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Abstract 

We investigated plasma microRNA (miRNA) profiles associated with variation of hyperglycemia, 

measured as hemoglobin A1c (HbA1c), in two panels of patients with type 1 diabetes (T1D). Using 

the HTG Molecular Diagnostics EdgeSeq platform, 2,083 miRNAs were measured in plasma 

from 71 patients included in a screening panel. Quantitative real-time polymerase chain reaction 

was used to measure the candidate miRNAs in plasma from 95 patients included in an 

independent replication panel. We found 10 miRNAs replicated in both panels and four with high 

statistical significance. The strongest positive correlations with HbA1c were found with 

miR-125b-5p (rs= 0.40, p=6.0x10-5) and miR-365a-3p (rs=0.35, p=5.9x10-4). The strongest 

negative correlations were found with miR-5190 (rs=-0.30, p=0.003) and miR-770-5p (rs=-0.27, 

p=0.008). Pathway analysis revealed that 50 KEGG pathways were significantly enriched by 

genes targeted by these 4 miRNAs. The axon guidance signaling pathway was enriched 

(p<1x10-7) by genes targeted by all 4 miRNAs. And three other pathways (the Rap1 signaling, 

focal adhesion and neurotrophin signaling) were also significantly enriched but with genes 

targeted by only by 3 of the identified miRNAs. In conclusion, our study identified 4 circulating 

miRNAs that were influenced by variation in hyperglycemia. Dis-regulation of these miRNAs, 

which are associated with hyperglycemia in patients with T1D, may contribute to the 

development of diabetic complications. However, there are multitudes of possible 

mechanisms/pathways through which dis-regulation of these miRNAs may impact risk of diabetic 

complications. 
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INTRODUCTION 

Diabetes mellitus (DM) is characterized by chronic hyperglycemia. Clinical trials in T1D and Type 

2 diabetes (T2D) have demonstrated that the degree of hyperglycemia is a major risk factor for 

the development of late diabetic complications (1, 2). Various mechanisms have been proposed 

through which hyperglycemia may impact the development of complications such as retinopathy, 

nephropathy and neuropathy (3). These mechanisms include non-enzymatic glycation of proteins, 

generation of oxidative stress, activation of renin-angiotensin system, DNA methylation and 

others (3). Dysregulation of microRNAs (miRNAs) expression resulting from hyperglycemia was 

recently proposed to be another such mechanism (4).  

miRNAs are endogenous short noncoding RNA molecules that regulate gene expression at the 

post-translational level and modulate a variety of physiological processes in both health and 

disease (5). More than 2,500 human miRNAs are known and new ones are continuously being 

discovered. Mature miRNAs bind to their target mRNA(s) and interfer with their translation (6). As 

such, elevated levels of miRNAs result in lower expression levels of their targeted gene(s), and 

likely decrease protein levels as well. Conversely, lower levels of miRNA should result in higher 

levels of their target gene(s)/protein(s). At least 60% of human protein-coding genes are 

targeted/regulated by miRNAs (7). 

miRNA profiles associated with hyperglycemia in diabetes in humans have not yet been studied 

in a comprehensive way. Although some previous reports investigated associations between 

circulating miRNAs and hyperglycemia in patients with T2D (8; 10), these studies were limited in 

the scope of profiling and used variable normalizations methods and their results remain 

controversial. Additionally, few reports focused on the effect of hyperglycemia on specific miRNA 

profiles. For example let-7c-5p and let-7a-5p were shown to be negatively correlated with HbA1c 

in serum obtained from children with T1D (11) and miR-375 were reported to be increased in 

plasma from patients with T1D compared to individuals with normal glucose tolerance (12; 13).  
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The aim of this study was to examine profiles of circulating miRNAs according to variation of 

hyperglycemia measured by HbA1c levels in patients with T1D. Using the HTG Molecular 

Diagnostics EdgeSeq platform that measured the majority of known circulating miRNAs, we 

determined concentration of 2,083 miRNAs in plasma obtained from patients included in a 

screening panel. miRNAs correlated with HbA1c in this panel were examined further for similar 

associations in plasma obtained from patients included in the replication panel using quantitative 

real-time polymerase chain reaction. The new miRNAs strongly associated with variation in 

HbA1c were subjected to bioinformatics analysis to identify genes and pathways targeted by 

these miRNAs. 

 

RESEARCH DESIGN and METHODS 

The study design and methods used are outlined in Figure 1. All subjects included in this 

research were recruited as part of the Joslin Kidney Studies. Study protocols on recruitment and 

examination of patients in the Joslin Kidney Study and related consent procedures were 

approved by the Joslin Diabetes Center Institutional Review Board. 

 

Screening panel 

Our screening panel consisted of 71 patients randomly selected from the participants in the 

Second Joslin Kidney Study (2nd JKS) with baseline clinical data, baseline measurements of 

HbA1c and baseline specimens of plasma available for use in this study (14). Briefly, the 2nd JKS 

is a longitudinal investigation on the natural history of early diabetic nephropathy in 

non-proteinuric patients (n=660) with T1D attending the Joslin Clinic between 2003 and 2006. 

More information about study enrollment and protocols to examine these patients was provided in 

previous publications (14; 15). 
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miRNA expression profiling in the screening panel 

To determine concentration of 2,083 known miRNAs in plasma from patients in our screening 

panel, we applied HTG’s EdgeSeq technology (HTG Molecular Diagnostics, Inc, Tucson, AZ, 

USA), a new next-generation sequencing-based miRNA profiling platform (16; 17). Fifteen µl 

aliquots of plasma from 71 patients were submitted to HTG Molecular Diagnostics for analysis. 

The samples were run on an EdgeSeq Processor using the EdgeSeq miRNA whole 

transcriptome assay. After the processor step, samples were individually barcoded by adding 

sequence adaptors and molecular barcodes to each plasma sample. Barcoded samples were 

pooled, individually purified and sequenced on the Illumina NextSeq 500 Sequencing platform 

using a High Output, 75 cycle, v2 kit with two index read. Data were retrieved from the sequencer 

in the form of FASTQ files and processed using the EdgeSeq Parser software (HTG Molecular 

Diagnostics, Inc.).  

Normalization of miRNA expression data in the screening panel 

Normalization of miRNA expression data was performed using the edgeR (Version 3.12.1) (18) 

and limma (Version 3.26.9) (19) packages from Bioconductor in R. As detectable miRNAs we 

considered miRNAs that had expression levels of >1 counts per million (CPM) in more than half 

of our samples (>36). We then applied quantile normalization, a non-scaling approach that forces 

the distribution of read counts in all experimental samples to be equivalent and assumes that i) 

most target miRNAs are not differentially expressed and ii) that the true expression distribution of 

miRNAs is similar across all samples (20).  

Replication panel 

We selected randomly 95 patients from among those participating in the Joslin Proteinuria 

Cohort as a replication panel. Briefly, Proteinuria Cohort comprised 424 patients who developed 

proteinuria while attending the Joslin Clinic between 1991 and 2004 (21). These patients were 
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enrolled into a long-term follow-up study (22). For replication panel, only patients with CKD1-2 were 

considered. For those randomly selected baseline plasma specimens together with baseline clinical 

data and baseline HbA1c measurements were used. For comparison of plasma concentration of 

candidate miRNAs in replication panel and in non-diabetic individuals, a group of 30 healthy 

parents of T1D patients were used. More information about protocols of enrollment and baseline 

examination was reported in previous publications (21; 22).  

RNA isolation and quantitative real time polymerase chain reaction (qRT-PCR)  

Total RNA was isolated from 60µl plasma samples from members of the replication panel using 

the Qiagen’s miRNeasy Serum/Plasma kit (Qiagen, Valencia, CA) according to the 

manufacturer’s protocol and as already published (23). Candidate miRNAs identified in the 

screening panel were used to design a custom miScript miRNA PCR Array (Qiagen). As some 

assays were not available on this platform, our custom miScript miRNA PCR Array included 48 

miRNAs identified in the screening panel as well as several positive control miRNAs.  

Reverse transcription of RNA isolated from plasma was performed using the miScript II RT Kit with 

miScript HiSpec Buffer (Qiagen). One and a half µl of isolated RNA was used to prepare a 10µl 

reverse transcription reaction as specified by the manufacturer. The pre-amplification was 

performed using miScript PreAMP PCR Kit and a custom miScript PreAMP Primer Mix according 

to the manufacturer’s protocol. Following the reverse transcription and pre-amplification, the level 

of the candidate miRNAs included on the custom miRNA PCR Array were assayed by SYBR 

Green-based qRT-PCR using 0.25µl of diluted cDNA in a 10µl reaction on an ABI 7900HT Fast 

Real-Time PCR System (Applied Biosystems, Foster City, CA). Amplification results were 

analyzed with the SDS 2.4 software (Applied Biosystems). Ct values > 35 were considered as 

negative amplification. Global mean normalization, as described by Mestdagh et al. was used to 

normalize the resulting qRT-PCR data (24). Relative quantification values were calculated using 

the ∆∆Ct method.  
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The above protocols were applied also to measure the 4 strongly associated miRNAs with 

hyperglycemia in a group of 30 non-diabetic controls. 

Determination of HbA1c in study patients: 

Baseline HbA1c was measured during routine clinic visits or for research purposes in the Joslin 

clinical laboratory. The methods used over time were calibrated according to Diabetes 

Complication and Control Trial standards: in the 1990s, Bio-Rad HPLC analyzer (Bio-Rad, 

Hercules, CA); in 2001-2005, Tosoh 2+2 HPLC analyzer, and in 2006 and beyond, Tosoh G7 

HPLC analyzer (Tosoh Bioscience, South San Francisco, CA). 

Pathway analysis 

To predict the target genes for the candidate miRNAs, we used the open-access web-server 

miRWALK2.0 (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2) that integrates 12 target 

prediction algorithms (25). To increase prediction accuracy, we required that putative target 

genes be identified by at least 6 of the 12 algorithms included in miRWALK2.0. Kyoto 

Encyclopedia of Genes and Genomes (KEGG) enrichment analysis was performed for 

overlapped genes using DAVID (https://david.ncifcrf.gov/) (26). A Fisher exact test p-value <0.01 

was used to identify significantly targeted pathways in KEGG and enriched gene target pathways 

obtained from these databases.  

Statistical Analysis 

All statistical analyses were conducted using SAS for Windows, version 9.4 (SAS Institute, Cary, 

NC) or R (Version 3.2.4). Correlations between HbA1c and candidate miRNA expression levels 

were estimated by Spearman’s rank correlation test.  

For further assessment of levels of candidate miRNAs, patients were divided into tertiles based 

on HbA1c levels and data were compared across tertiles. Group-wise comparisons of differences 
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in miRNA levels were assessed by non-parametric one way ANOVA and Dwass, Steel, 

Critchlow-Fligner test as appropriate. P-values <0.05 were considered statistically significant. 

RESULTS 

Clinical characteristics of study panels 

Clinical characteristics for patients included in the screening and the replication panels are 

presented in Table 1. Importantly, both studies included patients with a very broad range of 

hyperglycemia. The interquartile range of HbA1c was <7.9% and >9.2% in the screening panel 

and <8.3% and >10.1% in the replication panel. Relative to patients in the screening panel, the 

replication panel included more men, these patients were younger, had shorter duration of 

diabetes, had slightly higher systolic and diastolic blood pressure, had lower BMI, and the 

majority had microalbuminuria or proteinuria. In addition, patients in both panels had normal 

eGFR, although it was slightly lower in those included in the replication panel. 

 

Screening for candidate miRNAs using the EdgeSeq platform  

Using the EdgeSeq platform, expression profiles were measured for 2,083 miRNAs in patients 

included in the screening panel. After filtering out non-detectable miRNAs, we normalized the 

data using quantile normalization with sample weights and examined correlations between these 

miRNA expression levels and HbA1c levels using Spearman’s rank correlation test. A total of 54 

miRNAs were found to be correlated with HbA1c at p-value <0.01 (Supplemental Table 1).  

 

Examination of the candidate miRNAs in replication panel using qRT-PCR 

Among the 54 candidate miRNAs identified in the screening panel, 48 were assayed in the replication 

panel. Among these 48 candidate miRNAs, only 26 miRNAs were detected in more than half of the 

study patients (>48 out of 95 patients). The rest of the miRNAs were detected in a fewer number of 
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patients or not at all (see Supplemental Table 1). We performed Spearman rank correlation testing of 

these 26 miRNAs and HbA1c levels. Ten miRNAs were correlated with HbA1c at p<0.05 (Table 2). Five 

miRNAs were positively correlated with HbA1c and 5 were negatively correlated with HbA1c. 

miR-125b-5p (rs= 0.40, p=6.0x10
-5

) and miR-365a-3p (rs=0.35, p=5.9x10
-4

) had the strongest and 

most significant positive correlation with HbA1c. miR-5190 (rs=-0.30, p=0.003) and miR-770-5p 

(rs=-0.27, p=0.008) had the strongest and most significant negative correlation with HbA1c. 

Interestingly, plasma levels of miR-125b-5p and miR-365a-3p were strongly and positively 

correlated with each other as were miR-5190 and miR-770-5p (rs>0.65, p<10-6). On the other 

hand correlation among the first two and the two others was negative and much weaker (rs=-0.20 

and -0.40, p<0.05) (Supplemental Table 2).  

The correlation between HbA1c and these 4 candidate miRNAs remained statistically significant 

after adjustment for age, BMI, systolic blood pressure, and ACR. Spearman correlation 

coefficients were as follows; rs=0.34, p=0.0025 for miR-125b-5p; rs=0.31, p=0.005 for 

miR-365a-3p; rs=-0.26, p=0.019 for miR-5190; and rs=-0.30, p=0.0074 for miR-770-5p. The other 

six miRNAs were less correlated with HbA1c in the replication study and were not analyzed 

further. 

 

Distribution of plasma levels of the 4 candidate miRNAs across tertiles of HbA1c   

To further examine the relationship between the 4 candidate miRNAs and hyperglycemia, the 

distribution of each of these miRNAs was plotted across to tertiles of HbA1c levels in the 

screening and in the replication panels separately. The panel specific tertiles of HbA1c were as 

follows: <8.1%, 8.1-8.9%, 8.9%> for screening panel and <8.6%, 8.6-9.7% 9.7%> for the 

replication panel. Clinical characteristics for tertile sub-groups are shown in Supplemental Table 

3A and 3B. In the screening panel, the highest tertile sub-group was slightly older and had 
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slightly higher eGFR than the lowest tertile sub-group. However, these 2 covariates were not 

significantly different among the tertiles in the replication panel. 

As shown in Figure 2A, among patients in the screening panel, plasma levels of miR-125b-5p 

and miR-365a-3p increased with tertiles of HbA1c. Whereas the increase of plasma levels of 

miR-125b-5p appears to be dose dependent, miR-365a-3p levels were only significantly 

increased in the highest HbA1c tertile (HbA1c >8.9%). In contrast, plasma levels of miR-5190 and 

miR-770-5p decreased in a dose dependent way with increasing tertiles of HbA1c (i.e., worsening 

hyperglycemia). 

As shown in Figure 2B, among patients in the replication panel, despite a very different method of 

determining concentrations of miRNAs, the patterns of association of the 4 candidate miRNAs 

according to the tertiles of HbA1c were similar as in patients in the screening panel. Figure 2B 

also shows the distribution of plasma levels of the 4 candidate miRNAs obtained from 30 

non-diabetic controls using qRT-PCR. Plasma levels of miR-125b-5p were very low in the 

controls (at detection limits) in comparison with increasing levels of HbA1c in patients with T1D 

(p<0.00001). Plasma levels of miR-365a-3p were low but well detected in non-diabetic controls 

and similar as in the 1st tertile of HbA1c. On the other hand plasma levels of miR-5190 were high 

in non-diabetic controls and similar as in the 1st tertile of HbA1c. The levels of this miRNA were 

significantly lower in the 2nd and 3rd tertile of HbA1c. Plasma levels of miR-770-5p in non-diabetic 

controls were the most contrasting. They were very low whereas levels of this miRNA were high 

in the 1st tertile (best glycemic control) and decreased in a dose dependent way with increasing 

HbA1c. 

Correlation of plasma levels of the 4 candidate miRNAs with clinical characteristics   

The 4 candidate miRNAs showed strong correlation with HbA1c levels in both panels as shown 

above in Table 2 and Figure 2. In the screening panel the levels of miRNAs were not correlated 

at all with other clinical characteristics such as BMI, eGFR, urinary albumin excretion measured 
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as ACR, and systolic blood pressure (Data not shown). In the replication panel variation of BMI 

and eGFR were not associated with variation in miRNAs. In contrast, all 4 miRNAs were 

significantly associated with ACR and systolic blood pressure (See supplemental Table 3). These 

associations, however, did not change the correlations of these miRNAs with HbA1c (See 

supplemental Table 3). 

 

Target genes and target pathways for the 4 candidate miRNAs 

Using miRWalk2.0 software, 5,566 predicted genes were identified by at least 6 prediction 

algorithms that were targeted by the 4 candidate miRNAs highly correlated with HbA1c. The 

numbers of genes targeted by each of the miRNAs are shown in boxes in Figure 3A. Since many 

of the genes were targeted by multiple miRNAs, the total of unique genes was only 4,391. The 

multiple color Venn Diagram presented in Figure 3A shows the distribution of these genes 

according to the candidate miRNAs that targeted them.  

To identify pathways enriched with these genes, a KEGG pathway analysis was performed. After 

eliminating cancer related pathways, this analysis identified 29 pathways enriched with genes 

targeted by miR-125b-5p, 27 by miR-365a-3p, 13 by miR-770-5p and 13 by miR-5190 (a total 82 

pathways, Supplemental Table 5). Many of the pathways, however, overlapped so in total there 

were 50 unique pathways enriched at statistical significance of p<0.01.  

Figure 3B shows distribution of the enriched pathways as a Venn Diagram according to the 

candidate miRNAs, and Table 3 provides the name of the pathways with information about 

degree of enrichment with targeted genes. Pathway of the axon guidance signaling was enriched 

with genes targeted by all 4 miRNAs at very high statistical significance (p<1.0x10-7). There were 

8 other pathways enriched with genes targeted by 3 miRNAs, the most statistically significant of 

which were the Rap1 signaling pathway (p<7.5x10-8), focal adhesion pathway (p<1.6x10-7) and 
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neurotrophin signaling pathway (p<6.3x10-8). Eleven pathways were enriched with genes that 

were targeted by 2 miRNAs. The remaining 30 pathways were enriched with genes targeted only 

by one miRNA and the degree of enrichment was less statistically significance (see supplemental 

Table 6).  

 

Genes targeted by the 4 candidate miRNAs in the Axon Guiding Signaling Pathway. 

To illustrate the complexity of the possible effects of the candidate miRNAs, we analyzed genes 

targeted by these miRNAs in the axon guiding signaling pathway. In the KEGG database, this 

pathway consists of 129 distinct genes. Among these genes, 57 are predicted to be targeted and 

regulated by the 4 candidate miRNAs, while only 29.3 genes were expected if there was no 

enrichment (p< 1.0x10-7 for difference between targeted and expected) (Table 3). Table 4 lists 

target genes grouped according to candidate miRNAs. It is striking that a large proportion of 

these genes had similar names disregarding the grouping. Furthermore, the majority of these 

target genes belonged to the same gene families such as EPHRINs, SEMPAPHORINs, 

NETRINs, and SLITs. The target genes included ligands as well as receptors, and activators and 

activated genes. 

DISCUSSION 

Our study is the first to comprehensively examine nearly all known circulating miRNAs for 

association with variation in hyperglycemia in T1D. Using a new next-generation 

sequencing-based miRNA platform, we measured plasma levels of 2,083 known miRNAs in 

exploratory panel and found that 54 miRNAs correlated with hyperglycemia. Among these 

miRNAs, 10 were confirmed by qRT-PCR in an independent replication panel and 4 of them, 

miR-125b-5p, miR-365a-3p, miR-5190 and miR-770-5p, showed very significant correlation with 

HbA1c levels. These correlations remained significant disregarding adjustment for various clinical 

characteristics including presence or absence of kidney complications. Bioinformatics analyses 

Page 12 of 42Diabetes



showed that these 4 candidate miRNAs target the expression of more than 4,000 genes/proteins 

that may impact 50 KEGG pathways. Four of these pathways had the highest statistical support 

for enrichment with genes targeted by these putative hyperglycemia-regulated miRNAs. These 

include the axon guidance signaling pathway, Rap1 signaling pathway, focal adhesion pathway 

and neurotrohpin signaling pathway. Overall, our study showed that hyperglycemia impacts 

expression of a relatively few specific circulating miRNAs which target thousands of genes and 

many dozens of pathways. The interpretation and experimental validation of our findings creates 

a formidable challenge considering that our study measured circulating miRNAs and not 

intracellular in humans. Furthermore, not all human miRNAs are present in animals. Following 

we discuss our findings in the context of the limited literature regarding the pathways and 

miRNAs involved.  

The axon guidance signaling pathway contains 127 genes/proteins and, in our study, 57 of these 

genes were predicted to be targeted by the 4 candidate miRNAs (only 29 genes would be 

expected by chance). This pathway is involved in the formation of neuronal network and it is 

guided by several guidance factors/proteins, including such ligands as Semaphorins, Ephrins, 

Slits and Netrins and their corresponding receptors neurophilin, Eph, Robo1-4 and UNC5. Singh 

et al. reported that mRNAs for genes encoding axon guidance signaling pathway were 

upregulated in hyperglycemic state in human endothelial cells (27), and recent reports implicated 

some of these proteins and this pathway in the development of diabetic retinopathy and 

nephropathy (28; 29).  

The Rap1 signaling pathway contains 210 genes/proteins; 78 of these genes are predicted to be 

targeted by three putative hyperglycemia-regulated miRNAs identified in our study (44 would 

have been expected by chance). Rap1 is a small GTPase that controls diverse processes, 

including cell adhesion, cell-cell junction formation and cell polarity. Rap1 plays a dominant role 

in the control of cell-cell and cell-matrix interactions by regulating the function of integrins and 
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other adhesion molecules in various cell types (30). Rap1 also regulates MAP kinase (MAPK) 

activity in a manner highly dependent on the context of cell types (31). Hyperglycemia inhibits 

Rap1 expression and its activity, which leads to tubular cell injury in patients with diabetic 

nephropathy and STZ-induced diabetic animal models (32). 

The focal adhesion pathway contains 206 genes/proteins. Seventy-six genes in this pathway are 

predicted to be targeted by 3 putative hyperglycemia-regulated miRNAs (43 would be expected 

by chance). Cell-matrix adhesions play important roles in biological processes including cell 

motility, proliferation, differentiation, regulation of gene expression and cell survival. Focal 

adhesion is also related to growth factor-mediated signaling in similar morphological alterations 

and modulation of gene expressions, suggesting considerable crosstalk between adhesion and 

growth factor mediated signaling as well as Rap1 signaling pathway (33). 

The neurotrophin signaling pathway contains 120 genes/proteins and 3 putative 

hyperglycemia-regulated miRNAs identified in our study are predicted to target 49 of the genes in 

this pathway (23 would have been expected by chance). Neurotrophin/Trk signaling plays an 

important role for neural development and additional higher-order activities, including learning 

and memory. A recent study indicates that diabetes-induced alterations in neurotrophin 

expression play multiple roles in steering events such as neurodegeneration, inflammation and 

vascular dysfunction in the diabetic retina (34).  

In contrast to the results of our pathway analysis that showed that all the putative 

hyperglycemia-regulated miRNAs might target a large number of genes in multiple pathways, 

many of the previous publications aimed on studying single miRNAs and focused on limited 

downstream effects. For example studies on miR-125b have focused on its impact on the 

regulation of specific downstream gene targets. Villeneuve et al. reported that miR-125b levels 

were up-regulated in the diabetic db/db vascular smooth muscle cells (VSMC) compared to 
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control mice and that this miRNA was able to target and down-regulate Suv39h1, a histone 

methyltransferase that mediates histone H3-lysine-9 trimethylation (H3K9me3) (35). The authors 

also found that histone H3K9me3 levels were decreased at the promoters of key inflammatory 

genes, interleukin-6 (IL-6) and monocyte chemoattractant protein-1 (MCP-1). Other studies have 

reported that miR-125b-5p expression is involved in the immune responses to viral infection (36). 

Interestingly, plasma miR-125b-5p levels and hyperglycemia were considered risk factors for 

poor prognosis in children with viral encephalitis (37). No similar research has been done 

regarding the biology of the other putative hyperglycemia-regulated miRNAs identified in our 

study, i.e. miR-365a-3p, miR-5190 and miR-770-3p. 

Among 6 other miRNAs that were correlated with HbA1c in our study, 3 (miR-193a-5p, 

miR-200c-3p and miR-7-1-3p) were positively correlated with HbA1c and 3 (miR-1228-3p, 

miR-6793-5p and miR-6799-3p) negatively correlated. Because these miRNAs were only 

nominally significant, the role of these miRNAs in the context of biological pathways was not 

explored. However, the biology of some of these has been previously investigated. Yu et.al 

reported that miR-193a-5p suppresses the metastasis of human non-small-cell lung cancer 

(NSCLC) by downregulating the ERBB4/PIK3R3/mTOR/S6K2 signaling pathway (38). They also 

found that miR-193a-3p targeted PIK3R3 and mTOR by binding its 3′UTR directly in NSCLC. 

Zhang et al. showed that miR-200c-3p was upregulated in aortas from db/db mice and renal 

arteries from humans with diabetes (39). They also demonstrated that overexpression of 

miR-200c-3p impaired endothelium-dependent relaxations (EDRs) in nondiabetic mouse aortas, 

whereas suppression of miR-200c by anti–miR-200c enhanced EDRs in diabetic db/db mice. In 

addition, hyperglycemia upregulated miR-200c-3p expression levels through ROS elevation and 

leads to endothelial dysfunction via miR-200c/ZEB1/COX-2 signaling cascade. Also miR-200c is 

involved in extracellular matrix regulation (such as collagens) through Zeb1 (40) and Akt 

activation through FOG2 (41; 42) in diabetic nephropathy. In a human study, Bhatt et al. reported 
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that serum miR-200 family expression was significantly elevated in patients with longstanding 

T1D with severe complications (43). Hence these two miRNAs may be involved in glucose 

metabolism or pathogenesis of diabetic complications. Yan et al. reported that miR-1228-3p was 

downregulated in apoptotic cells, and overexpression of miR-1228-3p reduced MOAP1 

expression and delayed the progression of stress-induced cell apoptosis (44). miR-6799-3p and 

miR-6793-5p are new miRNAs and have not been investigated.  

Osipova et al. reported diabetes-associated miRNAs in 68 pediatric patients with T1D (45). They 

demonstrated that miR-21 and miR-210 were significantly up-regulated in the plasma of T1D 

patients compared to non-diabetic subjects. Erener et al. reported let-7c-5p and let-7a-5p were 

negatively correlated with HbA1c in the serum from 19 children with T1D (11). miR-375 was 

reported to be increased in plasma from patients with T1D compared with individuals with normal 

glucose tolerance (12; 13). None of these findings were confirmed in our study. The 

discrepancies can likely be due to the lack of replication studies in the previous research, the 

methods used to measure miRNAs in these studies, and the analysis implemented in these 

studies including normalization that relied on the use of an exogenous spike-in control (i.e., C 

elegans miR-39) as the only reference. 

The mechanisms of increasing or decreasing circulating miRNA levels in the hyperglycemic state 

are still unknown. Simionescu et al. reported that hyperglycemia increased the levels of Drosha, 

DGCR8 and Dicer expression and several miRNAs (miR-223, miR-92a, miR-486, miR-122, 

miR-125a and miR-146a) in human macrophages (46). Nishikawa et al. reported that 

hyperglycemia causes pathological changes in small vessels and results in tissue damage in 

endothelial cells (47). This damage may result in secretion or leakage of the miRNAs into 

circulation that then communicates with distant cell/organ target and targeted 

genes/proteins/pathways. Although we could not determine if the putative 

hyperglycemia-regulated miRNAs identified in our study were secreted from certain cells or 
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whether they are derived from damaged cells, circulating miRNA profiles can be useful not only 

to better understand the pathogenesis of diabetes, but also to identify novel therapeutic targets to 

prevent or treat diabetic complications.  

Finally, some strengths and limitation of our study need to be considered. To increase the 

reliability of our findings, we implemented a two-stage study design. In the first stage candidate 

miRNAs were searched in a comprehensive way using the EdgeSeq platform to sequence and 

quantify 2,083 miRNAs in the screening panel. In the second stage due to limited resources, we 

used a qRT-PCR to validate the initial findings using the replication panel. Apparently the latter 

approach was not sensitive enough to detect nearly half of the candidate miRNAs detected in the 

first stage. At this time we cannot establish the reasons for the discrepancies. However, it is 

possible that extraction of RNA from plasma to run qRT-PCR may result in a loss of certain 

species of miRNAs. This would suggest that more candidate miRNAs may have been regulated 

by hyperglycemia than our study identified. Furthermore, by using qRT-PCR and studying 

non-diabetic controls we showed that 2 out of 4 candidate miRNAs examined had very low 

expression compared to diabetic patients. The biology for these differences is unknown but was 

most likely unrelated to level of hyperglycemia. Additionally, our study is a clinical observation 

and we could not investigate the mechanisms of regulation of miRNA expression, regulation of 

expression at the locus of each miRNA, and regulation through degradation/modification of these 

miRNAs. Further studies are necessary to investigate these issues.  
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Table 1: Clinical characteristics of participants in screening panel and replication panel. 

     Screening panel  Replication panel  

  (Study 1) (Study 2) 

N 71 95 

Male/Female 31/40 47/48 

Age (years) 43 [31, 52] 37 [29, 44] 

Duration of diabetes 

(years) 
27 [15, 33] 22 [16, 30] 

HbA1c (DCCT, %) 8.3 [7.9, 9.2] 9.3 [8.3, 10.1] 

HbA1c (IFCC, mmol/mol) 68 [63, 77] 78 [67, 87] 

eGFR (ml/min per 1.73 

m
2
) 

108 [98, 120] 104 [83, 117] 

ACR(mg/g) 20 [12, 42] 335 [16, 944] 

Systolic blood pressure 

(mmHg) 
120 [114, 130] 127 [116, 144] 

Diastolic blood pressure 

(mmHg) 
70 [66, 74] 78 [70, 86] 

BMI (kg/m
2
) 26.6 [24, 31] 24.8 [23, 29] 

All clinical characteristics are from baseline examinations. Data are expressed as median [first 

quartile, third quartile].  
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Table 2: Spearman correlation between HbA1c and the 10 miRNAs with P-value<0.01 in 

HTG platform and with p-value < 0.05 in qRT-PCR. 

 

  Screening panel 

  

Replication panel 

by HTG platform by qRT-PCR 

miRNA Coefficient P   Coefficient P 

miR-125b-5p 0.32 0.0072   0.4 0.00006 

miR-365a-3p 0.33 0.0046   0.35 0.00059 

miR-7-1-3p 0.33 0.0047   0.26 0.0107 

miR-193a-5p 0.32 0.0059   0.25 0.014 

miR-200c-3p 0.32 0.0064   0.24 0.0173 

miR-5190 -0.36 0.0019   -0.3 0.0028 

miR-770-5p -0.31 0.0076   -0.27 0.0075 

miR-6799-3p -0.36 0.0023   -0.21 0.0398 

miR-6793-5p -0.36 0.0023   -0.21 0.0423 

miR-1228-3p -0.32 0.0074   -0.2 0.0466 
 

Results for other miRNAs are provided in Supplemental Table 1. 

Spearman correlation coefficients for the 4 candidate miRNA with strongest correlation with 

HbA1c after adjustment for relevant clinical covariates are shown in the legend to Supplemental 

Table 2.  
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Table 3: KEGG pathways enriched by genes targeted by the 4 candidate miRNAs (cancer 

pathways are not included). 

    

  

Number of genes in pathway 

miRNA(s) KEGG pathway Total Targeted 
Expected 

numbers 
P 

All 4 miRNAs -Axon guidance   127 57 29.3 1.0E-07* 

miR-125b-5p, 

miR-365a-3p and 

miR-770-5p 

-Rap1 signaling pathway 
 

210 78 44 7.5E-08* 

-Focal adhesion 
 

206 76 43.2 1.6E-07* 

-Thyroid hormone signaling   

pathway 
  114 46 23.9 4.20E-06 

 -MAPK signaling pathway 
 

255 83 53.4 1.30E-05 

  -Cholinergic synapse   111 41 23.3 1.60E-04 

miR-125b-5p, 

miR-365a-3p and 

miR-5190 

-Neurotrophin signaling 

pathway  
120 49 22.8 6.3E-08* 

-cGMP-PKG signaling pathway   166 56 31.6 8.70E-06 

miR-365a-3p, 

miR-770-5p and 

miR-5190 

-Oxytocin signaling pathway   158 43 22.9 4.20E-05 

miR-125b-5p and 

miR-365a-3p 

-ErbB signaling pathway 
 

87 34 14.3 1.10E-06 

-Sphingolipid signaling 

pathway  
120 42 19.8 1.40E-06 

 -Insulin resistance 
 

108 38 17.8 4.30E-06 

 -Ras signaling pathway 
 

226 64 37.3 8.00E-06 

 -Hepatitis B 
 

145 46 23.9 8.40E-06 

 -Insulin signaling pathway 
 

138 44 22.7 1.20E-05 

 -Wnt signaling pathway 
 

138 44 22.7 1.20E-05 

 -HIF-1 signaling pathway 
 

98 34 16.2 2.10E-05 

  -PI3K-Akt signaling pathway   345 84 56.9 1.30E-04 

miR-125b-5p and 

miR-770-5p 
-Adherens junction   71 29 12.7 1.50E-05 

miR-365a-3p and 

miR-770-5p 
-HTLV-I infection   256 55 30.2 1.10E-05 
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*Pathways with strongest statistical support for enrichment with genes targeted by the           

4 candidate miRNAs 

 

 

Table 4: List of genes in the axon guidance pathway targeted by each of the 4 candidate 

miRNAs. 

                                         
Function  EPHRINs SEMAPHORINs NETRINs SLITs   Others genes 

Candidate miRNA 

miR-125b-5p specific Ligand EFNA5 SEMA3E 

 

SLIT1 

 

DPYSL5 

   

SEMA4B 

   

GSK3B 

 

    SEMA4C     

 

LIMK1 

 

Receptor EPHA2 PLXNA1 

 

ROBO2 

 

MAPK3 

  

EPHA8 

    

PAK6 

 

  EPHB3       

 

PPP3R2 

 

Activator*     SRGAP2 

    Activated
#
   RAC3       

miR-365a-3p specific Ligand EFNA3 SEMA6D     

 

ARHGEF12 

  Activated     RAC1     RND1 

miR-125b & miR-365a Ligand   SEMA5A NTN1     NFATC4 

miR-770-5p Ligand EFNB2 SEMA6A 

   

ABL1 

 

  EFNB3       

 

LIMK2 

 

Receptor EPHA3 NRP1 

   

NCK2 

  

EPHB1 

    

NFATC3 

       

PPP3CA 

              RGS3 

miR-5190 Ligand   SEMA3C     

 

MET 

  Receptor   PLXNC1         

miR-770 & miR-125b or 

miR-365a 

Ligand 

 

SEMA4D 

   

KRAS 

    SEMA5B     

 

MAPK1 

 

Receptor EPHA7   UNC5C   

  

 

Activator       SRGAP1 

    Activated     RAC2       

miR-5190 & miR-125b 

and/or miR-365a 

Ligand       SLIT3 

 

ABLIM3 

Receptor EPHA4 

 

UNC5B 

  

CXCL12 

  

    UNC5D   

 

NFATC2 

  Activator       SRGAP3     
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Figure 1. Outline of the study design to identify miRNAs associated with HbA1c. 

Figure 2 Panel A: Distribution of concentration of 4 candidate miRNAs according to tertiles of HbA1c in 

the screening panel of T1D patients.  The plasma concentration of the candidate miRNAs was measured 

by HTG platform and is expressed as count per million (CPM) with quantile normalization. The HbA1c 

tertiles cut-points were: T1: HbA1c <8.1, T2: 8.1≤HbA1c≤8.9, and T3: 8.9< HbA1c.  

Panel B: Distribution of concentration of 4 candidate miRNAs according to tertiles of HbA1c in the 

replication panel of T1D patients and in non-diabetic controls (ND). The plasma concentration of the 

candidate miRNAs was measured by qRT-PCR method and is expressed as relative level to 3 

concentration of 3 control miRNAs. The HbA1c tertile cut points were: T1: HbA1c <8.6, T2: 

8.6≤HbA1c≤9.7, and T3: 9.7< HbA1c. 

Horizontal bars indicate median (bold), first and third quartile in each group. Group-wise comparison 

between tertiles was assessed by Dwass, Steel, Critchlow-Fligner test. *p-value <0.05, **<0.01. 

Figure 3. Panel A: Venn’s diagram of genes targeted by each of the 4 candidate miRNAs. The genes 

were selected as targets if they had overlapped in at least in 6 of 12 prediction algorithms (MicroT4, 

miRWalk, mirbridge, miRanda, miRDB, miRMap, Pictar2, PITA, miRNAMap, RNAhybrid, RNA22 and 

Targetscan).   

Panel B: Venn’s diagram of pathways enriched with genes targeted by the 4 candidate miRNAs with 

p<0.01. Nineteen pathways related to cancer were eliminated.  In the middle of the diagram there is the 

axon guidance signaling pathway which was enriched by genes targeted by all 4 miRNAs. Other enriched 

pathways are listed in Table 3 and supplemental Tables 4 and 5. 
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Figure 2 Panel A: Distribution of concentration of 4 candidate miRNAs according to tertiles of HbA1c in the 
screening panel of T1D patients.  The plasma concentration of the candidate miRNAs was measured by HTG 
platform and is expressed as count per million (CPM) with quantile normalization. The HbA1c tertiles cut-

points were: T1: HbA1c <8.1, T2: 8.1≤HbA1c≤8.9, and T3: 8.9< HbA1c.  
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Figure 2 Panel B: Distribution of concentration of 4 candidate miRNAs according to tertiles of HbA1c in the 
replication panel of T1D patients and in non-diabetic controls (ND). The plasma concentration of the 

candidate miRNAs was measured by qRT-PCR method and is expressed as relative level to 3 concentration 

of 3 control miRNAs. The HbA1c tertile cut points were: T1: HbA1c <8.6, T2: 8.6≤HbA1c≤9.7, and T3: 9.7< 

� �HbA1c. Horizontal bars indicate median (bold), first and third quartile in each group. Group-wise 
comparison between tertiles was assessed by Dwass, Steel, Critchlow-Fligner test. *p-value <0.05, 

� �**<0.01.   
 

254x190mm (175 x 175 DPI)  

 

 

Page 29 of 42 Diabetes



  

 

 

Figure 3. Panel A: Venn’s diagram of genes targeted by each of the 4 candidate miRNAs. The genes were 
selected as targets if they had overlapped in at least in 6 of 12 prediction algorithms (MicroT4, miRWalk, 
mirbridge, miRanda, miRDB, miRMap, Pictar2, PITA, miRNAMap, RNAhybrid, RNA22 and Targetscan).    

Panel B: Venn’s diagram of pathways enriched with genes targeted by the 4 candidate miRNAs with p<0.01. 
Nineteen pathways related to cancer were eliminated.  In the middle of the diagram there is the axon 
guidance signaling pathway which was enriched by genes targeted by all 4 miRNAs. Other enriched 

pathways are listed in Table 3 and supplemental Tables 4 and 5.  
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SUPPLEMENTAL MATERIAL: 

Supplemental Table 1: List of miRNAs correlated with HbA1c in the screening panel at 

P<0.01 and correlation coefficients and p values that were obtained for the same miRNAs 

in the replication panel. 

 

 
HTG platform      

(Screening panel) 
 

 

 

qPCR platform                                                       

(Replication panel) 

miRNA Coefficient P Coefficient P 
Detected Numbers out of 

95 patients 

miR-125b-5p 0.32 0.0072 0.4 0.00006 95* 

miR-365a-3p 0.33 0.0046 
 

0.33 0.00142 91* 

miR-7-1-3p 0.33 0.0047 
 

0.25 0.02261 81* 

miR-193a-5p 0.32 0.0059 
 

0.22 0.03732 93* 

miR-200c-3p 0.32 0.0064 
 

0.32 0.01172 63* 

miR-375 0.34 0.0036 
 

-0.06 0.58183 92* 

miR-378d 0.33 0.0044 
 

-0.02 0.88581 81* 

miR-301a-3p 0.36 0.0021 
 

-0.06 0.6312 73* 

miR-5093 0.38 0.0011 
 

0.1 0.44367 67* 

miR-200a-5p 0.32 0.0065 
 

-0.16 0.22774 56* 

miR-130b-5p 0.4 0.0006 
 

0.24 0.08096 55* 

miR-876-5p 0.34 0.0038 
 

0.09 0.50678 54* 

miR-450a-1-3p 0.35 0.003 
 

-0.06 0.76375 30 

miR-5688 0.45 <.0001 
 

-0.08 0.69525 25 

miR-625-5p 0.34 0.0033 
 

-0.28 0.17462 25 

miR-181a-2-3p 0.35 0.0027 
 

0.08 0.71127 23 

miR-873-5p 0.36 0.0019 
 

-0.6 0.01724 15 

miR-411-3p 0.38 0.0011 
 

0.2 0.5023 13 

miR-4778-3p 0.33 0.0052 
 

ND ND 10 

miR-208a-5p 0.39 0.0007 
 

ND ND 4 

miR-888-3p 0.35 0.0025 
 

ND ND 3 

miR-4503 0.33 0.0056 
 

ND ND 1 

miR-1185-1-3p 0.39 0.0007   ND ND 0 

       

miR-5190 -0.36 0.0019 
 

-0.3 0.00282 95* 

miR-770-5p -0.31 0.0076 
 

-0.29 0.00595 91* 

miR-6799-3p -0.36 0.0023 
 

-0.21 0.10486 59* 

miR-6793-5p -0.36 0.0023 
 

-0.21 0.04227 95* 

miR-1228-3p -0.32 0.0074 
 

-0.2 0.04661 95* 

miR-6890-5p -0.32 0.0073 
 

-0.14 0.19003 95* 

miR-4269 -0.33 0.0048 
 

-0.06 0.55649 95* 
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miR-661 -0.35 0.003 
 

-0.11 0.28526 95* 

miR-5705 -0.37 0.0015 
 

-0.14 0.18526 94* 

miR-7162-3p -0.37 0.0015 
 

-0.07 0.52968 77* 

miR-3125 -0.32 0.0057 
 

0.26 0.02591 73* 

miR-6772-3p -0.32 0.0072 
 

-0.07 0.59253 65* 

miR-4691-5p -0.32 0.0061 
 

0.2 0.10799 64* 

miR-6837-3p -0.35 0.0026 
 

-0.2 0.149 52* 

miR-3680-5p -0.32 0.0057 
 

0.37 0.02206 39 

miR-3680-3p -0.37 0.0013 
 

-0.36 0.0247 38 

miR-1276 -0.36 0.0019 
 

-0.06 0.74806 36 

miR-6817-5p -0.33 0.0048 
 

-0.11 0.63605 22 

miR-4704-5p -0.40 0.0006 
 

0.24 0.29636 21 

miR-4681 -0.36 0.002 
 

-0.08 0.79471 12 

miR-3692-5p -0.44 0.0001 
 

0.21 0.58905 9 

miR-105-5p -0.32 0.0066 
 

ND ND 7 

miR-363-5p -0.34 0.0041 
 

ND ND 7 

miR-208a-3p -0.32 0.0066 
 

ND ND 4 

miR-6504-5p -0.35 0.0025   ND ND 4 

miR-3944-5p -0.34 0.0035 
 

NA NA NA 

miR-6728-5p -0.34 0.0039 
 

NA NA NA 

miR-1202 -0.35 0.0028 
 

NA NA NA 

miR-6814-3p -0.42 0.0003 
 

NA NA NA 

*Detected in more than half of the samples (> 48). NA: There is no assay in our qRT-PCR 

platform, ND: Not detectable in qRT-PCR.  
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Supplemental Table 2: Spearman correlation coefficients among the 4 candidate miRNAs 

in diabetic patients included in the replication panel. All coefficients significant at p<0.01. 

 
miR-125b-5p miR-365a-3p miR-770-5p miR-5190 

miR-125b-5p 1 0.68 -0.21 -0.20 

miR-365a-3p 
 

1 -0.40 -0.40 

miR-770-5p 
  

1 0.67 

miR-5190 
   

1 
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Supplemental Table 3A: Clinical characteristics of 71 diabetic patients included in the 

screening panel according to HbA1c tertiles. 

     Lowest tertile 

(HbA1c<8.1) 

Mid tertile 

(8.1≤HbA1c≤8.9) 

Highest tertile 

(8.9< HbA1c) 
P* 

N 23 25 23  

Male/Female 11/12 13/12 7/16 0.29 

Age (years) 45 [35, 52] 48 [40, 54] 36 [26, 44] 0.04 

Duration of diabetes (years) 28 [15, 35] 31 [16, 34] 19 [13, 31] 0.22 

HbA1c (DCCT, %) 7.8 [7.6, 7.9] 8.3 [8.2, 8.8] 9.7 [9.2, 10.5] <0.001 

HbA1c (IFCC, mmol/mol) 62 [60, 63] 67 [66, 73] 83 [77, 91] <0.001 

eGFR (ml/min per 1.73 m
2
) 106 [98, 114.] 106 [97, 112] 117 [108, 129] 0.03 

ACR(mg/g) 20 [12, 28] 33 [14, 53] 15 [10, 28] 0.15 

Systolic blood pressure (mmHg) 122 [115, 130] 120 [114, 125] 122 [120, 130] 0.72 

Diastolic blood pressure (mmHg) 70 [64, 74] 70 [68, 74] 70 [70, 78] 0.44 

BMI (kg/m2) 28.0 [24, 30] 26 [24, 31] 27 [22, 33] 0.62 

Data are expressed as median [first quartile, third quartile]. *Comparisons among tertiles 

were performed using one-way analysis of variance (ANOVA).   
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