average BMI of 27.17 ± 3.79. NDR group has seven cases of males and four cases of females, with an average age of 25.23 ± 3.03 (Table 1). There is no significant difference of sex and BMI between the two groups (p-value > 0.05). In order to maximize our capacity of identifying genuine DE miRNA, we intendedly selected DR patients of shorter diabetes duration and NDR group of longer diabetes duration. Therefore, the average age of DR group is 16.35 years younger than that of NDR group (p < 0.001). This extreme case-control study design can better surrogate the susceptibility to DR. When the blood samples were taken, the DR patients were all diagnosed as non-proliferative retinopathy by an ophthalmologist.

TABLE 1. Characteristics of DR and NDR groups.
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Differential MiRNA Expression Between DR and NDR Samples

Sequence data analysis using mirDeep2 revealed 2588 mature miRNAs which were expressed in the 21 serum samples. After restricting our analysis in those with sufficient abundance (total count ≥ 200), there were 756 miRNAs left for differential expression analysis. No significant differential expression was identified after multiple testing corrections. In this study, we regarded miRNAs with p-value ≤ 0.01 and LFC ≥ 2 or ≤-2 as significantly differentially expressed. At this significance level, five miRNAs were DE (Figure 1). Among these, four miRNAs (miR-4448, miR-338-3p, miR-485-5p, and miR-9-5p) were down-regulated and the remaining (miR-190a-5p) was up-regulated in serum samples of DR patients (Table 2).
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FIGURE 1. The volcano plot and MA-plot of expressed miRNAs. (A) Volcano plot. Significantly DE miRNAs are in black. Others are in gray. (B) MA plot. When the LFC of the DE miRNAs were greater than 2 or less than –2, they were presented by black triangles on the boundary.



TABLE 2. Differentially expressed miRNAs in DR serum samples.
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Target Genes of the DE MiRNAs and Enriched Pathway

We identified the target genes that have been proved to be regulated by DE miRNAs using luciferase assay. In total, 55 genes were regulated by these miRNAs. Among these, 41 were targeted by miR-9-5p alone (Supplementary Table 1). Pathway analysis revealed that 4 target genes (SIRT1, FOXO1, FOXO3, and NFKB1) of miR-9-5p belong to NAD metabolism, sirtuins and aging pathway. There are 11 known genes in this pathway, which were mostly regulated by miR-9-5p (enrichment p-value = 1.76 × 10-9, corrected p-value = 7.13 × 10-7). In addition, these 4 target genes were possibly under joint regulation by the DE miRNAs. According to the target gene predictions, we found that SIRT1 was the potential target of miR-338 and miR-9-5p, while FOXO1 and FOXO3 were targeted by miR-485-5p, miR-338-3p, and miR-9-5p at the same time.

The Performance of MiRNA Polygenic Risk Score

We evaluated the predictive power of individual miRNA with receiver operator characteristics (ROC) curve (Supplementary Figure 1). The AUC values of the 5 DE miRNAs were greater than 0.7, with the highest predictive power from miR-4448 and miR-9-5p (AUC = 0.836). The polygenic score with all five miRNAs was significantly higher in DR samples (p-value = 6.3 × 10-3, Supplementary Figure 2). The AUC value of the polygenic risk score was estimated as 0.909, with the optimal cutoff -43.869 (specificity = 0.909, sensitivity = 0.900, Figure 2).
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FIGURE 2. The ROC curve of the polygenic risk score. ROC, receiver operator characteristics; AUC, area under curve. Shadow area represents the 95% confidence interval. The dot in the curve represents the optimal cutoff point and the corresponding specificity and sensitivity (parentheses).



DISCUSSION

In this study, we leveraged the high throughput sequencing technology and investigated the DR specific circulating miRNA profile that could be of important relevance in the etiology of DR. Although the sample size of our study was small, we were able to discover the substantially DE (LFC > 2 or LFC < -2) miRNAs under an extreme case-control study design. In fact, we demonstrated that the fold change of DE circulating miRNA levels between the two groups ranged from 6.1 to 19.1. To our knowledge, these miRNAs have never been associated with DR in T2DM patients before this study. The NDR group in this study has a much longer diabetes duration than the DR group, possibly resulting from a different vulnerability to retinopathy under T2DM physiological condition.

The predictive power of these miRNAs seemed to be clinically actionable (AUC = 0.909). However, it is worth noting that the evaluation of AUC was done in the discovery samples, which may inflate the estimated AUC. A validation in an independent and larger cohort is necessary to assess the predictive power of our polygenic score. In addition, the discovery sample size was small and may not represent the general T2DM population well. People should expect a significant drop of predictive power when used in clinical practice. Furthermore, several of T2DM patients were treated with metformin. It has been pointed out that the circulating levels of miR-146a were higher in T2DM patients treated with metformin compared to those with other anti-diabetic medicines (Mensa et al., 2019). Theoretically, our differential expression analysis should take anti-diabetic medication into consideration. However, since our samples came from inpatients, changes in medication after enrollment were frequently seen as part of our clinical practices (data not shown). This made the adjustment of anti-diabetic medicine unpractical.

Retinopathy is a chronic eye disease with two progressive stages, non-proliferative retinopathy and proliferative retinopathy. In non-proliferative DR, high glucose condition was said to induce the dysfunction of blood-retina barrier (BRB) and contributes to the progression of DR (Giebel et al., 2005). Non-proliferative DR may develop into proliferative diabetic retinopathy (PDR) at the advanced stage, which could be characterized by ischemia-induced neovascularization along the retina and the vitreous surface (Aiello et al., 1994). The DR patients included in this study were all classified as non-proliferative DR. Thus, our results indicated the biomarkers of early stage DR and could potentially become predictive markers of DR onset, but were not necessarily capable of estimating the progression of DR.

We also observed substantial overlapping of the target genes of these DR specific miRNAs with the NAD metabolism, sirtuins and aging pathway (Supplementary Figure 3), which is capable of regulating vascular network formation and morphogenesis. Sirtuins are NAD-dependent deacetylases. In particular, SIRT1 was found to be a vital regulator of revascularization in ischemic tissues. With the absence of SIRT1, the blood vessel network formation was impaired (Potente et al., 2007). In fact, SIRT1 deacetylates and destabilize Notch1 intracellular domain in endothelial cells (EC). This can attenuate Notch signaling and negatively regulate its activity (Guarani et al., 2011). Notch signaling controls the important steps of blood vessel formation, promoting stalk behavior but limiting explorative tip or sprout behavior of EC (Phng and Gerhardt, 2009). This explained the phenomenon that zebrafish with sirt1 knockdown showed sparse blood vessel network (Potente et al., 2007). Moreover, FOXO1 and FOXO3, in collaboration, regulate vascular morphogenesis by repressing sprout and migration of EC (Potente et al., 2005). Finally, FOXOs can be deacetylated by SIRT1 and be further degraded by proteasome. In our study, we found that miR-9-5p was down-regulated in DR samples, possibly indicating a higher level of transcription of both SIRT1 and FOXOs, which play counteracting roles in revascularization. Hence, we speculate that SIRT1 was in epistasis of FOXOs by deacetylation after translation, so that only the effect of SIRT1 was discernable. The down-regulation of miR-9-5p may result in higher SIRT1 expression. The latter promoted the sprout behavior of EC and explained the neovascularization in diabetic retina. Furthermore, in tissue-specific expression data of ocular tissues in the Ocular Tissue Database (Wagner et al., 2013), we observed that FOXO1 was highly expressed in normal choroid RPE, sclera, and retina, followed by SIRT1 and FOXO3 (Supplementary Figure 4). However, it is interesting to know whether or not this expression pattern changed under diabetic condition. Since the majority of the validated target genes were regulated by miR-9-5p, we think this miRNA would become a novel biomarker of a DR risk prediction and mechanism study.

Previous cell and animal models of DR have demonstrated the important roles of miRNAs in the pathology of DR. Most studies in vitro have investigated the roles of miRNAs in DR models of retinal endothelial cells (RECs) and retinal pigment epithelial (RPE) cells (Gong and Su, 2017). These models were based on the fact that REC and RPE are components of BRB, which were affected and impaired by the adverse effects of high glucose level under diabetes condition. On the other hand, many studies in vivo used streptozotocin (STZ)-induced diabetic animal models, which were possibly not the best model surrogating the etiology of retinopathy in T2DM patients.

Previous studies on the expression profile of DR miRNAs in human serum samples revealed several DR-specific miRNAs. For example, down-regulation of miR-17-3p was found in serum samples of Egyptian DR patients as compared with NDR patients (Shaker et al., 2019), which is consistent with our results (LFC = -3.64, p-value = 0.034). Another miRNA (miR-20b-3p) was not significant in our results. Especially in the Chinese population, we found case-control studies that could be closely related to our study in terms of the genetic background and environmental exposure (Zou et al., 2017; Liang et al., 2018; Liu et al., 2018). In general, the miRNAs reported in Chinese studies were not significant in our results (p-value > 0.05), but the directions of fold change were mostly consistent (Table 3). The reason behind the failure to replicate the previous reports may lie in the limited sample size, heterogeneity among statistical models and potential sampling bias.

TABLE 3. Significantly differentially expressed miRNAs in DR serum samples in Chinese T2DM patients in previous studies.
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CONCLUSION

In conclusion, we unveiled novel DR-specific circulating miRNAs which may be functional in the early stage of DR. They could be employed both as biomarkers for early DR risk prediction and tools for exploring the molecular mechanism and therapeutic targets of DR. However, cautions need to be taken when interpreting these results since the limitations of current study warrants replication of these miRNAs in human serum samples or cell/animal models.

DATA AVAILABILITY

The datasets generated for this study can be found in Sequence Read Archive, PRJNA540183.

ETHICS STATEMENT

This study was carried out in accordance with the recommendations of China-Japan Union Hospital of Jilin University, with written informed consent from all subjects. All subjects gave written informed consent in accordance with the Declaration of Helsinki. The protocol was approved by the institutional review board of China-Japan Union Hospital of Jilin University.

AUTHOR CONTRIBUTIONS

ZL, YD, DL, and QW collected the blood samples and acquired the patient information. ZL, CH, XP, and PC conducted the analyses. ZL, CH, QW, and PC drafted the manuscript. XP, JY, LS, PC, and QW revised the manuscript and gave the final approval for submission.

FUNDING

This study was supported by “Changbai Shan” endorsed professor program of Jilin Province.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fgene.2019.00531/full#supplementary-material

REFERENCES

Aiello, L. P., Avery, R. L., Arrigg, P. G., Keyt, B. A., Jampel, H. D., Shah, S. T., et al. (1994). Vascular endothelial growth factor in ocular fluid of patients with diabetic retinopathy and other retinal disorders. N. Engl. J. Med. 331, 1480–1487. doi: 10.1056/nejm199412013312203

Benjamini, Y., and Hochberg, Y. (1995). Controlling the false discovery rate: a practical and powerful approach to multiple testing. J. R. Stat. Soc. B. 57, 289–300. doi: 10.1111/j.2517-6161.1995.tb02031.x

Elmasry, K., Mohamed, R., Sharma, I., Elsherbiny, N. M., Liu, Y., Al-Shabrawey, M., et al. (2018). Epigenetic modifications in hyperhomocysteinemia: potential role in diabetic retinopathy and age-related macular degeneration. Oncotarget 9, 12562–12590. doi: 10.18632/oncotarget.24333

Giebel, S. J., Menicucci, G., McGuir, P. G., and Das, A. (2005). Matrix metalloproteinases in early diabetic retinopathy and their role in alteration of the blood-retinal barrier. Lab. Invest. 85, 597–607. doi: 10.1038/labinvest.3700251

Gong, Q., and Su, G. (2017). Roles of miRNAs and long noncoding RNAs in the progression of diabetic retinopathy. Biosci. Rep. 37:BSR20171157. doi: 10.1042/BSR20171157

Guarani, V., Deflorian, G., Franco, C. A., Krüger, M., Phng, L. K., Bentley, K., et al. (2011). Acetylation-dependent regulation of endothelial Notch signalling by the SIRT1 deacetylase. Nature 473, 234–238. doi: 10.1038/nature09917

Joglekar, M. V., Januszewski, A. S., Jenkins, A. J., and Hardikar, A. A. (2016). Circulating microRNA biomarkers of diabetic retinopathy. Diabetes 65, 22–24. doi: 10.2337/dbi15-0028

Kalariya, N., Brassil, K., and Calin, G. (2017). MicroRNAs: clinical Trials and potential applications. Clin. J. Oncol. Nurs. 21, 554–559. doi: 10.1188/17.cjon.554-559

Kamalden, T. A., Macgregor-Das, A. M., Kannan, S. M., Dunkerly-Eyring, B., Khaliddin, N., Xu, Z., et al. (2017). Exosomal MicroRNA-15a transfer from the pancreas augments diabetic complications by inducing oxidative stress. Antioxid. Redox Signal. 27, 913–930. doi: 10.1089/ars.2016.6844

Li, S., Yang, X., Yang, J., Zhen, J., and Zhang, D. (2016). Serum microRNA-21 as a potential diagnostic biomarker for breast cancer: a systematic review and meta-analysis. Clin. Exp. Med. 16, 29–35. doi: 10.1007/s10238-014-0332-3

Liang, Z., Gao, K. P., Wang, Y. X., Liu, Z. C., Tian, L., Yang, X. Z., et al. (2018). RNA sequencing identified specific circulating miRNA biomarkers for early detection of diabetes retinopathy. Am. J. Physiol. Endocrinol. Metab. 315, E374–E385. doi: 10.1152/ajpendo.00021.2018

Liu, H. N., Li, X., Wu, N., Tong, M. M., Chen, S., Zhu, S. S., et al. (2018). Serum microRNA-221 as a biomarker for diabetic retinopathy in patients associated with type 2 diabetes. Int. J. Ophthalmol. 11, 1889–1894. doi: 10.18240/ijo.2018.12.02

Mensa, E., Giuliani, A., Matacchione, G., Gurãu, F., Bonfigli, A. R., Romagnoli, F., et al. (2019). Circulating miR-146a in healthy aging and type 2 diabetes: age- and gender-specific trajectories. Mech. Ageing Dev. 180, 1–10. doi: 10.1016/j.mad.2019.03.001

Pastukh, N., Meerson, A., Kalish, D., Jabaly, H., and Blum, A. (2019). Serum miR-122 levels correlate with diabetic retinopathy. Clin. Exp. Med. 19, 255–260. doi: 10.1007/s10238-019-00546-x

Pereira, A. L., Magalhães, L., Moreira, F. C., Reis-das-Mercês, L., Vidal, A. F., Ribeiro-Dos-Santos, A. M., et al. (2019). Epigenetic field cancerization in gastric cancer: microRNAs as promising biomarkers. J. Cancer 10, 1560–1569. doi: 10.7150/jca.27457

Phng, L. K., and Gerhardt, H. (2009). Angiogenesis: a team effort coordinated by notch. Dev Cell 16, 196–208. doi: 10.1016/j.devcel.2009.01.015

Potente, M., Ghaeni, L., Baldessari, D., Mostoslavsky, R., Rossig, L., Dequiedt, F., et al. (2007). SIRT1 controls endothelial angiogenic functions during vascular growth. Genes Dev. 21, 2644–2658. doi: 10.1101/gad.435107

Potente, M., Urbich, C., Sasaki, K., Hofmann, W. K., Heeschen, C., Aicher, A., et al. (2005). Involvement of Foxo transcription factors in angiogenesis and postnatal neovascularization. J. Clin. Invest. 115, 2382–2392. doi: 10.1172/jci23126

Ru, Y., Kechris, K. J., Tabakoff, B., Hoffman, P., Radcliffe, R. A., Bowler, R., et al. (2014). The multiMiR R package and database: integration of microRNA-target interactions along with their disease and drug associations. Nucleic Acids Res. 42:e133. doi: 10.1093/nar/gku631

Rupaimoole, R., and Slack, F. J. (2017). MicroRNA therapeutics: towards a new era for the management of cancer and other diseases. Nat. Rev. Drug Discov. 16, 203–222. doi: 10.1038/nrd.2016.246

Shaker, O. G., Abdelaleem, O. O., Mahmoud, R. H., Abdelghaffar, N. K., Ahmed, T. I., Said, O. M., et al. (2018). Diagnostic and prognostic role of serum miR-20b, miR-17-3p, HOTAIR, and MALAT1 in diabetic retinopathy. IUBMB Life 71, 310–320. doi: 10.1002/iub.1970

Shaker, O. G., Abdelaleem, O. O., Mahmoud, R. H., Abdelghaffar, N. K., Ahmed, T. I., Said, O. M., et al. (2019). Diagnostic and prognostic role of serum miR-20b, miR-17-3p, HOTAIR, and MALAT1 in diabetic retinopathy. IUBMB Life 71, 310–320. doi: 10.1002/iub.1970

Shao, Y., Liang, B., Long, F., and Jiang, S. J. (2017). Diagnostic MicroRNA biomarker discovery for non-small-cell lung cancer adenocarcinoma by integrative bioinformatics analysis. Biomed. Res. Int. 2017:2563085. doi: 10.1155/2017/2563085

Slenter, D. N., Kutmon, M. L., Hanspers, K., Riutta, A., Windsor, J., Nunes, N., et al. (2018). WikiPathways: a multifaceted pathway database bridging metabolomics to other omics research. Nucleic Acids Res. 46, D661–D667. doi: 10.1093/nar/gkx1064

Stitt, A. W., Curtis, T. M., Chen, M., Medina, R. J., McKay, G. J., Jenkins, A., et al. (2016). The progress in understanding and treatment of diabetic retinopathy. Prog. Retin. Eye Res. 51, 156–186. doi: 10.1016/j.preteyeres.2015.08.001

Terrinoni, A., Calabrese, C., Basso, D., Aita, A., Caporali, S., Plebani, M., et al. (2018). The circulating miRNAs as diagnostic and prognostic markers. Clin. Chem. Lab. Med. [Epub ahead of print]

Wagner, A. H., Anand, V. N., Wang, W. H., Chatterton, J. E., Sun, D., Shepard, A. R., et al. (2013). Exon-level expression profiling of ocular tissues. Exp. Eye Res. 111, 105–111. doi: 10.1016/j.exer.2013.03.004

Watanabe, K., Taskesen, E., van Bochoven, A., and Posthuma, D. (2017). Functional mapping and annotation of genetic associations with FUMA. Nat Commun. 8:1826. doi: 10.1038/s41467-017-01261-5

Wilkinson, C. P., Ferris, F. L., Klein, R. E., Lee, P. P., Agardh, C. D., Davis, M., et al. (2003). Proposed international clinical diabetic retinopathy and diabetic macular edema disease severity scales. Ophthalmology 110, 1677–1682. doi: 10.1016/s0161-6420(03)00475-5

 World Health Organization (1999). Definition, Diagnosis and Classification of Diabetes Mellitus and Its Complications : Report of a WHO Consultation. Part 1, Diagnosis and Classification of Diabetes Mellitus. Geneva: World Health Organization. Available at: http://www.who.int/iris/handle/10665/66040

Ye, E. A., Liu, L., and Steinle, J. J. (2017). miR-15a/16 inhibits TGF-beta3/VEGF signaling and increases retinal endothelial cell barrier proteins. Vision Res. 139, 23–29. doi: 10.1016/j.visres.2017.07.007

Ye, E. A., and Steinle, J. J. (2017). miR-146a suppresses STAT3/VEGF pathways and reduces apoptosis through IL-6 signaling in primary human retinal microvascular endothelial cells in high glucose conditions. Vision Res. 139, 15–22. doi: 10.1016/j.visres.2017.03.009

Ye, Z., Li, Z. H., and He, S. Z. (2017). miRNA-1273g-3p involvement in development of diabetic retinopathy by modulating the autophagy-lysosome pathway. Med. Sci. Monit. 23, 5744–5751. doi: 10.12659/msm.905336

Zhang, W., Chen, S., and Liu, M. L. (2018). Pathogenic roles of microvesicles in diabetic retinopathy. Acta Pharmacol. Sin. 39, 1–11. doi: 10.1038/aps.2017.77

Zhang, Y., Zhang, L., Wang, Y., Ding, H., Xue, S., Qi, H., et al. (2019). MicroRNAs or long noncoding RNAs in diagnosis and prognosis of coronary artery disease. Aging Dis. 10, 353–366. doi: 10.14336/AD.2018.0617

Zou, H. L., Wang, Y., Gang, Q., Zhang, Y., and Sun, Y. (2017). Plasma level of miR-93 is associated with higher risk to develop type 2 diabetic retinopathy. Graefes Arch Clin. Exp. Ophthalmol. 255, 1159–1166. doi: 10.1007/s00417-017-3638-5

Conflict of Interest Statement: 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 © 2019 Li, Dong, He, Pan, Liu, Yang, Sun, Chen and Wang. 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/images/fgene-10-00531-g001.jpg
A volcano plot of MIRNAs B  MA plot of miRNAs

.. . 2= A
(1]
2.0
1-
1.5%
L]
S 2
s
OQ- k-] 0-
> 10- =
2 =)
o
_1 -
0:5=
0.0- -2= v v v v
' ' ' ' ' ' ' ! '
-4 -2 0 2 4 6 1e+02 1e+04 1e+0¢

log2 fold change normalized read counts





OPS/images/cross.jpg
3,

i





OPS/images/fgene-10-00531-g002.jpg
Sensitivity

1.0

0.8

0.6

04

0.2

0.0

-43.869 (0.909, 0.900)

AUC: 0.909

| |
0.8 0.6

|
04

Specificity

0.2

0.0






OPS/images/cover.jpg
, frontiers

in Genetics

RNA-Seq Revealed Novel
Non-proliferative Retinopathy
Specific Circulating MiRNAs in

T2DM Patients









OPS/images/logo.jpg
’ frontiers
in Genetics





OPS/images/fgene-10-00531-t002.jpg
Mature miRNA ID LFC LFC.SE p-Value

miR-4448 —2.86 1.05 0.006
miR-338-3p —2.60 0.96 0.007
miR-190a-5p 4.26 1.68 0.007
miR-485-5p -3.04 1.16 0.009
miR-9-5p —2.84 1.09 0.009

Differentially expressed miRNAs with p-Value less than 0.01 and LFC > 2 or
LFC < —2 were present. Fold change indicates the miRNA level of DR group over
NDR group. The p-Values were adjusted for age, without multiple testing correction.
LFC, logs fold change; LFC.SE, standard error of logs fold change.





OPS/images/fgene-10-00531-t003.jpg
Authors Year Region Methods MiRNA

Liang et ., 2018 2018 Shenzhen RNA-seq and qRT-PCR hsa-let-7a-5p
hsa-miR-28-3p
hsa-miR-151a-5p
hsa-miR-148a-3p

Liuetal, 2018 2018 Shenyang GRT-PCR hsa-miR-221

Zouetal., 2017 2017 Nanjing GRT-PCR hsa-miR-93

Reported FC

R

t

This study FC

"
"

1 (hsa-miR-221-3p)
+ (hsa-miR-93-5p)

+ refers to up-regulated, | refers to down-regulated. There was no statistical differences of these mifiNAs in our study (p > 0.05). The latest mature miRNA names of
the same mature form investigated in a previous study were provided in parentheses. The miRNA with inconsistent direction of fold change was highlight by asterisk.

FC, fold change.





OPS/images/fgene-10-00531-t001.jpg
Number of samples
T2DM Course (year)
Gender (M/F)

Age (year)

BMI (kg/m?)

Data is expressed as mean A

DR group NDR group
10 11
<b years >10 years
4/6 7/4
47.10 £ 6.45 63.45 £ 4.25
2717 £3.79 2523 +3.03

questionnaires completed by the patients.

P-value

n.a
n.a
0.395
<0.001
0.215

t SD. Disease course was recorded according to the





