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Abstract

Aims/hypothesis—MicroRNAs (miRNAS) are key regulators of gene expression and novel
biomarkers for many diseases. We investigated the hypothesis that serum levels of some miRNAs
would be associated with islet autoimmunity and/or progression to type 1 diabetes.

Methods—We measured levels of 93 miRNAs most commonly detected in serum. This
retrospective cohort study included 150 autoantibody-positive and 150 autoantibody-negative
family-matched siblings enrolled in the TrialNet Pathway to Prevention Study. This was a young
cohort (mean age = 11 years), and most autoantibody-positive relatives were at high risk because
they had multiple autoantibodies, with 39/150 (26%, progressors) developing type 1 diabetes
within an average 8.7 months of follow-up. We analysed miRNA levels in relation to autoantibody
status, future development of diabetes and OGTT C-peptide and glucose indices of disease
progression.

Results—Fifteen miRNAs were differentially expressed when comparing autoantibody-positive/
negative siblings (range —2.5 to 1.3-fold). but receiver operating characteristic (ROC) analysis
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indicated low specificity and sensitivity. Seven additional miRNAs were differentially expressed
among autoantibody-positive relatives according to disease progression; ROC returned significant
AUC values and identified miRNA cut-off levels associated with an increased risk of disease in
both cross-sectional and survival analyses. Levels of several miRNAs showed significant
correlations (r 0.22-0.55) with OGTT outcomes. miR-21-3p, miR-29a-3p and miR-424-5p had the
most robust associations.

Conclusions/interpretation—Serum levels of selected miRNAs are associated with disease
progression and confer additional risk of the development of type 1 diabetes in young
autoantibody-positive relatives. Further studies, including longitudinal assessments, are warranted
to further define miRNA biomarkers for prediction of disease risk and progression.

Keywords
Clinical science; Microarray; Prediction and prevention of type 1 diabetes

Introduction

Type 1 diabetes is a chronic autoimmune disease causing a severe loss of pancreatic beta
cells and insulin deficiency [1]. Genetic and immunological markers identify individuals at
increased risk of developing it. Autoantibodies to islet cell autoantigens GAD, insulinoma-
associated antigen 2 (IA-2), insulin and zinc transporter 8 (ZnT8) are predictive biomarkers
in natural history studies. Autoantibodies appear months to years before diagnosis, and the
rate of progression varies among individuals. Additional biomarkers are needed to improve
prediction, including (1) early biomarkers predicting the triggering of islet autoimmunity for
primary prevention, and (2) biomarkers that improve the accuracy of risk stratification for
prevention trials among autoantibody-positive relatives.

MicroRNAs (miRNAs) are non-coding RNAs that regulate gene expression [2], affecting all
gene pathways by promoting the degradation and suppressing the translation of target
MRNAs. In terms of type 1 diabetes, miRNAs regulate key functions of the immune system
in multiple cell types, including lymphocytes and regulatory T cells [3]. miRNAs regulate
insulin secretion (miR-375) [4], pancreatic development, beta cell differentiation (miR-375,
miR-376, miR-7 and miR-9) [5, 6] and regeneration (miR-15a, miR-15b, miR-16 and
miR-195) [7]. The miR-200 family has been linked to pancreatic beta cell survival and type
2 diabetes in mouse models [8]; miR-124 influences insulin secretion in type 2 diabetes [9].
Initial evidence links miRNAs to type 1 diabetes in studies of cellular miRNAs from
individuals with diabetes [10-12]; miRNAs influence cytokine-mediated beta cell apoptosis,
and their loss in beta cells enhances diabetes induced by multiple low doses of
streptozotocin [13, 14]. Thus, mounting evidence links miRNAs to beta cell function and the
pathogenesis of type 1 diabetes [15, 16].

miRNAs are present in the circulation, where they are stable and resistant to repeated
‘freeze—thaw’ cycles, extended storage, low/high pH and endogenous RNAse activity [17],
possibly because they form complexes with ribonucleoproteins [18]. miRNAs can be
assayed in either plasma or serum with identical results [17]. Circulating miRNAs are also
packaged inside exosomes, which might transfer mMRNAs and miRNAs between cells [19].
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Thus, circulating miRNAs might reflect biological responses and mark disease states.
Serum/plasma miRNASs are emerging as biomarkers of acute tissue injury and chronic
diseases, including cancer and type 2 diabetes, in both individuals with diabetes and rodent
models of type 2 diabetes and insulin resistance [20]. In the setting of type 1 diabetes, serum
levels of miR-375, an islet cell miRNA, reflect beta cell destruction in mice [21] and islet
transplant recipients [22], although this may be limited to acute damage and miR-375 is not
exclusively of pancreatic beta cell origin. A few studies have reported perturbed serum
miRNA levels in individuals with newly diagnosed type 1 diabetes compared with healthy
participants [23, 24].

We hypothesised that levels of some of the circulating miRNAs might be associated with
islet autoimmunity and/or disease progression. We measured levels of circulating miRNAs
in samples obtained from non-diabetic relatives of individuals with type 1 diabetes, who
were longitudinally characterised for autoantibody status and metabolic variables; a
proportion of the relatives developed type 1 diabetes on follow-up.

Study participants

We studied archived serum samples from Type 1 Diabetes TrialNet, a consortium conducting
multicentre trials. Samples were from 300 relatives enrolled in the TrialNet Pathway to
Prevention Study [25], which screens relatives for autoantibodies and follows them
longitudinally with periodic testing until clinical type 1 diabetes develops. All participants
provided written informed consent. The ethical boards at all participating institutions
approved the study and allowed ancillary studies of de-identified samples. We studied 150
family-matched sibling pairs, selected to be discordant for the presence vs absence of
autoantibodies and on sample availability. Table 1 reports demographic characteristics and
autoantibody profiles at screening; at the time the sample tested was drawn, none of the
participants had type 1 diabetes and all were below age 18 years, with a mean age of 11.0 =
SD 3.7 years.

Autoantibody assays

Relatives were screened for GAD, IA-2 and insulin autoantibodies with standardised
radioimmunoassays [26] (performed by the TrialNet Autoantibody Core Laboratory, Barbara
Davis Center, University of Colorado, USA). ZnT8 autoantibodies were assessed in
individuals who were positive for the autoantibodies tested at screening.

Metabolic evaluation

Autoantibody-positive relatives undergo OGTT metabolic evaluation every 6 months (after
2012, yearly for those with a single autoantibody). Samples for glucose and C-peptide
measurements are obtained in the fasting state (=10 and 0 min), and at 30, 60, 90 and 120
min after ingestion of a 1.75 g/kg glucose dose (maximum 75 g of carbohydrate). Glucose
and C-peptide AUC values are calculated using the trapezoidal method.
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Serum collection and RNA extraction

Serum was obtained using the standardised protocol adopted by TrialNet (see electronic
supplementary material [ESM] Methods, ‘Blood collection procedures’). Total RNA was
extracted by mixing serum with phenol/guanidine-based lysis buffer, spiked with M2
bacteriophage RNA as a carrier, and isolated using a silica membrane separation-based
method (miRNeasy, Qiagen, Germantown, MD, USA).

Analysis of miRNAs in serum

RNA was converted into cDNA using the miRCURY LNA Universal RT kit (Exigon,
Denmark). MiRNA levels were measured using the LNA-based quantitative (q)PCR method
(Exigon). The plates included interplate calibrators, in triplicate, a control primer set and
negative/positive spike-in controls (ESM Methods, ‘Control miRNAs and assessment of
hemolysis’). Plates were amplified on a Roche LightCycler 480. The assay cut-off was 38
cycles. C; values were converted into a linear value (relative quantification [RQ]) to account
for the exponential nature of PCR C; values using the formula RQ=

2~(Global mean Ct - miRNA C) \\/e assessed potential haemolysis comparing levels of
miR-451a (highly expressed in erythrocytes) with those of miR-23a-3p (unaffected by
haemolysis; ESM Methods, ‘Control miRNAs and assessment of hemolysis’); ACq
(miR-23a-3p - miR-451a) values greater than 7-8 indicate a high risk of haemolysis, none of
the samples studied had scores greater than 7, and the ACq scores for all samples studied
(control and TrialNet) did not significantly differ (mean + SD 5.32 + 1.47 and 4.48 + 1.51,
respectively). We conducted preliminary investigations on local control samples to
investigate whether age of the serum samples affected the detection of circulating miRNAs
and to identify the miRNAs most frequently detected in serum (ESM Results and ESM Fig.
1); we then designed a custom panel inclusive of 93 miRNAs (ESM Table 1) that (and/or):
(1) were most commonly detected in control samples (>80% of participants); (2) had a
preliminary association with type 1 diabetes/islet autoimmunity from the literature and
exploratory analyses of individuals with diabetes or their relatives from our institution (ESM
Results and ESM Table 2); (3) had literature associations with other autoimmune diseases,
insulin resistance, hyperglycaemia and beta cell function.

Data Analysis

miRNA data normalisation—We used the global mean approach for data normalisation
[27] to minimise potential confounders when comparing data across groups, as other
approaches (e.g. NormFinder) identified different miRNASs across comparisons.

Statistical analysis—For the primary comparison of miRNA levels by autoantibody
status, we investigated and tested potential associations between selected miRNAs and islet
autoimmunity under the hypothesis that there would be differential expression between
autoantibody-positive and autoantibody-negative family-matched siblings. Power analysis
via simulation was performed based on results from a pilot study of type 1 diabetes. For the
individuals with diabetes and their relatives (data not shown), we evaluated power over a
fold-change range of 1.5 to 3, with SDs between 1 and 1.23 (a conservative value, as it was
below 1.23 for 95% of the pilot data). We employed a familial study design, which affords
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greater power, and assumed a correlation in expression level of 0.2 between siblings. Based
on this power analysis, a comparison of 150 participants per group returned excellent power
(0.89) to detect a 1.7-fold change among family-matched siblings discordant for
autoantibody status.

Normalised data (RQ expression levels) were initially analysed, with an estimation and
comparison of expression levels between groups. Linear-mixed models were constructed for
the estimation and comparison of expression levels between the groups; this approach
accounts for the correlation between members of the same family in variance estimates.
Estimates of expression level and corresponding comparisons were made only when there
were adequate numbers of observed miRNA expression levels for stable estimation. Sex and
age were initially included in the models but were not found to be either significant or
confounders in estimates of differential expression among autoantibody-positive and
autoantibody-negative siblings. Correction for multiple comparisons was performed using
empirical distributions generated via bootstrapped resampling with 1000 replications.
Ranking of averaged bootstrapped o values is useful to identify a ‘shortlist’ of differentially
expressed miRNA for further analysis, while accounting for small sample variability and
family size error rates in multiple comparisons [28]. Pairs were kept intact for resampling to
preserve the correlation structure of the observed data in generating the empirical
distribution used in each replication and corresponding tests of significance for differentially
expressed miRNAs. For each replication, analysis was performed on all miRNAs found to be
differentially expressed in the original comparisons, and p values were averaged over all
replications. Cls for pvalues were constructed to determine those which were significant
based on bootstrap resampling. Levels of statistical significance were set at p<0.05
(uncorrected) and p<0.10 (corrected by bootstrapping).

Secondary analyses—We investigated potential associations of miRNA levels with
disease progression and number of autoantibodies. We also assessed sensitivity and
specificity for given miRNA levels, and correlations with OGTT indices.

The same methodology employed for the primary analysis was used to investigate
differential expression of miRNAs according to future disease progression among
autoantibody-positive participants.

We employed receiver operating characteristic (ROC) analysis to investigate the
performance of those miRNAs with differential expression in the primary and secondary
comparisons as a binary classifier system; this approach allows the identification of those
miRNAs with better ability to discriminate groups and derive miRNA cut-off levels based on
specificity and sensitivity. ROC curves and AUC values were generated using GraphPad
Prism 7.0. For some analyses, groups were compared to estimate frequencies using Fisher’s
exact test (GraphPad Prism 7.0); p values are two-sided.

Both univariate and multivariate analyses were undertaken. In univariate analysis, we used
the Spearman test to assess correlations of miRNA levels with OGTT variables used to
assess progression (glucose and C-peptide AUC, peak C-peptide, 30 minus 0 min C-peptide
and type 1 diabetes Diagnostic Index60; Index60 was calculated as the log;q fasting C-
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peptide, 60 min C-peptide and 60 min glucose) [29, 30]; formulas for these indices and cut-
offs were calculated using TrialNet data provided in mg dI~1 min~1 for glucose and ng ml~1
min~1 for C-peptide, respectively. Covariance analyses were performed for adjustments.

miRNA target prediction and pathway enrichment analysis

Results

We investigate potential targets of selected miRNAs using miRWalk 2.0 (http://
zmf.umm.uni-heidelberg.de/apps/zmf/mirwalk2/, accessed 22 November 2016), an online
bioinformatic program developed to identify predicted and experimentally verified miRNA—-
target interactions; miRWalk 2.0 documents miRNA-binding sites within the complete
sequence of a gene and combines this information with a comparison of binding sites
resulting from use of miRanda-rel2010, Targetscan 6.2, MirWalk 2.0 and RNA22 v2.
Statistical significance of these predictions is reported after the Benjamini—-Hochberg
correction for multiple comparisons. Pathway analysis was performed using KEGG (the
Kyoto Encyclopedia of Genes and Genomes, http://www.genome.jp/kegg/pathway.html) and
WiIKIPathways (http://wikipathways.org/index.php/WikiPathways); both sites were accessed
on 22 November 2016).

Selected miRNAs show modest association with islet autoimmunity

We compared miRNA levels in 150, family-matched, autoantibody-discordant sibling pairs.
The groups were well matched for sex, age and length of follow-up (Table 1). Fifteen
miRNAs (12 of which remained significant after bootstrapping) were differentially
expressed between the two groups (Table 2). Mean differences in miRNA levels (fold
change) between autoantibody-positive and autoantibody-negative siblings ranged from 0.40
(-2.5) to 1.33. Examples are shown as dot plots for miR-31-5p and miR-185-3p (ESM Fig.
2a); as is common in this type of investigation, we found statistically significant differences
in mean expression levels even though individual levels might overlap to a large extent
between groups. We used ROC to further investigate the utility of these miRNAS as risk
biomarkers: 12/15 miRNAs had significant ROC p values (Table 2) but modest AUC values
(range 0.56-0.66), indicating that these miRNAs have limited value for assessing risk and
discriminating between groups.

Selected miRNAs are associated with disease progression

We explored whether miRNA levels differed between autoantibody-positive participants
according to future disease progression (39 had developed disease on follow-up). Those who
did not develop type 1 diabetes during follow-up are considered in this analysis to be non-
progressors. There were no differences in sex and age when autoantibody-positive relatives
were stratified by disease progression (Table 1). The samples available for miRNA testing
were obtained on average 1.8 £ SD 1.9 years from the initial screening; thus, follow-up from
the study sample for the 150 autoantibody-positive relatives was on average 6.9 + 11.2
months and was not statistically different when comparing progressors with non-progressors
(Table 1; 0=0.067). Seven miRNAs were detected at higher levels in the progressors group
(Table 3), and 6/7 had significant ROC p values with AUC values ranging between 0.60 and
0.79. In choosing ROC cut-off values, we accepted specificity as low as 0.80 to maximise
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sensitivity, given that this was a population of relatives at high risk of developing type 1
diabetes.

ROC curves for miR-21-3p, miR-29a-3p and miR-424-5p with AUC values of 0.79, 0.68
and 0.68, respectively are shown in Fig. 1a,c,e; their ROC p values remained significant after
Bonferroni correction for multiple comparisons. Figure 1b,d,f illustrates levels of
miR-21-3p, miR-29a-3p and miR-424-5p, respectively, comparing progressors with non-
progressors, and then stratified by number of autoantibodies. Relatives with multiple
autoantibodies (92% of this cohort) were more likely to become progressors if they had
miR-21-3p, miR-29a-3p or miR-424-5p levels above the respective ROC cut-off values
(Table 4). There were too few relatives with a single autoantibody for a meaningful analysis.

We used Kaplan—Meier analysis to compare survival curves for disease progression
according to the miRNA ROC cut-off levels listed in Table 3. There were no significant
differences in sex between groups in each of the survival analyses. Figure 2 shows
significantly different risks of development of type 1 diabetes for miR-21-3p, miR-150-5p,
miR-29a-3p and miR-342-3p, respectively, with HRs estimates ranging from 2.2 to 3.4;
curves were not significantly different for miR-424-5p, miR-491-5p and miR-577(ESM Fig.
3).

For miR-150-5p, miR-29a-3p and miR-342-3p, the relatives with miRNA levels above the
ROC cut-offs were younger than those with miRNA levels below the cut-offs (mean + SD,
respectively: miR-150-5p, 9.6 + 3.6 vs 11.3 + 3.6 years, p=0.0193; miR-29a-3p, 9.9 £ 3.1 vs
11/3 + 3.8, p=0.0291; miR-324-3p, 9.7 £ 3.6 vs 11.4 + 3.6, p= 0.0095). Given the higher
prevalence of progressors in the groups with miRNA levels above the ROC cut-offs, these
differences may reflect the known association of younger age with more rapid progression.

of miRNAs with metabolic indices of disease progression

TrialNet autoantibody-positive relatives are periodically evaluated by OGTT to detect signs
of impaired glucose metabolism and insulin secretion. We analysed data from 96 relatives
for whom the OGTT was performed on the same day the miRNA sample was drawn (Table
5 and ESM Table 3): 21 (21.8%) of these 96 participants developed type 1 diabetes on
follow-up, within an average 7.0 = SD 9.9 months; 19 such relatives had an abnormal OGTT
when tested. Among the 75 diabetes-free relatives, 12 and 63 had an abnormal or normal
OGTT, respectively. Table 6 lists Spearman correlations for miRNA levels with OGTT
outcomes for the seven miRNAs associated with disease progression (Table 3), including
correlations with fasting and AUC glucose and C-peptide levels, peak C-peptide, 30 minus 0
min C-peptide and Index60. Correlation data in Table 6 are illustrated in Figs 3-5 and ESM
Fig. 4. Figures 3 and 4 show correlations between miR-424-5p, miR-29a-3p, miR-150-5p
and miR-342-3p levels with C-peptide AUC (Fig. 3a,c,e,g), C-peptide peak values (Fig.
3b,d,f,h), Index60 (Fig. 4a,c,e,g) and 30 minus 0 min C-peptide values (Fig. 4b,d,f,h). Figure
5 shows correlations of glucose AUC with miR-424-5p (Fig. 5a), miR-21-3p (Fig. 5c) and
miR-185-3p (Fig. 5e). Correlations of fasting C-peptide are plotted for with miR-424-5p
(Fig. 5b), miR-150-5p (Fig. 5d) and miR-185-3p (Fig. 5f). On multiple regression analysis,
the correlations reported in Table 6 were unaffected by sex, age and BMI except for
correlations of miR-150p with fasting and 30 minus 0 min C-peptide, which were no longer
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significant after adjustment for BMI, and fasting C-peptide, which was no longer significant
after adjustment for age and BMI. An additional nine miRNAs showed correlations with one
or more of the above-mentioned OGTT-derived measures (ESM Table 4).

miRNA target prediction and pathway enrichment analysis

We conducted an in silico investigation to determine which pathways and genes may be
targeted by miR-21-3p, miR-29a-3p and miR-424-5p, since these showed the most robust
associations with disease progression and correlations with OGTT outcomes; miRWalk 2.0
reported that miR-29a-3p and miR-424-5p gene targets were significantly enriched in the
insulin signalling pathway (KEGG); these miRNAs are predicted to target 67 and 101 genes
in the insulin signalling pathway, respectively (p=0.024 and p=2.4 x 10710). miR-21-3p gene
targets are also enriched in the insulin signalling pathway (WIKIPathways) with 75
predicted targets (p=0.00012).

Discussion

We investigated associations of circulating miRNAs with islet autoimmunity and
progression to type 1 diabetes to determine their potential utility as biomarkers during the
preclinical stages of the disease. To investigate the association with autoimmunity, we
studied 150 autoantibody-positive relatives and compared them to their autoantibody-
negative, family-matched siblings. This was a cohort of young individuals (mean age was 11
years); young age is associated with more rapid disease progression among autoantibody-
positive relatives [31]. Moreover, among the autoantibody-positive participants, most (92%)
had multiple autoantibodies, which confers higher disease risk than single autoantibody
positivity [32]. The mean follow-up time from screening was 2.4 years, and the samples
tested for miRNAs were obtained on average 1.8 years from screening; thus, our assessment
of miRNAs was close to diagnosis for a subset of the participants studied (ESM Table 3). As
none had clinical disease at testing, results are independent of symptomatic hyperglycaemia.

Fifteen miRNASs (Table 2) were differentially expressed in serum between the autoantibody-
positive and autoantibody-negative siblings. The differences were modest and there was
significant overlap in individuals’ levels between the groups. Accordingly, ROC curves
returned modest AUC values. Thus, these miRNAs have limited value in predicting future
risk of islet autoimmunity. However, we recognise that this was an initial, cross-sectional
analysis and it is possible that more meaningful changes may be detected over time in
longitudinal samples, for example samples spanning the transition from autoantibody
negative to autoantibody positive.

Seven miRNAs were differentially expressed among autoantibody-positive relatives
according to future development of diabetes (Table 3 and Figs 1 and 2); several of these
miRNAs had a robust association with disease progression and correlation with OGTT
indices of metabolic impairment (Table 6 and Figs 3-5). Similar correlations were reported
in a cross-sectional study of individuals with type 1 or type 2 diabetes [16]. Three miRNAs
(miR-21-3p, miR-424-5p and miR-29a-3p) showed the most robust associations and have
the potential to be useful biomarkers. Levels above their respective ROC cut-off values
conferred increased risk of future progression in relatives with multiple autoantibodies
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(Table 4), noting that generally it has been difficult to identify biomarkers that confer
additional risk once the multiple autoantibody stage has been reached. Too few relatives with
a single autoantibody were available to exclude that these miRNAs may not influence risk of
progression at this earlier stage as well. Levels of several miRNAs were associated with risk
of disease progression, including time to progression (Fig. 2); moreover, miRNA levels
significantly correlated with OGTT indices of metabolic function, further supporting an
association with disease processes and progression of diabetes, at least for an average period
of 6 months, which was the follow-up time in this study. It is important that levels of certain
miRNAs increased the risk of developing type 1 diabetes above the increased risk conferred
by multiple autoantibodies, and this was observed in a young population with rapid
progression, as shown by the steep survival curves (Fig. 2).

Published studies link these miRNAs to pathways relevant to type 1 diabetes. miR-21-3p
targets histone deacetylase-8 mRNA [33]. Histone deacetylases are involved in
inflammatory responses resulting in insulin resistance and beta cell failure, in particular
those mediated by IL-1B, in both type 1 and type 2 diabetes [34], allelic variants of histone
deacetylases are associated with susceptibility to type 1 diabetes [35], and inhibitors of these
enzymes stimulate beta cell development, proliferation and differentiation [34]. miR-21-3p
is produced in response to inflammatory stimuli and participates in paracrine signalling [36],
which could explain its detection in the serum of autoantibody-positive relatives. The closely
related miR-21-5p (which has the same stem—loop structure) has been linked to beta cell
failure in vitro and in vivo [37, 38]; its manipulation prevents type 1 diabetes by blocking
beta cell death [39], and its expression is altered in peripheral blood mononuclear cells
(PBMCs) from individuals with type 1 diabetes [11] and serum from patients with type 1 or
type 2 diabetes [16].

We previously reported miR-29a-3p levels enriched threefold in beta compared with alpha
cells in human islets [40]. miR-29a-3p-deficient mice have dysregulated exocytosis,
promoting diabetes after unfolded protein stress [41]. Increased glucose levels upregulated
miR-29a-3p in rat and human islets, while miR-29a-3p inhibited glucose-stimulated insulin
secretion and increased proliferation of INS-1E beta cells [42]. miR-29a-3p inhibits glucose-
stimulated insulin secretion by targeting syntaxyn-1a, one of the two t-SNAREs (soluble
NSF [ NV-ethylmaleimide sensitive fusion proteins] attachment protein receptor) involved in
insulin exocytosis [43]. miR-29a-3p and miR-29b-3p affect insulin secretion by also
silencing SLC16A1 mRNA in beta cells, which encodes for the monocarboxylate
transporter-1 (MCTI) [44]. Levels of miR-29a-3p (as well as miR-29b-3p and miR-29¢-3p)
increase in the islets of NOD mice as islet autoimmunity progresses, and are upregulated in
isolated mouse and human islets exposed to proinflammatory cytokines [14, 38];
overexpression of miR-29 miRNAs in MING and dissociated islet cells impairs glucose-
stimulated insulin secretion, related to decreased expression of the transcription factor
Onecut2 (one cut homeobox 2) and the downstream elevation of an inhibitor of beta cell
exocytosis, granuphilin [14]; overexpression of miR-29 miRNA also promotes apoptosis by
decreasing the antiapoptotic protein Mcl1 (myeloid cell leukaemia sequence 1), a member of
the Bcl2 family [14]. Taken together, changes in miR-29a-3p levels may reflect cytokine-
mediated beta cell dysfunction occurring during the preclinical phases of type 1 diabetes.
The elevated levels of miR-29a-3p we observed in autoantibody-positive relatives may
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reflect islet inflammation and the impairment of glucose-stimulated insulin secretion that
becomes manifest as disease progresses, as suggested by the inverse correlation with the
OGTT peak and AUC C-peptide values (Fig. 3); Nielsen et al. [23] have reported increased
miR-29a-3p serum levels in individuals with type 1 diabetes.

Further interest in miR-21-3p and miR-29a-3p is spurred by the observation that their levels
are altered in human islets on in vitro infection with a Coxsackie B virus (CBV5) [45]. Thus,
increased levels of circulating miR-21-3p and miR-29a-3p in autoantibody-positive relatives
may reflect enterovirus infections in the pancreatic islets [1]. Future studies should
investigate how inflammatory stimuli and viruses influence the levels of miR-21-3p,
miR-29a-3p and other miRNAs, as well as the downstream effects on gene expression and
beta cell function, and possible correlations with serum markers of beta cell dysfunction
(proinsulin/C-peptide ratio) [46] and death (e.g. levels of demethylated insulin gene DNA)
[47].

There is little experimental evidence to link miR-424-5p to type 1 diabetes; however, in
silico statistically significant predictions suggest a role for miR-424-5p in regulating many
genes in the insulin signalling pathway, including those coding for the insulin receptor and
its substrates 1 and 2. We found statistically significant evidence that targets of miR-29a-3p
and miR-21-3p are also enriched in insulin signalling. miR-150 was altered in PBMCs from
individuals with type 1 diabetes [48]. miR-342 targets the P7TPRN and PTPRNZ mRNAs
[49], encoding for the IA-2 and 1A-2p autoantigens; miR-342-5p is included in the
imprinted 14932 miRNA cluster, in which 32/56 miRNAs are predicted to target autoantigen
mRNAs and could modulate their expression. MiR-342-5p suppresses Coxsackie virus B3
biosynthesis by targeting the 2C-coding region [50]. Among the miRNAs we found
associated with islet autoimmunity, miR-25-3p was linked to type 1 diabetes by Nielsen et
al. [23].

In closing, the analysis of a large, family-matched cohort of TrialNet relatives provides
evidence that serum levels of certain miRNAs reflect islet autoimmunity and its progression;
these miRNAs are candidates for further validation as novel biomarkers. Several of the
miRNAs associated with progression correlated with OGTT indices of beta cell function.
Longitudinal studies will help in better examining the association between these (and other)
circulating miRNAs and disease progression, as levels could change over time. Further
studies may identify more predictive miRNA combinations, or additional associations with
other variables of disease progression (demethylated insulin gene DNA levels, gene
expression profiles, or other immunological and metabolic readouts), which could be
combined into composite biomarkers and risk scores.
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Fig. 1.

ROC curves and miR-21-3p, miR-29a-3p and miR-424-5p levels in autoantibody-positive
participants. ROC curves (a, ¢, €) are shown for autoantibody-positive relatives according to
progression to type 1 diabetes. RQ levels (b, d, f) plotted on a Logs scale are shown
according to disease progression (NP, non-progressor, P, progressor), and to disease
progression stratified by autoantibody (AAb) positivity for single (1 AAb) or multiple (>1
AAD) autoantibodies
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Fig. 2.

Kgplan—Maier survival curves for the development of type 1 diabetes among autoantibody-
positive participants based on ROC cut-off levels of miRNAs associated with disease
progression; circles indicate subjects with levels above the ROC cut-off, triangles identify
subjects with levels below cut-off. Number of subjects at different time points for each group
are shown below the X axis. Logrank Mantel-Cox test significance: *p<0.05, **p<0.01,
***<0.001. HRs for panels a—d were 3.41 (95% CI 1.12, 10.37), 2.61 (95% CI 1.18, 5.79),
2.24 (95% CI 1.08, 4.64), and 2.82 (95% CI 1.36, 5.84), respectively. T1D, type 1 diabetes
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Spearman correlation of miR-424-5p, miR-21-3p, miR-150-5p and miR-185-3p levels with
glucose AUC values in autoantibody-positive participants. (e) A single data point
determined to be both a minor (inner) and a major (outer) outlier was removed from the

analysis
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Demographic and clinical characteristics of 96 autoantibody-positive relatives with an OGTT performed on
the same date the miRNA sample was drawn

Variable

Age (years)?
Age of onset of type 1 diabetes (years)

Follow-up/time to type 1 diabetes (months)b

Autoantibody type?

Number of autoantibodies?

With abnormal/normal OGTT
OGTT fasting glucose (mmol/l)
OGTT fasting C-peptide (nmol/l)

Participants AAb+ AAb+ NP AAb+ P
n 96 75 21
Male/female 58/38 45/30 13/8
Mean = SD 11.2+37 11.0+38 11.7+3.6
Range 3-18 3-18 7-18
Mean + SD NA NA 12.3+38
Range NA NA 7-20
Mean + SD 6.0+8.8 55+6.9 7.0+99
Range 0-77.5 0-77.5 0-35.7
GAD 83 67 16
1A-2 62 44 18
ZnT8 29 23 6
Insulin 67 52 15
1 AADb 6 (6%) 5 (7%) 1 (5%)
>1 AAb 90 (94%) 70 (93%) 20 (95%)
31/65 12/63 19/2
Mean + SD 489+053 4.89+050 4.86=*0.60
Mean + SD 049+0.30 0.53+0.30 0.37+0.20

a .
At the time the sample tested was drawn

b .
From the time the sample tested was drawn

AADb, autoantibody; —, negative; +, positive; NP, non-progressor; P, progressor
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