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Abstract

Micro RNAs (miRNAs) are promising disease biomarkers due to their high stability. Their

expression in serum is altered in type 1 diabetes, but whether deviations exist in individuals

with high risk for type 1 diabetes remains unexplored. We therefore assessed serum miRNAs

in high-risk individuals (n = 21) positive for multiple islet autoantibodies, age-matched healthy

children (n = 17) and recent-onset type 1 diabetes patients (n = 8), using Serum/Plasma

Focus microRNA PCR Panels from Exiqon. The miRNA levels in the high-risk group were

similar to healthy controls, and no specific miRNA profile was identified for the high-risk

group. However, serum miRNAs appeared to reflect glycemic status and ongoing islet auto-

immunity in high-risk individuals, since several miRNAs were associated to glucose homeo-

stasis and autoantibody titers. High-risk individuals progressing to clinical disease after the

sampling could not be clearly distinguished from non-progressors, while miRNA expression

in the type 1 diabetes group deviated significantly from high-risk individuals and healthy con-

trols, perhaps explained by major metabolic disturbances around the time of diagnosis.

Introduction

Micro RNA (miRNA) molecules provide an additional layer of regulation in protein synthesis

and affect a wide range of physiological and pathological processes such as development, dif-

ferentiation, autoimmunity and cancer [1–3]. Over 2500 miRNAs have been described in

humans [4], creating a complex regulatory network since each single miRNA can bind to sev-

eral different mRNAs. These molecules are expressed to a different degree in different tissues

[5], and while the majority are found within cells, they can also be detected in serum [6].

Micro RNA molecules are very stable in cell-free body fluids like serum, with high resistance

to RNAase digestion and with an ability to remain intact in extreme conditions like extended

storage and repeated freeze-thaw [6]. This makes them very appealing as minimally invasive

potential biomarkers of disease [7].
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Considering their omnipresence, it is likely that miRNAs are involved in the regulation of

genes related to development also of type 1 diabetes (T1D). There are indeed reports on differ-

entially expressed miRNAs in peripheral blood mononuclear cells (PBMC) [8–11] and in spe-

cific immune cell subsets like regulatory T cells [12] from T1D patients. Alterations in serum

levels have also been observed in newly diagnosed T1D, where some specific miRNAs appear

to be related to glycemic control [13, 14]. Experimental data has shown altered levels of miR-

NAs within the islets of non-obese diabetic (NOD) mice during the pre-diabetic phase, and

the expression of specific miRNAs was affected when exposing both murine- and human islets

to pro-inflammatory cytokines [15]. Other than a recent report on altered miRNA expression

in CD4+ T cell subsets of first-degree relatives of T1D patients with positivity for multiple

autoantibodies [16], data on miRNA expression during the pre-diabetic period is scarce. We

therefore aimed to study whether deviations of miRNA levels in serum could be detected in

children positive for multiple islet autoantibodies, considered at high risk of T1D, recruited

from the general Swedish population.

Materials and methods

Subjects

Characteristics for the subjects included in the study are given in Table 1. Children with high

risk of T1D (n = 21) were identified by islet autoantibodies screening among samples from

17055 participants in the ABIS (All Babies in Southeast Sweden) cohort, described in detail

elsewhere [17]. The definition of high risk was positivity for 2 or 3 different islet autoantibodies

on at least two of the sampling occasions at age 1, 2.5–3, 5–6 and 8. GADA and IA2A were

tested at all time points and IAA at age 5–6 and 8. The high-risk individuals participated in a

two-year prospective follow-up study involving blood sampling every 6 months for measure-

ment of fasting blood glucose, autoantibodies, C-peptide, HbA1c and for HLA-genotyping,

and an oral glucose tolerance test (OGTT) once every year [18]. The serum samples used for

miRNA quantification in this study were from the baseline visit of the follow-up, which for the

high-risk individuals who later developed T1D meant before disease onset.

Healthy controls (n = 17) were selected among participants in ABIS. The criteria to be

regarded as healthy were as follows: negative for islet autoantibodies, no diabetes type 1 or 2,

or any autoimmune disorder, no asthma, eczema or allergies, and no first-degree relatives

with diabetes or autoimmune disorders. Samples from recent-onset T1D patients (1 month

after onset, n = 8) were obtained from the pediatric clinic at Linköping University Hospital,

Sweden.

Sample preparation

Fasting serum samples were collected in Z Serum Clot Activator tubes (Vacuette, Greiner Bio-

One), during the morning hours to avoid diurnal effects. Due to different locations of the par-

ticipants, some samples could not be processed immediately after sampling. To avoid that this

would interfere with our results, all samples were left at room temperature over night before

processing. Samples from the high-risk- and healthy children were kept at -70˚C, while sam-

ples from T1D patients were stored at -20˚C.

Assessment of relative miRNA levels

RNA was extracted from serum using miRCURY™ RNA Isolation Kit for Biofluids (Exiqon),

according to manufacturer’s protocol, using MS2 bacteriophage RNA (Roche) as a carrier and

including a protein precipitation- and DNAse digestion step. Before extraction, sera was
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Table 1. Individual characteristics of T1D high-risk subjects, T1D patients and healthy controls included in the study.

Autoantibody status �

Gender Age at sampling Fasting

C-peptide

HbA1c f-

glucose OGTT

Weight GADA IA2A IAA ZnT8A HLA-risk

(years) (nmol/l) (%) (mmol/l) (mmol/l) (kg) Tryp Arg Glut

High-risk

Male 11.5 0.34 4.2 5.6 9.1 33 32860 BC 13.2 BC BC BC Moderate

Female 11.7 0.32 4.3 5.3 10.6 45.2 262.5 BC 5.3 BC BC BC Low

Male 10.5 0.27 4.6 4.9 6.9 39.6 BC 444.5 11.9 416.8 396.7 215.7 Low

Male 10.6 0.43 3.6 7 6.9 39.5 179.8 740 8 153.7 142.6 72.3 Low

Male 10.2 0.33 4 5.3 6 35.4 200.8 6930 BC 2832 BC BC Moderate

Male 11.6 0.32 4.5 5.4 8.1 58.7 161 1128 11.9 324 1967 347.6 Moderate

Male 10.9 0.39 4.5 6 6.4 37.2 6400 BC 4.4 BC 270.6 BC Moderate

Female 10.0 0.91 4.2 5.2 6.1 50.8 8730 BC 17.6 787.8 220.3 68.6 Moderate

Male 10.0 0.32 4.5 5.2 8.3 32.6 140.4 329.5 BC BC 468 BC Moderate

Male 9.9 0.39 4.3 5 6.2 39.2 3782 BC BC BC 1620 BC Moderate

Female 10.9 0.34 3.8 5.2 7.2 35.8 768 346 BC 45.3 23400 38.6 Moderate

Male 10.4 0.20 4.2 5.1 5.8 44.4 94.7 272.5 6.7 33.6 1237 45.8 Low

Male 10.3 0.44 4.4 5.1 5.8 56 4540 BC 6.7 BC BC BC High

Male 11.4 0.29 4.5 6.6 7.4 30 545 BC 82.4 BC BC BC Low

Male 11.2 0.36 4.7 5.2 9.1 39.6 BC 256.5 7 BC BC BC Moderate

Male 11.2 0.47 4 5.5 6.1 42.4 589 1530 56.8 BC 2245 BC High

Female 11.4 0.33 4.2 5.2 9.9 48.3 1742 325.5 15.4 BC 214 BC Low

Female 9.6 0.25 4.4 4.3 6.2 26.7 80.9 18.9 BC 34 242.5 BC High

Female 10.5 0.31 4.5 5.9 11.1 34.5 8770 12.7 BC BC BC BC High

Female 10.6 0.46 4.5 5.7 6.2 43.7 8120 BC 6.2 BC BC BC Low

Type 1 diabetes

Female 13.7 0.04 7.8 N/A N/A 48.2 BC 167.1 BC 33.2 127.6 23.6 Moderate

Female 10.9 0.30 9.5 N/A N/A 49.0 BC 1332 5.2 76.1 77.0 59.2 Moderate

Female 9.9 0.17 9 N/A N/A 39.9 BC 108.9 BC 43.2 54.6 29.2 Moderate

Female 12.1 0.17 9.1 N/A N/A 30.4 8100 787 13.4 2011 49.7 30.4 High

Female 11.2 0.26 8.1 N/A N/A 46.2 1427 834 BC 1026.5 1307 965 Moderate

Female 12.4 0.07 7.2 N/A N/A 34.4 1410 44.5 BC BC BC BC Low

Male 11.8 0.07 6.3 N/A N/A 38.5 68.3 BC 27.5 59.0 184.1 55.6 High

Male 11.2 0.43 7.5 N/A N/A 40.5 BC 35.1 BC 27.6 BC BC Low

Healthy controls

Male 11.9 0.60 N/A N/U N/A 30.5 BC BC BC BC BC BC Moderate

Male 12.0 0.34 N/A N/U N/A 39.8 BC BC BC BC BC BC Low

Male 12.0 0.44 N/A N/U N/A 35 BC BC BC BC BC BC Low

Male 12.0 0.35 N/A N/U N/A 40.9 BC BC BC BC BC BC Low

Male 12.4 0.35 N/A N/U N/A 43.3 BC BC BC BC BC BC High

Male 12.4 0.69 N/A N/U N/A 35 BC BC BC BC BC BC Low

Male 12.1 0.32 N/A N/U N/A 42.8 BC BC BC BC BC BC Low

Male 12.2 0.39 N/A N/U N/A 43 BC BC BC BC BC BC Low

Female 10.8 0.54 N/A N/U N/A 41 BC BC BC BC BC BC Low

Female 10.7 0.51 N/A N/U N/A 51 BC BC BC BC BC BC Low

Male 12.3 0.55 N/A N/U N/A 54.6 BC BC BC BC BC BC Low

Female 11.5 0.57 N/A N/U N/A 35.2 BC BC BC BC BC BC Low

Female 11.5 0.41 N/A N/U N/A 50.7 BC BC BC BC BC BC Low

(Continued)
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thawed at room temperature and centrifuged for 5 min at 3000xg, and only the uppermost

part was used. A fixed volume of serum was used for each sample (200 μl) and cDNA was pro-

duced from the entire volume of eluted RNA, using Universal cDNA Synthesis Kit (Exiqon)

according to instructions provided by the manufacturer. RNA quality was assessed by PCR-

based QC panels (miRCURY ™ microRNA QC PCR Panel, Exiqon) before proceeding to the

miRNA profiling. One sample (from the high-risk group) was excluded after the QC-panel

due to haemolysis.

Relative miRNA quantities were obtained by 384-well miRCURY LNA™ Universal RT

microRNA PCR Serum/Plasma Focus Panels (Exiqon, S1 Table). Each serum sample was ana-

lysed in duplicate in two separate plates, using cDNA from two different RT-reactions. Applied

Biosystem´s 7900HT Fast Real-Time PCR System was used for sequence detection, and thresh-

old cycle (Ct) values were obtained by sequence detection systems (SDS) version 2.3 (Applied

Biosystems). Cycling conditions were set as specified by the manufacturer, including a dissoci-

ation step. Automatic baseline adjustment was applied, and a common threshold was set for all

reactions in the study. To establish individual detection cut-off values for each miRNA, a

cDNA-sample from a mock-RNA purification on a clean water sample was run in duplicate

for all primer sets. Only genes for which >60% of the samples had detectable levels were

included in further data processing. Dissociation curves were inspected to exclude non-specific

reactions or wells with primer-dimer formation. Twenty-two miRNAs were excluded from the

analyses because the results from the mock-RNA panels indicated unspecific amplification,

and another 28 miRNAs were excluded because the levels were undetectable in more than 60%

of the samples. The remaining miRNAs (n = 129) were included in data pre-processing and

statistical analyses.

Statistics

GenEx Professional, version 5.4.2 (MultiD Analyses AB) was used for pre-processing of raw

data. Raw Ct values were normalized to the global mean, and the normalized expression of

each miRNA was converted to relative quantities on the linear scale by assigning the normal-

ized Ct-values as N, according to: N = 2(Ctrel-Ct), where Ctrel was 0. Log2 was then applied.

Data were mean centred for principal component analysis. Statistical analysis of pre-processed

data was performed in GenEx and IBM SPSS Statistics 22 for Windows, and graphs were pre-

pared with GraphPad Prism 5 for Windows. Since parts of the data set deviated from Gaussian

distribution, as assessed by the Shapiro-Wilk test, non-parametric tests were used. Mann-

Table 1. (Continued)

Autoantibody status �

Gender Age at sampling Fasting

C-peptide

HbA1c f-

glucose OGTT

Weight GADA IA2A IAA ZnT8A HLA-risk

(years) (nmol/l) (%) (mmol/l) (mmol/l) (kg) Tryp Arg Glut

Female 11.6 0.89 N/A N/U N/A 45.3 BC BC BC BC BC BC Low

Male 11.7 0.47 N/A N/U N/A 36.3 BC BC BC BC BC BC Low

Female 12.3 0.56 N/A N/U N/A 50.8 BC BC BC BC BC BC Low

Male 12.1 0.36 N/A N/U N/A 48.3 BC BC N/A N/A N/A N/A N/A

OGTT refers to the 2 hour value. N/A = not available. N/U = not used. BC = below cut-off

� The serum levels used as cut-offs for autoantibody positivity for GADA, IA2, IAA and ZnT8 (tryptophane/arginine/glutamine) were 63.8; 5.8; 4.1; 32; 23.1 and 26

units/ml, respectively. Samples exceeding these cut-offs are indicated with boldfaced font and samples below cut-off are presented as BC. Serum samples obtained 0 or 4

days after disease onset were used for autoantibody analysis in diabetic children, to avoid measurement of IAA induced by insulin treatment.

https://doi.org/10.1371/journal.pone.0191067.t001
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Whitney U-test was used for group comparisons, and correlation between miRNA expression

and clinical/laboratory variables was assessed by Spearman’s rank correlation coefficient. This

study was a hypothesis generating study and therefore correction of p-values for multiple com-

parisons were not performed and thus differences were considered statistically significant at p

<0.05. There were no significant differences in gender or weight between T1D, high-risk indi-

viduals and healthy controls. The age in the high-risk group was significantly lower compared

to T1D and healthy controls (p = 0.033 and p<0.001, respectively, median age high-risk 10.6,

T1D 11.5 and healthy 12.0 years). However, correlation analysis revealed that age correlated

only with a few miRNAs, and these had no effect on the results.

miRNA pathway analysis

miRWalk v2.0 (http://zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/) [19] was used to predict

significant miRNA interactions with genes associated to pathways, ontologies and disorders via

the Encyclopedia of Genes and Genomes (KEGG) and Gene Ontologies (GO) [20]. In short, the

analysis involves identifying genes targeted by specific miRNAs, followed by target gene annota-

tion based on involvement in signaling pathways and biological processes, and subsequent statisti-

cal testing for over-representation of target gene sets within a certain biological process or

pathway. In the KEGG pathway analysis, FDR-correction was used to adjust for multiple testing,

with the corrected p-value cut-off set to<0.05. Pathways were included only when the target

genes were significantly over-represented according to both KEGG- and GO databases.

Ethical considerations

All participating children and responsible guardians were thoroughly informed and provided

a written informed consent before participation. The Research Ethics Committee of the Fac-

ulty of Health Sciences at Linköping University in Sweden has given ethical approval for the

ABIS study (Dnr 36287 and Dnr 03–092), for the study of high risk individuals within ABIS

(Dnr M13-09 and Dnr M52-05) and for studying samples from T1D patients (Dnr 02–483).

Results

Serum miRNAs in high-risk individuals and reference groups

Serum levels of 129 miRNAs were similar in high-risk individuals (n = 20) and healthy con-

trols (n = 17) (S1 File). Only two miRNAs differed between the groups: miR-497-5p was down-

regulated in high-risk individuals (p = 0.034) and miR-339-3p was upregulated (p = 0.043).

The individuals with high HLA risk within the high-risk group (n = 4) had increased levels of

miR-339-3p (p = 0.009) and the low HLA risk individuals (n = 7) had decreased levels of miR-

497-5p (p = 0.005) compared to healthy controls. Comparison of high-risk- and recent onset

T1D children (n = 8) revealed that 60 miRNAs differed significantly between these groups (Fig

1A, S1 File). The comparison between T1D- and healthy subjects showed that 58 miRNAs dif-

fered between them (Fig 1B, S1 File). Reflecting the similarity between high-risk individuals

and healthy controls, we observed an overlap of 80% in the miRNAs that were dysregulated in

T1D in relation to healthy- and high-risk children. A PCA score plot including the miRNAs

differing significantly between T1D and healthy controls showed that the diabetic group was

clearly separated from the healthy controls (Fig 1C). When including high-risk individuals in

the same plot, they were evenly scattered among the healthy children. In the high-risk group,

two miRNAs differed between high HLA risk individuals (n = 4) and low HLA risk individuals

(n = 7): miR-148a-3p was upregulated in high HLA risk (p = 0.042) and miR-93-3p was down-

regulated in high HLA risk (p = 0.024).
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miRNAs and progression/non-progression to clinical disease among high-

risk individuals

We next assessed whether miRNA profile could distinguish high-risk individuals who later

were diagnosed with T1D (progressors, n = 11) from those who remained symptom-free (non-

progressors, n = 9, August 2016). Seven of the 129 miRNAs differed between progressors and

non-progressors (p<0.05, Fig 2A), and inclusion of them in a PCA score plot showed separa-

tion between the groups (Fig 2B).

miRNAs and dysglycaemia among high-risk individuals

To assess whether miRNA expression in serum was related to glucose homeostasis within the

group of high-risk individuals, correlation analyses were performed between miRNA expres-

sion and fasting blood glucose, C-peptide, HbA1c and blood glucose at 120 min of OGTT.

This revealed highly significant correlations for several miRNAs. The levels of C-peptide corre-

lated with miR-106b-3p (Fig 3A), while blood glucose concentration measured at 120min of

OGTT correlated negatively to miR-146b-5p, miR-766-3p, miR-151a-3p and -5p (Fig 3B). The

levels of HbA1c were also associated to several miRNAs, showing positive correlations to miR-

140-3p, miR-23a-3p, miR-222-3p, miR-29a-3p, let-7b-3p and miR-148a-3p, and negative asso-

ciations to miR-30c-5p, let-7f-5p, miR-151a-5p, miR-26b-5p and miR-139-5p were observed

(Fig 3C). The miRNAs that correlated to glucose homeostasis with lower statistical significance

(0.01<p<0.05) are found in S2 Table. The 18 miRNAs that correlated to glucose levels at

120min of OGTT (p<0.05) were included in a PCA score plot to illustrate the separation of

high-risk individuals with (n = 9) and without (n = 11) impaired glucose tolerance (IGT, glu-

cose�7.8 mmol/l at 120 min of OGTT, Fig 4).

Fig 1. Relative expression and principal component analysis (PCA) of miRNAs in serum. Relative expression in A) children recently

diagnosed with T1D (1 month post-onset, n = 8) relative to individuals with high risk of T1D (n = 20, set to 0 in the graph) and B) T1D in

relation to healthy controls (n = 17, set to 0 in the graph). In the figure, miRNAs with a p-value of<0.01 are presented. C) PCA visualization

(score plot) based on the 58 miRNAs differing between children with T1D (black triangles) and healthy controls (empty squares), also including

T1D high-risk individuals (grey circles).

https://doi.org/10.1371/journal.pone.0191067.g001
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miRNAs and islet autoantibodies among high-risk individuals

Analysis of associations between miRNA expression and titers of islet autoantibodies (GADA,

IA2A, IAA and the three variants of ZnT8A: Trp/Arg/Glt) revealed highly significant correla-

tions (p<0.01, Fig 5A–5D). GADA titers correlated positively with miR-378a-3p, and nega-

tively with miR-142-5p and miR-30e-3p (Fig 5A), whereas IA2A showed positive correlations

to miR-142-5p, miR-144-3p and miR-32-5p, and negative to miR-342-3p and miR-378a-3p

(Fig 5B). ZnT8A(Trp) correlated negatively to miR-378a-3p (Fig 5C), while IAA was positively

associated to miR-451a and negatively to miR-10b-5p (Fig 5D). A group of miRNAs were also

associated to islet autoantibodies with lower statistical significance (0.01<p<0.05, S2 Table).

Identification of miRNA molecular pathways

Computational screening was performed for the miRNAs associated to glucose homeostasis

and autoantibody titers (p<0.01), using miRWalk´s predicted target module. The majority of

miRNAs associated to glucose homeostasis had target genes significantly over-represented in

pathways related to general cellular processes like endocytosis, but also to more diabetes-rele-

vant pathways like insulin signaling (S3 Table). This was also the case for the majority of miR-

NAs associated to autoantibody titers (S4 Table).

Discussion

In this study, serum miRNA profile in autoantibody positive individuals with high risk of T1D

did not differ with respect to healthy, age-matched controls. In contrast, many miRNAs dif-

fered between high-risk individuals and T1D patients. Considering that the children with

increased risk all had ongoing autoimmunity, and in many cases also showed signs of dysgly-

cemia, more similarities to newly diagnosed diabetes patients would have been expected. The

high-risk individuals were however asymptomatic at the time of sampling, and from a clinical

point of view still healthy. Thus, even though several miRNAs seemed to be related to dysregu-

lated glucose homeostasis, the major metabolic disturbances at the time of T1D diagnosis

Fig 2. Relative expression and PCA visualization of miRNAs in serum from high-risk children that developed diabetes (progressors) relative to those who did

not (non-progressors). A) Expression in progressors (n = 11) relative to non-progressors (n = 9) whose mean expression is set to 0 in the graph. B) PCA score plot

based on the seven miRNAs that differed between progressors (black circles) and non-progressors (empty circles).

https://doi.org/10.1371/journal.pone.0191067.g002
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might explain why the high-risk individuals showed higher resemblance to healthy than to dia-

betic subjects.

Within the group of risk-children, associations between miRNA expression and different

measures of glucose homeostasis were revealed. Among the miRNAs correlating to HbA1c

were miR-140-3p, miR-29a-3p and let-7f-5p. They have all previously been associated to dif-

ferent types of diabetes [21], and members of the let-7 family are known to be involved in regu-

lation of glucose metabolism [22]. Of particular interest was the positive association between

HbA1c and miR-29a-3p, as it recently was shown in a mouse model for beta cell stress-induced

diabetes that this miRNA works as a positive regulator of insulin secretion, with a protective

role in disease development [23]. Moreover, upregulation of miR-29a in islets of pre-diabetic

NOD mice [15] has been considered as a compensatory mechanism to restore insulin secretion

after beta cell loss [23]. Perhaps the association of miR-29a-3p to HbA1c in high-risk indi-

viduals in our study is a reflection of such compensatory mechanisms. Glucose levels after

OGTT were negatively associated to miR-146b-5p. Downregulation of this miRNA has been

described in PBMC from T1D patients [8], but we did not observe any deviation in serum

samples from the diabetic group. Other miRNAs associated to OGTT in our study were miR-

151a-3p and -5p. It seems likely that miR-151 might be related to metabolic processes, since

miR-151a-5p has been connected to mitochondrial activity [24], and serum levels of both 3p

and 5p have been reported to decrease after exercise [25]. Given the apparent relation between

serum miRNA expression and glucose levels in OGTT, it might be valuable to further explore

the feasibility to distinguish high-risk individuals with abnormal glucose tolerance based on

miRNA profile, as a complement to the oral glucose tolerance test. The only strong association

observed between miRNAs and C-peptide was that with miR-106b-3p, a miRNA known to

induce mitochondrial dysfunction and insulin resistance in muscle cells [26], and with puta-

tive target genes significantly over-represented in the insulin signaling pathway. To our

Fig 3. Correlation of miRNA expression to parameters related to glucose homeostasis in the high-risk group. (A)

fasting C-peptide, B) HbA1c and C) glucose at 120 min of OGTT. Correlations with p<0.01 have been included in the

figure.

https://doi.org/10.1371/journal.pone.0191067.g003

Fig 4. PCA visualization illustrating the separation of high-risk individuals with impaired glucose tolerance from

those with normal glucose tolerance. Impaired glucose tolerance: IGT�7.8mmol/l at 120min of OGTT (n = 9),

normal glucose tolerance: NGT (n = 11). The PCA score plot is based on the 18 miRNAs that correlated to glucose at

120 min of OGTT, with p<0.05.

https://doi.org/10.1371/journal.pone.0191067.g004
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Fig 5. Correlation of miRNA expression to islet autoantibodies within the high-risk group. A) GADA, B) IA2A, C) IAA and D) ZnT8A

(Trp). X-axes are presented in log10, and only correlations with p<0.01 have been included in the figure.

https://doi.org/10.1371/journal.pone.0191067.g005
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knowledge, there are no previous reports of possible associations between miR-106b and insu-

lin secretion in either individuals with T1D risk or in T1D patients. Taken together, our results

suggest that serum miRNAs may be related to glucose homeostasis during the pre-diabetic

period, likely reflecting both causes and consequences of disturbed glucose homeostasis; i.e.

disturbed insulin secretion locally in the pancreas and altered glucose metabolism in periph-

eral tissues like muscle and liver. The pathway interaction analysis also supports that many of

the gene targets for miRNAs associated to glucose homeostasis are over-represented in differ-

ent metabolic pathways.

Another interesting finding was the observed association between several miRNAs and

autoantibody titers in high-risk individuals. Of particular interest was the negative correlation

of miR-342-3p to IA2A, as it recently has been reported that miR-342-3p directly targets IA2-

and IA2β-mRNA [27]. The same study showed that high-glucose stimulation increased the

expression of miRNAs associated to autoantigen regulation, and it has been hypothesized that

this and other related miRNAs may play a role in maintaining balanced levels of major T1D

autoantigens when glucose levels are altered, since the levels of autoantigens like IA2, IA2β
and GAD65 also are known to increase in response to high glucose [27–29]. A majority of the

high-risk individuals in our study showed signs of dysglycemia, regardless of autoantibody

profile or whether they later progressed to T1D, thus elevated glucose cannot explain the

observed pattern for miR-342-3p. On the other hand, as the progressors had higher IA2A titers

[18], perhaps a failure to increase miR-342-3p has resulted in higher autoantigen concentra-

tions which may accelerate the autoimmune process, ultimately leading to clinical disease.

Additional evidence for a role of miR-342 in T1D has been provided by results showing

decreased levels in regulatory T cells from diabetic patients [12], and downregulation of miR-

342-3p in PBMC from type 1- compared to type 2 diabetes patients [21]. It is possible that

underlying connections between glucose homeostasis and the level of ongoing islet autoimmu-

nity may explain some of the observed miRNA-autoantibody associations. For instance, miR-

144, positively associated to IA2A in our study, has been demonstrated to impair insulin sig-

naling and to be linearly upregulated with increasing glycemic status [30]. Also miR-378,

which was negatively correlated to IA2A- and ZnT8A(Trp) but positively to GADA, has been

ascribed a role in metabolic processes [31], e.g. as a regulator of mitochondrial metabolism

and systemic energy homeostasis [32]. The shared association of miR-378a-3p with IA2A and

ZnT8A may be related to the fact that IA2A- and ZnT8A titers were positively associated in

the same samples [18], which is in line with previous reports on high overlap between IA2A

and ZnT8A positivity in T1D [33]. Furthermore, an inverse association between GADA and

IA2A in the same individuals might explain the opposite expression seen for miR-378a-3p and

miR-142-5p in relation to GADA- and IA2A titers. To our knowledge, there are no previous

studies reporting associations between islet autoantibodies and miRNA expression in serum

from high-risk individuals or T1D patients, although such connections have been investigated

in PBMC from T1D patients [8, 11].

The miRNA profiles of T1D subjects deviated substantially both from healthy controls and

high-risk individuals. Several of these miRNAs are biologically relevant in beta cell physiology/

pathology [34, 35] and many of them have previously been described as dysregulated in T1D

patients, e.g. upregulation of miR-34a, miR-342-3p [36], miR-152, miR-181a and miR-148a

[13] and downregulation of miR-107 [36]. There are however some discrepancies between the

observed results, since for instance miR-24 and miR-25 were upregulated in T1D in a previous

study [13] while we found lower expression in T1D patients. This might be explained by differ-

ences in age and sampling time between the studied T1D cohorts [13, 36]. Beside these differ-

ences we have to be cautious when interpreting our data because of other limitations, as the

T1D subjects were included as a reference group for the high-risk individuals and consisted of
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only eight samples, and since effects of the different storage temperatures cannot be excluded.

However, the remarkable stability of miRNA [6], together with the fact that our results to a

great extent are in agreement with findings from previous studies on T1D patients [13, 36],

support that storage did not have a major impact on the miRNA quality.

We have previously shown that the children who progressed to manifest diabetes (progres-

sors) had higher levels of IA2A and ZnT8A than non-progressors, but there was no statistical

difference in the number of different autoantibodies to which progressors and non-progres-

sors were positive to [18]. In addition, there was no difference in the prevalence of HLA-geno-

types associated to increased risk between progressors and non-progressors. As there were no

differences with regard to neither number of autoantibodies nor HLA-type we do not expect

miRNA levels to be influenced by these factors. When investigating individuals with high HLA

risk and low HLA risk within the high-risk group, a few miRNAs differed in relation to HLA

risk, but due to the low number of individuals it was difficult to draw conclusions. The high-

risk group may have been too small to be able to detect subtle differences in miRNA expression

in relation to healthy controls and T1D patients. However, large cohorts of autoantibody-posi-

tive individuals identified from the general population are rare, because of the screening com-

plexity. Despite the limited size, the group was very homogenous with regard to age, and the

healthy controls were well matched to the high-risk group in terms of both age and gender.

The limited group size may also explain why we found only a few slightly deviating miRNAs

and not a specific miRNA profile that was related to disease progression when comparing

high-risk individuals progressing or not to T1D. It would be interesting to investigate in other

risk-cohorts whether these particular miRNAs may be relevant for prediction of disease

progression.

Conclusion

No specific miRNA profile was identified for individuals at high risk of T1D, nor could risk-

individuals progressing to clinical disease be clearly distinguished from non-progressors based

on serum miRNA expression. However, several miRNAs appeared to be tightly associated to

glucose homeostasis and islet autoantibodies among high-risk individuals, and these possible

associations may be useful in the stratification of risk. Larger studies in other high-risk cohorts

are warranted to corroborate these findings and to further assess the possibilities of using cir-

culating miRNAs in T1D risk stratification.
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lection. Ewa Lavant (Malmö University, Sweden) is thanked for all the help around HLA-

typing.

Author Contributions

Conceptualization: Linda Åkerman, Johnny Ludvigsson, Camilla Skoglund.

Data curation: Linda Åkerman.

Formal analysis: Linda Åkerman, Beatriz Tavira, Camilla Skoglund.

Funding acquisition: Rosaura Casas, Johnny Ludvigsson, Camilla Skoglund.

Investigation: Linda Åkerman.

Methodology: Linda Åkerman.

Project administration: Linda Åkerman, Johnny Ludvigsson, Camilla Skoglund.

Resources: Rosaura Casas, Johnny Ludvigsson, Camilla Skoglund.

Supervision: Rosaura Casas, Johnny Ludvigsson, Camilla Skoglund.

Visualization: Linda Åkerman.

Writing – original draft: Linda Åkerman, Beatriz Tavira.

Writing – review & editing: Linda Åkerman, Rosaura Casas, Johnny Ludvigsson, Beatriz

Tavira, Camilla Skoglund.

References
1. Mo MH, Chen L, Fu Y, Wang W, Fu SW. Cell-free Circulating miRNA Biomarkers in Cancer. J Cancer.

2012; 3: 432–48. https://doi.org/10.7150/jca.4919 PMID: 23074383

Serum miRNA levels in children with high risk for type 1 diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0191067 January 18, 2018 13 / 15

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191067.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191067.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191067.s006
https://doi.org/10.7150/jca.4919
http://www.ncbi.nlm.nih.gov/pubmed/23074383
https://doi.org/10.1371/journal.pone.0191067


2. Pauley KM, Cha S, Chan EK. MicroRNA in autoimmunity and autoimmune diseases. J Autoimmun.

2009; 32: 189–94. https://doi.org/10.1016/j.jaut.2009.02.012 PMID: 19303254

3. Miska EA. How microRNAs control cell division, differentiation and death. Curr Opin Genet Dev. 2005;

15: 563–8. https://doi.org/10.1016/j.gde.2005.08.005 PMID: 16099643

4. Zn Nagy, Igaz P. Circulating microRNAs in Disease Diagnostics and their Potential Biological Rele-

vance. Igaz P, editor. Switzerland: Springer International Publishing; 2015.

5. Liang Y, Ridzon D, Wong L, Chen C. Characterization of microRNA expression profiles in normal

human tissues. BMC Genomics. 2007; 8: 166. https://doi.org/10.1186/1471-2164-8-166 PMID:

17565689

6. Chen X, Ba Y, Ma L, Cai X, Yin Y, Wang K, et al. Characterization of microRNAs in serum: a novel class

of biomarkers for diagnosis of cancer and other diseases. Cell Res. 2008; 18: 997–1006. https://doi.

org/10.1038/cr.2008.282 PMID: 18766170

7. Gilad S, Meiri E, Yogev Y, Benjamin S, Lebanony D, Yerushalmi N, et al. Serum microRNAs are promis-

ing novel biomarkers. PLoS One. 2008; 3: e3148. https://doi.org/10.1371/journal.pone.0003148 PMID:

18773077

8. Yang M, Ye L, Wang B, Gao J, Liu R, Hong J, et al. Decreased miR-146 expression in peripheral blood

mononuclear cells is correlated with ongoing islet autoimmunity in type 1 diabetes patients 1miR-146. J

Diabetes. 2015; 7: 158–65. https://doi.org/10.1111/1753-0407.12163 PMID: 24796653

9. Takahashi P, Xavier DJ, Evangelista AF, Manoel-Caetano FS, Macedo C, Collares CV, et al. MicroRNA

expression profiling and functional annotation analysis of their targets in patients with type 1 diabetes

mellitus. Gene. 2014; 539: 213–23. https://doi.org/10.1016/j.gene.2014.01.075 PMID: 24530307

10. Salas-Perez F, Codner E, Valencia E, Pizarro C, Carrasco E, Perez-Bravo F. MicroRNAs miR-21a and

miR-93 are down regulated in peripheral blood mononuclear cells (PBMCs) from patients with type 1

diabetes. Immunobiology. 2013; 218: 733–7. https://doi.org/10.1016/j.imbio.2012.08.276 PMID:

22999472

11. Sebastiani G, Grieco FA, Spagnuolo I, Galleri L, Cataldo D, Dotta F. Increased expression of microRNA

miR-326 in type 1 diabetic patients with ongoing islet autoimmunity. Diabetes Metab Res Rev. 2011;

27: 862–6. https://doi.org/10.1002/dmrr.1262 PMID: 22069274

12. Hezova R, Slaby O, Faltejskova P, Mikulkova Z, Buresova I, Raja KR, et al. microRNA-342, microRNA-

191 and microRNA-510 are differentially expressed in T regulatory cells of type 1 diabetic patients. Cell

Immunol. 2010; 260: 70–4. https://doi.org/10.1016/j.cellimm.2009.10.012 PMID: 19954774

13. Nielsen LB, Wang C, Sorensen K, Bang-Berthelsen CH, Hansen L, Andersen ML, et al. Circulating lev-

els of microRNA from children with newly diagnosed type 1 diabetes and healthy controls: evidence that

miR-25 associates to residual beta-cell function and glycaemic control during disease progression. Exp

Diabetes Res. 2012; 2012: 896362. https://doi.org/10.1155/2012/896362 PMID: 22829805

14. Samandari N, Mirza AH, Nielsen LB, Kaur S, Hougaard P, Fredheim S, et al. Circulating microRNA lev-

els predict residual beta cell function and glycaemic control in children with type 1 diabetes mellitus. Dia-

betologia. 2017; 60: 354–63. https://doi.org/10.1007/s00125-016-4156-4 PMID: 27866223

15. Roggli E, Gattesco S, Caille D, Briet C, Boitard C, Meda P, et al. Changes in microRNA expression con-

tribute to pancreatic beta-cell dysfunction in prediabetic NOD mice. Diabetes. 2012; 61: 1742–51.

https://doi.org/10.2337/db11-1086 PMID: 22537941

16. Zhang Y, Feng ZP, Naselli G, Bell F, Wettenhall J, Auyeung P, et al. MicroRNAs in CD4(+) T cell sub-

sets are markers of disease risk and T cell dysfunction in individuals at risk for type 1 diabetes. Journal

of autoimmunity. 2016; 68: 52–61. https://doi.org/10.1016/j.jaut.2015.12.006 PMID: 26786119

17. Ludvigsson J, Ludvigsson M, Sepa A. Screening for prediabetes in the general child population: mater-

nal attitude to participation. Pediatr Diabetes. 2001; 2: 170–4. https://doi.org/10.1034/j.1399-5448.

2001.20405.x PMID: 15016182

18. Akerman L, Ludvigsson J, Swartling U, Casas R. Characteristics of the pre-diabetic period in children

with high risk of type 1 diabetes recruited from the general Swedish population-The ABIS study. Diabe-

tes Metab Res Rev. 2017; 33:

19. Dweep H, Sticht C, Pandey P, Gretz N. miRWalk—database: prediction of possible miRNA binding

sites by "walking" the genes of three genomes. J Biomed Inform. 2011; 44: 839–47. https://doi.org/10.

1016/j.jbi.2011.05.002 PMID: 21605702

20. Dweep H, Gretz N. miRWalk2.0: a comprehensive atlas of microRNA-target interactions. Nat Methods.

2015; 12: 697. https://doi.org/10.1038/nmeth.3485 PMID: 26226356

21. Collares CV, Evangelista AF, Xavier DJ, Rassi DM, Arns T, Foss-Freitas MC, et al. Identifying common

and specific microRNAs expressed in peripheral blood mononuclear cell of type 1, type 2, and gesta-

tional diabetes mellitus patients. BMC Res Notes. 2013; 6: 491. https://doi.org/10.1186/1756-0500-6-

491 PMID: 24279768

Serum miRNA levels in children with high risk for type 1 diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0191067 January 18, 2018 14 / 15

https://doi.org/10.1016/j.jaut.2009.02.012
http://www.ncbi.nlm.nih.gov/pubmed/19303254
https://doi.org/10.1016/j.gde.2005.08.005
http://www.ncbi.nlm.nih.gov/pubmed/16099643
https://doi.org/10.1186/1471-2164-8-166
http://www.ncbi.nlm.nih.gov/pubmed/17565689
https://doi.org/10.1038/cr.2008.282
https://doi.org/10.1038/cr.2008.282
http://www.ncbi.nlm.nih.gov/pubmed/18766170
https://doi.org/10.1371/journal.pone.0003148
http://www.ncbi.nlm.nih.gov/pubmed/18773077
https://doi.org/10.1111/1753-0407.12163
http://www.ncbi.nlm.nih.gov/pubmed/24796653
https://doi.org/10.1016/j.gene.2014.01.075
http://www.ncbi.nlm.nih.gov/pubmed/24530307
https://doi.org/10.1016/j.imbio.2012.08.276
http://www.ncbi.nlm.nih.gov/pubmed/22999472
https://doi.org/10.1002/dmrr.1262
http://www.ncbi.nlm.nih.gov/pubmed/22069274
https://doi.org/10.1016/j.cellimm.2009.10.012
http://www.ncbi.nlm.nih.gov/pubmed/19954774
https://doi.org/10.1155/2012/896362
http://www.ncbi.nlm.nih.gov/pubmed/22829805
https://doi.org/10.1007/s00125-016-4156-4
http://www.ncbi.nlm.nih.gov/pubmed/27866223
https://doi.org/10.2337/db11-1086
http://www.ncbi.nlm.nih.gov/pubmed/22537941
https://doi.org/10.1016/j.jaut.2015.12.006
http://www.ncbi.nlm.nih.gov/pubmed/26786119
https://doi.org/10.1034/j.1399-5448.2001.20405.x
https://doi.org/10.1034/j.1399-5448.2001.20405.x
http://www.ncbi.nlm.nih.gov/pubmed/15016182
https://doi.org/10.1016/j.jbi.2011.05.002
https://doi.org/10.1016/j.jbi.2011.05.002
http://www.ncbi.nlm.nih.gov/pubmed/21605702
https://doi.org/10.1038/nmeth.3485
http://www.ncbi.nlm.nih.gov/pubmed/26226356
https://doi.org/10.1186/1756-0500-6-491
https://doi.org/10.1186/1756-0500-6-491
http://www.ncbi.nlm.nih.gov/pubmed/24279768
https://doi.org/10.1371/journal.pone.0191067


22. Frost RJ, Olson EN. Control of glucose homeostasis and insulin sensitivity by the Let-7 family of micro-

RNAs. Proc Natl Acad Sci U S A. 2011; 108: 21075–80. https://doi.org/10.1073/pnas.1118922109

PMID: 22160727

23. Dooley J, Garcia-Perez JE, Sreenivasan J, Schlenner SM, Vangoitsenhoven R, Papadopoulou AS,

et al. The microRNA-29 Family Dictates the Balance Between Homeostatic and Pathological Glucose

Handling in Diabetes and Obesity. Diabetes. 2016; 65: 53–61. https://doi.org/10.2337/db15-0770

PMID: 26696639

24. Zhou R, Wang R, Qin Y, Ji J, Xu M, Wu W, et al. Mitochondria-related miR-151a-5p reduces cellular

ATP production by targeting CYTB in asthenozoospermia. Sci Rep. 2015; 5: 17743. https://doi.org/10.

1038/srep17743 PMID: 26626315

25. Nielsen S, Akerstrom T, Rinnov A, Yfanti C, Scheele C, Pedersen BK, et al. The miRNA plasma signa-

ture in response to acute aerobic exercise and endurance training. PLoS One. 2014; 9: e87308. https://

doi.org/10.1371/journal.pone.0087308 PMID: 24586268

26. Zhang Y, Yang L, Gao YF, Fan ZM, Cai XY, Liu MY, et al. MicroRNA-106b induces mitochondrial dys-

function and insulin resistance in C2C12 myotubes by targeting mitofusin-2. Mol Cell Endocrinol. 2013;

381: 230–40. https://doi.org/10.1016/j.mce.2013.08.004 PMID: 23954742

27. Abuhatzira L, Xu H, Tahhan G, Boulougoura A, Schaffer AA, Notkins AL. Multiple microRNAs within the

14q32 cluster target the mRNAs of major type 1 diabetes autoantigens IA-2, IA-2beta, and GAD65.

Faseb J. 2015; 29: 4374–83. https://doi.org/10.1096/fj.15-273649 PMID: 26148972

28. Bjork E, Kampe O, Karlsson FA, Pipeleers DG, Andersson A, Hellerstrom C, et al. Glucose regulation

of the autoantigen GAD65 in human pancreatic islets. J Clin Endocrinol Metab. 1992; 75: 1574–6.

https://doi.org/10.1210/jcem.75.6.1464667 PMID: 1464667

29. Mandemakers W, Abuhatzira L, Xu H, Caromile LA, Hebert SS, Snellinx A, et al. Co-regulation of intra-

genic microRNA miR-153 and its host gene Ia-2 beta: identification of miR-153 target genes with func-

tions related to IA-2beta in pancreas and brain. Diabetologia. 2013; 56: 1547–56. https://doi.org/10.

1007/s00125-013-2901-5 PMID: 23595248

30. Karolina DS, Armugam A, Tavintharan S, Wong MT, Lim SC, Sum CF, et al. MicroRNA 144 impairs

insulin signaling by inhibiting the expression of insulin receptor substrate 1 in type 2 diabetes mellitus.

PLoS One. 2011; 6: e22839. https://doi.org/10.1371/journal.pone.0022839 PMID: 21829658

31. Krist B, Florczyk U, Pietraszek-Gremplewicz K, Jozkowicz A, Dulak J. The Role of miR-378a in Metabo-

lism, Angiogenesis, and Muscle Biology. Int J Endocrinol. 2015; 2015: 281756. https://doi.org/10.1155/

2015/281756 PMID: 26839547

32. Carrer M, Liu N, Grueter CE, Williams AH, Frisard MI, Hulver MW, et al. Control of mitochondrial metab-

olism and systemic energy homeostasis by microRNAs 378 and 378*. Proc Natl Acad Sci U S A. 2012;

109: 15330–5. https://doi.org/10.1073/pnas.1207605109 PMID: 22949648

33. Brorsson C, Vaziri-Sani F, Bergholdt R, Eising S, Nilsson A, Svensson J, et al. Correlations between

islet autoantibody specificity and the SLC30A8 genotype with HLA-DQB1 and metabolic control in new

onset type 1 diabetes. Autoimmunity. 2011; 44: 107–14. https://doi.org/10.3109/08916934.2010.

509120 PMID: 20836749

34. Roggli E, Britan A, Gattesco S, Lin-Marq N, Abderrahmani A, Meda P, et al. Involvement of microRNAs

in the cytotoxic effects exerted by proinflammatory cytokines on pancreatic beta-cells. Diabetes. 2010;

59: 978–86. https://doi.org/10.2337/db09-0881 PMID: 20086228

35. Melkman-Zehavi T, Oren R, Kredo-Russo S, Shapira T, Mandelbaum AD, Rivkin N, et al. miRNAs con-

trol insulin content in pancreatic beta-cells via downregulation of transcriptional repressors. Embo J.

2011; 30: 835–45. https://doi.org/10.1038/emboj.2010.361 PMID: 21285947

36. Sebastiani G, Spagnuolo I, Patti A. MicroRNA expression fingerprint in serum of type 1 diabetic

patients. Diabetologia. 2012; 55: S48.

Serum miRNA levels in children with high risk for type 1 diabetes

PLOS ONE | https://doi.org/10.1371/journal.pone.0191067 January 18, 2018 15 / 15

https://doi.org/10.1073/pnas.1118922109
http://www.ncbi.nlm.nih.gov/pubmed/22160727
https://doi.org/10.2337/db15-0770
http://www.ncbi.nlm.nih.gov/pubmed/26696639
https://doi.org/10.1038/srep17743
https://doi.org/10.1038/srep17743
http://www.ncbi.nlm.nih.gov/pubmed/26626315
https://doi.org/10.1371/journal.pone.0087308
https://doi.org/10.1371/journal.pone.0087308
http://www.ncbi.nlm.nih.gov/pubmed/24586268
https://doi.org/10.1016/j.mce.2013.08.004
http://www.ncbi.nlm.nih.gov/pubmed/23954742
https://doi.org/10.1096/fj.15-273649
http://www.ncbi.nlm.nih.gov/pubmed/26148972
https://doi.org/10.1210/jcem.75.6.1464667
http://www.ncbi.nlm.nih.gov/pubmed/1464667
https://doi.org/10.1007/s00125-013-2901-5
https://doi.org/10.1007/s00125-013-2901-5
http://www.ncbi.nlm.nih.gov/pubmed/23595248
https://doi.org/10.1371/journal.pone.0022839
http://www.ncbi.nlm.nih.gov/pubmed/21829658
https://doi.org/10.1155/2015/281756
https://doi.org/10.1155/2015/281756
http://www.ncbi.nlm.nih.gov/pubmed/26839547
https://doi.org/10.1073/pnas.1207605109
http://www.ncbi.nlm.nih.gov/pubmed/22949648
https://doi.org/10.3109/08916934.2010.509120
https://doi.org/10.3109/08916934.2010.509120
http://www.ncbi.nlm.nih.gov/pubmed/20836749
https://doi.org/10.2337/db09-0881
http://www.ncbi.nlm.nih.gov/pubmed/20086228
https://doi.org/10.1038/emboj.2010.361
http://www.ncbi.nlm.nih.gov/pubmed/21285947
https://doi.org/10.1371/journal.pone.0191067

