Conflict of interest: The authors have
declared that no conflict of interest
exists.

Submitted: July 20, 2016
Accepted: January 5, 2017
Published: February 23, 2017

Reference information:
JCl Insight. 2017:2(4):e89656. https://
doi.org/10.1172/jci.insight.89656.

RESEARCH ARTICLE

Profiling of circulating microRNAs
in children with recent onset of
type 1diabetes

Suheda Erener,’ Ashish Marwaha,? Rusung Tan,? Constadina Panagiotopoulos,*
and Timothy J. Kieffer"*

Laboratory of Molecular and Cellular Medicine, Department of Cellular and Physiological Sciences, Life Sciences Institute,
University of British Columbia, Vancouver, British Columbia, Canada. ?Dermatology and Skin Sciences, Child and Family
Research Institute, Vancouver, British Columbia, Canada. *Department of Pathology, Sidra Medical and Research Center
and Department of Pathology and Laboratory Medicine, Weill Cornell Medicine, Doha, Qatar. “Department of Pediatrics

and *Department of Surgery, University of British Columbia, Vancouver, British Columbia, Canada.

Type 1diabetes (T1D) is an autoimmune disease that is clinically silent until the majority of p cells
are destroyed. There is an unmet need for reliable and cost-effective biomarkers to predict and
diagnose diabetes at an early stage. A number of stable microRNAs (miRNAs) have been reported
in serum and plasma and are now being investigated as biomarkers of different diseases. We
measured the levels of 745 miRNAs in sera of children with recent-onset T1D and age-matched
controls using locked nucleic acid-enhanced (LNA-enhanced) quantitative PCR profiling. Thirty-five
miRNAs were significantly different between the groups, and 27 miRNAs were elevated in T1D.
Good discriminating power was obtained for 6 miRNAs (miR-454-3p, miR-222-3p, miR-144-5p,
miR-345-5p, miR-24-3p, and miR-140-5p), which were not elevated at later stages of diabetes.

In silico pathway analysis, based on inferred miRNA target genes, associated glycosaminoglycan
biosynthesis as well as PI3K/Akt, MAPK, and Whnt signaling pathways with early stages of T1D.
Among the 27 upregulated miRNAs in T1D, 2 miRNAs significantly correlated with hemoglobin A1c
(HbA1c), as did 5 of 8 downregulated miRNAs. A total of 134 miRNAs significantly correlated with
HbA1c when stratifying hyperglycemia-induced miRNAs from T1D-specific miRNAs. In conclusion,
we have identified a serum miRNA pattern of recent-onset T1D and signaling pathways that may be
involved in its pathogenesis.

Introduction

Type 1 diabetes (T'1D) arises from autoimmune destruction of insulin-producing B cells, resulting in insuf-
ficient insulin secretion and elevated blood glucose levels. T1D accounts for 5% to 10% of all diabetes
worldwide (1) and generally presents in children or young adults. Currently, T1D cannot be diagnosed or
easily predicted until the majority of  cells have been destroyed and symptoms appear. At the time of diag-
nosis, B cell mass is typically reduced by 70%—-80% (2) and intensive treatment can preserve residual {3 cell
function (3). Earlier detection of T1D may therefore be expected to improve clinical outcomes by allowing
for treatment to be initiated when a greater residual B cell mass remains.

MicroRNAs (miRNAs), a family of endogenously produced single-stranded RNA molecules of approxi-
mately 22 nucleotides in length, have emerged in the last decade as key regulators of gene expression and cell
function (4). Their differential expression within tissues has been detected in various disorders, including cancer,
cardiovascular disease, and T2D (5). Surprisingly perhaps, stable miRINAs can be found at high concentrations
in body fluids and can be readily detected and measured by quantitative PCR (qPCR) using sequence-specific
primers (6), making them potentially useful as biomarkers. In particular, circulating miRINA patterns are cur-
rently being investigated as potential biomarkers for metabolic diseases and cancers as a means of providing
noninvasive, rapid, sensitive, and specific diagnostic measures. Moreover, miRNA signatures may also be cor-
related with clinical staging of disease and used as prognostic markers or indicators of disease progression.

Numerous studies have reported that patients with T2D have dysregulated miRNA profiles in solid
tissue samples and biological fluids (7, 8). However, as each study used different profiling methods and
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Table 1. Clinical and demographic data of study participants

Recent-onset Recent-onset T1D: 42-90 days of 6-12 months of 12-24 months of >24 months of Control: first Control: second

T1D: first cohort  second cohort T1D duration T1D duration TiD duration  T1D duration cohort cohort
n (no. girls) 10 (6) 19 (10) 9 (4) 9(7) 6(3) 10 (6) 7 (6) 25 (15)
Age at 9.0 (1.8) 8.79 (4.18) 10.89 (2.67) 11.44 (3.07) 9.0(3.6) 7.8 (4.6) 9.6 (1.9) 8.56 (3.85)
diagnosis (yr)
HbA1c (%) 9.46 (1.51) 8.81(1.03) 7.87 (1.24) 7.9 (1.14) 7.77 (0.99) 7.97 (0.75) N/A N/A
Diabetes 31.3(77) 34.42 (718) 53.3(11.1) 350.1(88.4) 545.2 (146.2) 1,273.0(391.6) N/A N/A
duration (d)
Datain figures 1,2,3,4,6,7 3,4,7 3 3 3 3 1,2,3,4,6 3,4

Data are mean (SD) unless stated otherwise.

platforms, their results are inconsistent, and a definitive T2D profile has not yet been established. A recent
meta-analysis (9) of studies investigating blood and solid tissue samples from patients with T2D or in ani-
mal models of diabetes found dysregulation of 40 miRNAs in various tissues and blood, potentially identi-
fying biomarkers of T2D. In contrast, there is little information about the miRNA profiles of patients with
T1D. Unbiased miRNA profiling of various blood cell types from patients with T1D and controls (10-12)
has provided insights into the miRNAs related to the autoimmunity component of T1D. Profiling of circu-
lating miRNAs may offer new biomarkers for prediction and early detection of T1D and may also provide
insights into mechanisms of pathogenesis or tissue damage. In the present study, we examined the serum
miRNA profiles of 10 children with recent onset of T1D (within 42 days after diagnosis), as compared
with healthy children without T1D, and then validated our findings in a second larger cohort to identify
miRNAs that may serve as early biomarkers of T1D.

Results

To identify early miRNA expression signatures of T1D, RNA was isolated from the sera of 10 children
(aged 6 years to 12 years, mean 9.0 * 1.8 years) with recent onset of diabetes ranging from 21 to 42 days
(mean 31.3 + 7.7 days) since day of diagnosis and their age-matched controls (aged 6 years to 12 years,
mean 9.6 £ 1.9 years; Table 1). The control group was chosen from children who visited the British Colum-
bia Children’s Hospital endocrinology division and were found to be healthy, with normal variations in
growth and puberty and no evidence of either autoimmune disease or diabetes following comprehensive
outpatient assessment. We first sought to investigate whether miR-375, a miRNA that we reported to be
increased in the circulation of prediabetic mice (6) and a miRNA reported to be lower in the sera of chil-
dren with newly diagnosed T1D (13), was altered in the sera of children with recent onset of diabetes.
Measurement of miR-375 levels with qRT-PCR indicated that miR-375 was not significantly different in
the sera of children with recent onset of diabetes (Figure 1A), prompting us to perform an unbiased miR-
NA screen. The cDNA from children with recent-onset diabetes and controls was profiled using a human
miRNA gPCR platform with locked nucleic acid—enhanced (LNA-enhanced) primers (14). There was no
difference in the number of miRNAs detected in the T1D samples compared with controls (Figure 1B).
The miRNA detection rate ranged from 41% to 64% in the control samples and 40% to 63% in the T1D
samples. Of the 745 miRNAs analyzed, 15% were not present in any of the samples tested. miRNA levels
in each individual were global mean normalized and subjected to heatmap analysis (Figure 1C). Of all the
circulating miRNAs detected in this study, 35 were significantly different (P < 0.05) between the 2 groups,
with 27 being elevated in the T1D samples (Table 2).

To identify the miRNAs with the greatest fold differences as well as high statistical significance between
the 2 groups, volcano plots were constructed. This analysis indicated that miR-454-3p, miR-222-3p, miR-
345-5p, miR-500a-5p, miR-125a-3p, miR-144-5p, and miR-636 had the greatest change with the highest sig-
nificance (Figure 2A). Next, we performed multivariate analysis using the partial least squares supervised
classification method (PLS-DA; Figure 2B). We analyzed 3 performance measures: prediction accuracy,
R? (the sum of the squares captured by the model), and Q? (cross-validated R?) using a different number
of components. Using Q? as a measure, we determined that 4 miRNAs were optimal to define the pat-
tern of recent-onset T1D (Figure 2C). Using PLS-DA, we also analyzed the importance of each miRNA
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Figure 1. Candidate miRNA biomarkers of type 1 diabetes. (A) miR-375
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2D). The top 4 miRNAs with the highest scores were miR-454-3p,
miR-222-3p, miR-144-5p, and miR-345-5p (Figure 2D).

We next investigated the levels of these 4 miRNAs in sam-
ples from a larger cohort of patients with recent-onset T1D. We
also sought to determine whether any of these miRNAs could be
used for assessment of disease staging in children with T1D. We
obtained additional serum samples from controls and from chil-
dren with different durations of T1D and grouped them by diabe-
tes duration. We isolated RNA from the sera and measured miR-
NA levels by qRT-PCR using LNA-enhanced primers. Levels of
miR-454-3p, miR-222-3p, miR-144-5p, and miR-345-5p were sig-
nificantly elevated in the sera of children with recent-onset T1D
samples compared with nondiabetic controls (Figure 3, A-D),
confirming the results obtained from the profiling platform. miR-
454-3p levels were specifically increased during the first 42 days
following diabetes diagnosis and were not higher at later stages
of the disease. miR-144-5p, miR-222-3p, and miR-345 levels were
significantly higher up until 90 days after diabetes diagnosis but
were comparable to control levels beyond 6 months after diagno-
sis. We next measured the levels of miR-24-3p and miR-140-5p, 2 miRNAs randomly selected from the list
of miRNAs that showed differences in the qPCR platform (Table 2). miR-140-5p levels were significantly
higher up until 90 days after diabetes diagnosis but were comparable to control levels beyond 6 months after
diagnosis (Figure 3E). miR-24-3p levels were increased in recent-onset T1D samples but were comparable
to controls at later stages (Figure 3F). We also measured the levels of miR-144-3p, a miRNA that was
unchanged between the control and T1D group in the profiling experiment, and our analysis indicated that
this miRNA was not different between the controls and children with recent-onset T1D (data not shown).
The validation between the profiling and subsequent individual gPCR assays in a larger cohort of samples
supports the identified miRNAs as markers of early stages of T1D.

We next analyzed the sensitivity and specificity of 6 miRNAs by generating receiver-operating char-
acteristic (ROC) curves. ROC curves plot the sensitivity against the specificity for the different possible
cutpoints of a diagnostic test, and the area under the ROC curves shows the accuracy of the test, separating
groups tested into those with and without the disease. An area of 1 indicates that the test is perfectly accu-
rate to distinguish between those with and without the disease, whereas an area of 0.5 indicates that the
test fails to distinguish between the groups. Areas under the ROC curve for miR-454-3p, miR-222-3p, miR-
144-5p, miR-345-5p, miR-24-3p, and miR-140-5p were 0.81, 0.74, 0.83, 0.73, 0.72, and 0.81, respectively
(Figure 4), suggesting that levels of miR-454-3p, miR-144-5p, and miR-140-5p particularly can distinguish
between recent-onset diabetes and controls with high sensitivity and specificity.

Little is known about the origin or role of circulating miRNAs. While some studies suggest that they
can mediate cell-cell communication (15, 16), others propose that they are by-products of dying cells (17).
To test whether miR-454-3p, miR-222-3p, miR-144-5p, miR-345-5p, miR-24-3p, and miR-140-5p exhibit
tissue-specific patterns and thereby potentially identify their source, we isolated RNA from various human
tissues and analyzed miRNA expression by qRT-PCR. miR-345-5p had a low expression in the pancreas
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Figure 2. Multivariate analysis
using partial least squares-dis-
criminant analysis. (A) Volcano
plots showing changes in miRNA
levels between children with
recent-onset type 1diabetes (T1D)
and controls. The log fold change
is depicted on the x axis, and log
of the P value is shown on the y
axis. Data analyzed by Student’s
t test. (B) Partial least squares-
discriminant analysis 3D plot.
Green circles: children with T1D;
red circles: control group. (C) The
three performance measures (pre-
diction accuracy, R?, and Q?) using
a different number of compo-
nents. The red asterisk indicates
the best values of the currently
selected measures (Q?). (D) The
top 15 miRNAs ranked by variable
of importance (VIP) scores.

15 20 25 30 28

24 26
VIP scores

but was enriched in the pancreatic islets, suggesting that it may have an important role in regulating 3 cell
function (Figure 5). Interestingly, miR-144-5p was expressed at very low levels in both pancreas and islets.
Other tested miRNAs were rather ubiquitously expressed and did not show any apparent tissue specificity.

To identify potential biological functions affected by the miRNA signature of recent-onset diabetes, we
performed in silico pathway analysis based on the inferred miRNA target genes, using the DIANA-miR-
Path v2.0 web server. An enrichment analysis of miRNA target genes in KEGG pathways was performed
by uniting the genes targeted by all the miRNAs found to be different in the qPCR platform prior to statis-
tical calculation. A conservative Fisher’s exact test and the false discovery rate method were used to cal-
culate the targeted pathways. Table 3 lists the pathways targeted by the diabetic miRNA signature. PI3K/
Akt, WNT, regulation of actin cytoskeleton, MAPK, and dilated cardiomyopathy are the top 5 targeted
significant pathways. We also analyzed the pathways affected by these miRNAs a posteriori of the statisti-
cal analysis. Briefly, significance levels between all possible miRNA-pathway pairs were calculated, and a
merged P value was obtained for each pathway by applying Fisher’s combined probability method (Fisher’s
method). All results were corrected for multiple hypothesis testing by applying Benjamini and Hochberg’s
false discovery rate. In addition, in this analysis, PI3K/Akt, MAPK, and WNT signaling pathways were
among the significantly targeted pathways (Figure 6A), and let-7g-5p and let-7e-5p were the closely related
miRNAs targeting similar pathways. Interestingly, glycosaminoglycan biosynthesis was the most statisti-
cally significant targeted pathway. Clustering the miRNAs based on their influence on molecular pathways
(Figure 6B) indicated that miR-125a-3p, miR-144-5p, miR-630, miR-214-5p, miR-490-5p, miR-324-5p, and
miR-1468 appear to target similar pathways. By taking into account the significance levels of the interac-
tions, we next clustered the pathways targeted by similar lists of miRNAs (Figure 6C). MAPK and WNT
signaling pathways were predicted to be targeted by a specific cluster of miRNAs, as were glycosaminogly-
can biosynthesis and extracellular matrix (ECM) receptor interaction pathways.

Hemoglobin Alc (HbAlc) levels of children with recent onset of diabetes, whose miRNA levels were ana-
lyzed with qPCR profiling, varied from 7.7% to 12.4% (9.46% % 1.51%, mean * SD; Table 1). Of 634 detected
miRNAs in the sera, we found 134 miRNAs (21%) were significantly correlated with HbA1c levels (Figure 7A),
with 20% having a positive correlation and 1% having a negative correlation. We next analyzed the abundance
of miRNAs correlating with HbA ¢ levels. We classified miRNAs into 3 equal ranks, low, mid, or high, based
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Table 2. Differentially expressed circulating miRNAs

on their Ct values on the qPCR platform. Interestingly, 93% of the miRNAs
correlating positively with HbA1c levels had low abundance in the sera from

miRNAs
hsa-miR-454-3p*
hsa-miR-222-3p*
hsa-miR-144-5p*
hsa-miR-345-5p*
hsa-miR-125a-3p*
hsa-miR-24-3p*
hsa-miR-502-3p*
hsa-miR-25-3p*
hsa-miR-500a-5p*
hsa-miR-324-5p*
hsa-miR-140-5p*
hsa-miR-192-5p*
hsa-miR-331-3p*
hsa-miR-377-3p*
hsa-miR-221-3p*
hsa-miR-182-5p*
hsa-miR-103a-2-5p*
hsa-miR-183-5p*
hsa-let-7e-5p*
hsa-miR-30e-5p*
hsa-let-7g-5p*
hsa-miR-18a-5p*
hsa-miR-324-3p*
hsa-miR-1468*
hsa-miR-214-5p*
hsa-miR-23b-3p*
hsa-miR-93-5p*
hsa-miR-7208
hsa-miR-636"
hsa-miR-630°
hsa-miR-490-5p°®
hsa-miR-154-3p®
hsa-miR-675-3p®
hsa-miR-100-5p®
hsa-miR-639°

AmiRNAs increased in the sera of children with recent onset of T1D;
Bdecreased miRNAs. Data analyzed by Student’s t test.

T1D vs. Ctrl (fold change) Pvalue

patients with diabetes (Figure 7B), whereas negatively correlating miRNAs

2.6 0.00009 were similarly distributed in the mid and high ranks. miRNAs having no cor-
27 0.00027 relation with HbA1c levels were distributed relatively evenly between low, mid,
51 0.00032 and high ranks, at 22.1%, 39%, and 38.8%, respectively. We also analyzed the
23 0.00223 relation between HbA1c levels and miRNAs that were differentially expressed
?: gg?g:g in the sera of T1D patients. Of the 27 miRNAs that were increased in the T1D
17 0.01223 samples, 2 miRNAs, miR-324-5p and let-7e-5p, showed significant negative
1.8 0.01301 correlation (Supplemental Table 1; supplemental material available online with
26 0.01310 this article; doi:10.1172/jci.insight.89656DS1). A positive correlation with
2.0 0.01357 HbA1c levels was seen in 5 of the 8 miRNAs that were decreased in the T1D
1.7 0.01744 samples (Supplemental Table 1). miRNAs showing significant correlation with
17 0.01745 HbA ¢ levels, regardless of their association with T1D, are shown in Supple-
22 0.02413 mental Table 1. To assess the reproducibility of these findings, we analyzed the
2.6 0.02468 levels of let-7c-5p and let-7a-5p in samples from a second cohort of recent-on-
;2 ggi;gg set T1D. Let-7¢-5p and let-7a-5p were abundantly present in the sera and were
26 0.02947 the most significantly correlated miRNAs with HbAlc levels (Supplemental
19 0.03191 Table 1). Similar to the results obtained from the profiling experiments, let-7c-
1.9 0.03527 5p and let-7a-5p levels showed strong negative correlation with HbAlc levels
1.5 0.03657 (P=10.01 and P = 0.03, respectively) in the second cohort (Figure 7, C and D).
{55 0.03761

17 0.03829 Discussion

1.5 0.03365 We used a LNA-based gPCR profiling platform to identify miRNAs with
24 0.04142 abnormal levels in sera from children with recent-onset T1D. We discovered
12 883;712 a set of miRNAs that discriminated between 10 diabetic and 7 nondiabetic
15 0.04795 controls with high sensitivity and specificity. Expression patterns of 6 of 6
0.6 0.00700 miRNAs were confirmed using individual qRT-PCR assays in samples from
0.3 0.00753 a total of 29 patients with recent-onset T1D and 32 controls. Levels of these
0.6 0.01518 miRNAs were investigated at different stages of diabetes and were found to
0.6 0.02482 be specifically increased in the samples collected from patients with early
07 0.03712 stages of diabetes (90 days), as the levels in the sera of children with diabetes
0.8 0.03843 longer than 6 months were comparable to controls. Tissue expression anal-
gi 833:2; ysis indicated a ubiquitous expression profile for 5 of 6 miRNAs analyzed,

and 1 miRNA was enriched in pancreatic islets. Functional annotation of
genes that are potentially regulated by the miRNAs implicated by the pro-
filing experiments imply that PI3K/Akt, MAPK, and WNT signaling path-

ways may be involved in the early pathogenesis of T1D. In addition, a set of
miRNAs significantly correlated with HbAlc levels, suggesting that circulat-
ing miRNA levels are altered in hyperglycemia.

Nielsen et al. (18) profiled pooled serum samples of two T1D cohorts and an age-matched control
group using Solexa sequencing and discovered 47 differentially expressed miRNAs. Although the aims
of their study were similar to ours, the approaches differed in multiple ways, including the discovery
platform used as well as the profiled sample size. RNA sequencing is a powerful technique for discov-
ery-phase research, based on high sensitivity, specificity, and reproducibility, yet gPCR is superior to
many miRNA quantification methods, including microarray and RNA sequencing (19, 20). A recent
study compared 12 commercially available miRNA profiling platforms (14) and found that LNA-based
miRNA platforms offer the best combination of sensitivity and specificity. We had 100% reproducibility
when validating the expression level of 6 miRNAs using LNA-enhanced primers, supporting the reliabil-
ity of the LNA-based qRT-PCR discovery platform. We profiled individual sera from 10 patients and 7
controls and selected miRNAs with statistical significance of P < 0.05 as differentially regulated miR-
NAs. Nielsen et al. focused on miRNAs with a greater than 2-fold difference between the pooled T1D
and control groups. Although they validated some of their findings in larger cohorts, the significance
of the discovered miRNAs may be compromised due to profiling of pooled samples. Despite the meth-
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Figure 3. Circulating miRNA levels at different stages of type 1
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c R.22.3 R.345.5 odological differences, 4 of the 24 miRNAs reported to
MiR-ece~op D miR- P be elevated by Nielsen et al. in the sera of T1D children
i s & = _ (miR-24-3p, miR-25-3p, miR-222-3p, and miR-103) were
§ 8 § 6- also increased in our measurements, pointing to some
S 6 g . common miRNA biomarkers identified in both studies.
$ 4- . $ 4 i We measured the levels of 6 miRNAs identified in our
= - ‘2 . . . . .
8 L) ° = " . 5 2] ®9 3 % . profiling experiments in a larger cohort of children with
o v = )
& 0 w ﬁ & TE oy x 0 @ ° L3 o recent onset of T1D and found that all 6 miRNAs were
L ' v ¥ ¥ ¥ L} ¥ v v . . f . . .
\s‘} -‘8\6 'b\\c_, <'§\(9 {\5& 6&@ {\0\ K "5{9 é‘@cg {k‘@cg <§\5_- increased in t‘he sera o sub]ect.s with rece.nt onset of diabetes
00(\ q,b Q.Qb S & &® oo"\\ o Qsz & & O compared with controls. It will also be important to exam-
& W N ,V'Lb‘ ,{1?‘ 13 QJ;\q' {.l,:'l?‘ ,;Lb‘ ine the levels of miRNAs identified in this study in adults, as
A N the rate of P cell destruction is variable: rapid in infants and
E miR-140-5p F miR-24-3p children and slower in adults (21). A caveat of our study is
. that we grouped our subjects based on the duration of their
c 8- c 8- *k . . . . P
S k=] diabetes after diagnosis; however, asymptomatic, clinically
w w
8 © * 3 6 Y “silent,” diabetes is variable in length. It is possible that ear-
%‘ 4 5 %‘ 4 ‘ ly diabetes onset can be detected with miRNAs other than
o [ ]
2 ° _l;: ) g N those identified in this study, if the samples were staged dif-
% 2 - & L, T T 24 & o0 . - ferently based on C-peptide levels, genetics, autoantibodies,
x % ] et ¥y Iy & 6 ' % T e . .
ol X% = B s A ¥ ol ’ X "-"‘ v . and metabolic markers of the disease. Regardless, as we have
R S P & & @ & examined the levels of miRNAs after clinical presentation of
0{\\@ 85‘ b@ o(i@ o"@ o(@ O& 63\ 5%:\ 06& 0§ 0(\*@ . ) p
(¢ z}'b & & & O P S & & T1D and because T1D does not present until 80% to 90%
W 7Y A : ;
w7 o 7 of the B cells are destroyed, we believe the signature we have
identified reflects early symptomatic diabetes onset. Peak
insulitis occurs at or near the onset of T1D (22). It will be
interesting to investigate whether the miRNAs identified in this study could play a causal role in insulitis.

To gain insights into the potential tissue source of the 6 miRNAs identified in this study and specifically test
whether these miRNAs are enriched in the pancreatic islets, we measured the miRNA expression levels in vari-
ous tissues from healthy adult humans, including pancreas and islets. miR-345-5p was enriched in the pancreatic
islets, suggesting that it may have an important role in regulating f cell function. It may also serve as a biomark-
er of pancreatic islet dysfunction. Expression levels of miR-454-3p, miR-144-5p, and miR-222-3p were rather
ubiquitous, implying that their elevations in recent onset of T1D could reflect a systemic or secondary response
to B cell injury. Alternatively, it is possible that levels of these miRNAs are altered in the islets of prediabetic
patients and reflect § cell injury. Although a link between diabetes and miR-144-5p or miR-345-5p has not been
reported, the level of miR-454-3p was increased in the peripheral blood mononuclear cells of individuals with
T1D (10), inferring a role for this miRNA in the cellular immune response in T1D. miR-140-5p and miR-222-3p
were increased in sera of patients with T2D (23) and in the sera of obese individuals (24). miR-222-3p has been
described to induce endothelial dysfunction (25). As high glucose concentration modifies vascular endothelial
cell ultrastructure in T1D, increased miR-222-3p levels may reflect changes in endothelial cell structure/function
and might be a useful biomarker to monitor the effect of hyperglycemia on vascular endothelium. miR-24-3p
and miR-25-3p were elevated in the sera of T1D children (18), and overexpression of miR-24-3p has been shown
to inhibit B cell proliferation and insulin secretion (26), while miR-25-3p overexpression inhibits insulin biosyn-
thesis (27), implying a role for both of these miRNAs in modulating f cell function in T1D.
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Table 3. Pathways targeted by the diabetic miRNA signature

KEGG pathway P value No. genes No. miRNAs
PI3K/Akt signaling pathway 1.439E-29 144 29
Whnt signaling pathway 143E-23 75 30
Regulation of actin cytoskeleton 4.30E-20 94 25
MAPK signaling pathway 4.30E-20 10 31
Dilated cardiomyopathy 2.14E-19 45 20
Gap junction 1.01E-16 42 23
Axon guidance 112E-16 64 24
Hypertrophic cardiomyopathy 1.44E-16 41 18
Long-term potentiation 2.20E-16 35 23
TGF-B signaling pathway 3.65E-16 42 23

Pathway analysis a priori to statistical analysis. The genes targeted by the selected miRNAs were combined, and the resulting targeted genes superset
was used for the overrepresentation statistical analysis. The 10 most significant KEGG pathways, P values, the number of genes involved in the pathway,
and the number of miRNAs targeting the indicated pathways are shown. Fisher’s exact test and the false discovery rate method were used to calculate the
targeted pathways.

The miRNAs identified from the profiling experiments may have important roles in T1D, either by promot-
ing disease onset or alleviating the symptoms. They may also be reflective of the activated signaling cascades in
diabetes. To gain insight into pathways affected by the miRNAs identified in the profiling experiment, KEGG
pathway prediction analysis was performed. PI3K/Akt, MAPK, WNT, transcriptional misregulation, ECM
receptor interaction, glycosaminoglycan biosynthesis-chondroitin sulfate, lysine degradation, and ubiquitin-me-
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Figure 5. The abundance of miRNAs in different human tissues. An equal amount of RNA from various human tissues (each a pool of 3 tissue donors)
and 2 different human islet preparations was reverse transcribed, and miRNA expression was determined for (A) miR-454-3p, (B) miR-222-3p, (C) miR-
144-5p, (D) miR-345-5p, (E) miR-24-3p, and (F) miR-140-5p by quantitative real-time PCR. Cycle 33 (Ct = 30) was arbitrarily set as 1.

diated proteolysis pathways were predicted to be affected by the miRNAs identified in this study. Some of these
pathways have been proposed to have a role in diabetes by affecting 3 cell function. For example, 2 SNPs in the
transcription factor TCF7L2, a protein involved in Wnt signaling, are the most highly correlated polymorphisms
linked to T2D (28, 29), and stimulation of Wnt signaling increases [ cell proliferation (30). Similarly, AKT sig-
naling increases [ cell proliferation (30), regulates the development and function of innate immune cells, and is
involved in regulating the inflammatory response (31). Dysregulated Wnt and Akt signaling may be a significant
contributor to T1D pathogenesis, either by affecting f cell proliferation and/or modulating innate immune cell
function; the contribution of the identified miRNAs remains to be investigated. Recent studies underline the
importance of islet and lymphoid tissue ECM composition in promoting immune cell activation, migration,
and destruction of islet f cells in T1D. For example, heparan sulfate, a glycosaminoglycan that interacts with
collagen IV and laminin to provide mechanical support and a barrier to cell migration, accumulates in healthy
B cells but is decreased in T1D (32). Treatment of female NOD mice with a heparin sulfate mimetic reduced
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the percentage of islets with destructive insulitis and prevented diabetes in 50% of T1D-susceptible mice (32).
Hyaluronan, another ubiquitous component of the cell surface and ECM, plays a role in controlling T cell
movement (33). Injections of hyaluronidase 1 hour before cell transfer of diabetogenic splenocytes prevented the

development of diabetes (34). Hence, our findings suggest that aberrant miRNA levels may impair expression of

structural cell components that in turn enhance immune cell infiltration and invasion.
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B Figure 7. Correlation between miRNAs and hemoglobin Alc

1 O Low levels. (A) A Pearson’s correlation was performed to determine
B Mid the relationship between 634 miRNA levels and hemoglobin Alc

1 Il High (HbAA1c) levels in 10 serum samples from children with type 1
diabetes (T1D). Twenty percent of all miRNAs correlated positively
with HbA1c levels, whereas 1% displayed negative correlation. P <
0.05 was considered significant. (B) miRNAs were classified into
3 groups based on their circulating levels: low, mid, and high. The
percentage of miRNAs from each class contributing to positive,
negative, or no miRNA-HbA1c association is shown. (C and D) Let-
7c¢-5p and let-7a-5p levels were quantified using quantitative PCR
(gPCR) with locked nucleic acid-enhanced primers in serum sam-
ples from a second cohort of patients with T1D, and correlation
with HbA1c levels is shown. Cycle 30 (Ct = 30) was arbitrarily set
as 1. Data was analyzed using Pearson’s correlation and 2-tailed P
values are indicated.
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showed a negative correlation with hyperglycemia. Among

the 35 dysregulated miRNAs we identified in profiling exper-
iments, 28 miRNAs were not correlated with HbA1c levels, indicating specificity of these miRNAs to T1D
rather than hyperglycemia itself. Let-7c-5p and let-7a-5p, 2 let-7 family members abundantly present in the
serum, were negatively correlated with HbAlc levels in 2 separate cohorts. The promoter of let-7a-3 is report-
ed to be hypermethylated in diabetic nephropathy, leading to its downregulation (35). Of all positively cor-
related miRNAs, 93% were present at low levels in the serum. Hyperglycemia causes a variety of pathological
changes in small vessels, arteries, and peripheral nerves, and it induces tissue damage in endothelial cells by
increasing reactive oxygen species (36). Endothelial dysfunction develops within the first decade after T1D
onset (37), and alterations in peripheral vascular dynamics occur within the first 5 years after diagnosis (38).
‘We speculate that the miRNAs that positively correlated with HbA1c levels and whose expression was low in
the circulation may be released from the endothelial cells and may reflect the early tissue damage induced by
hyperglycemia. If correct, there may be an increase in the levels of these low-abundance serum miRNAs in
other endothelial dysfunction-related pathologies, including hypertension or atherosclerosis.

In conclusion, our study has identified a set of 35 circulating miRNAs differentially expressed in the
sera of children with T1D, 6 of which were validated in a larger cohort and were increased in early stages
of T1D onset but not beyond 90 days after diagnosis. Future efforts will be aimed at addressing the value of
these serum miRNAs for T1D prediction using natural history repository samples.

Methods

Study population. An observational cohort of children with T1D was recruited through the Type 1 Diabetes
Clinic at BC Children’s Hospital. The control age-matched children were selected from a pool of children
referred to the BC Children’s Hospital Endocrinology Clinic for assessment and were investigated for benign
conditions, such as early puberty. All the controls used in this study were found to be in the normal range for
growth and puberty following comprehensive outpatient assessment at the BC Children’s Hospital Endocri-
nology Clinic and had no endocrine abnormality or autoimmune conditions. Peripheral blood was collected
in serum clot tubes and allowed to clot at room temperature for 30 minutes. Tubes were centrifuged at 1,200 g
for 10 minutes at room temperature, and the serum supernatant was aliquoted and stored at —-80°C.

RNA isolation and gRT-PCR. Human serum samples were stored at —80°C. After thawing, they were cen-
trifuged at 3,000 g for 5 minutes at 4°C to remove cryoprecipitates and cell debris. Total RNA was isolated
from 200 pl human serum in the presence of a MS2 carrier RNA (Roche) using a miRNAeasy kit (Qiagen),
including a DNAse digestion step. Purified RNA was kept at —80°C before being used for reverse transcrip-
tion. RNA was reverse transcribed with a Universal cDNA synthesis kit (Exiqon). qRT-PCR was performed
using SYBR Green master mix (Exiqon) with LNA-based miRNA primers (Exiqon). The product numbers of
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each primer are as follows: hsa-miR-454-3p: 205663, hsa-miR-144-5p: 204670, hsa-miR-222-3p:204551, hsa-
miR-345-5p:206006, hsa-miR-140-5p: 204540, hsa-miR-24-3p:204260. Relative values were calculated with
the ACT method. Samples from different cohorts of recent-onset subjects were measured at different times
and were graphed together after normalizing miRNA levels to respective control levels that were measured at
the same time. A human RNA panel was purchased from Life Technologies, and RNA from each tissue was a
pool from 3 subjects. Human islets were obtained from Ziliang Ao and Garth L. Warnock from the Irving K.
Barber Human Islet Isolation Laboratory (Vancouver, British Columbia, Canada).

miRNA profiling by gRT-PCR. RNA isolated from the serum was sent to Roswell Park Cancer Institute for
miRNA profiling. Briefly, 8.8 pl RNA was reverse transcribed in a total volume of 44 pl, in duplicates, using
the Universal cDNA synthesis kit (Exiqon). Total cDNA was mixed with SYBR Green Master Mix (Exiqon)
and ROX and dispensed into 2 miRNA Ready-to-Use PCR, Human panel I+1I, V2.M (Exiqon) plates using an
electronic multichannel pipettor. Plates were run on the ABI 7900 gPCR machine with the exact same cycling
conditions and parameters for every plate. Three wells on each plate were assigned for inter-plate calibration,
eliminating run-to-run variation when comparing multiple plates. All Ct values above 38 were set to 38 as the
maximum value and regarded as nonamplification. Data were global mean normalized.

Statistics. Statistical analyses were performed using GraphPad Prism software 7, and data are presented
as the mean * SEM, unless stated otherwise. miRNAs with Ct values lower than 38 from the profiling
platform were considered as present, and levels of each miRNA were global mean normalized. Significant
miRNAs between the control and T1D group were calculated using 2-tailed Student’s ¢ test, and P < 0.05
was considered significant. Levels of miRNAs from different duration of diabetes samples were compared
using 1-way ANOVA with Dunnett’s post-hoc test.

Identification of significant features and multivariate analysis were performed using the open-access
web-based software MetaboAnalyst (39). Data were global mean normalized, the pooled average from the
control group was formed, and values were log transformed. Data were mean centered and divided by the
SD of each variable. Volcano plots were generated showing significance versus fold changes. P values of
less than 0.05 were considered statistically significant. Multivariate statistical analysis was performed using
partial least squares—discriminant analysis (PLS-DA). Supervised clustering was performed for a maximum
of 5 components, and prediction accuracy was determined by assessing the prediction accuracy based on
cross-validation (Q?). Variable importance in projection was calculated by weighing the sum of squares of
the PLS loadings, taking into account the amount of explained variance of each component.

miRNA pathway analysis was performed using the open-access web-server DIANA-miRPath v2.0
(40). The in silico target prediction of differentially expressed miRNAs was computed using the DIANA-
microT-CDS (41), a broadly used miRNA target prediction algorithm exhibiting the highest sensitivity and
specificity compared with other analyses. An enrichment analysis of miRNA target genes in KEGG path-
ways was performed in 2 ways, both a priori and a posteriori of the statistical analysis. In the first test, gene
targets of the differentially expressed miRNAs were combined into a common set and incorporated into
an enrichment analysis. A conservative Fisher’s exact test and the false discovery rate method were used
to calculate the significantly targeted KEGG pathways. As for the a posteriori analysis, significance levels
between all possible miRNA-pathway pairs were calculated, and by applying Fisher’s combined probability
method and combining the significance values, a merged P value for each pathway was obtained.

Hierarchical clustering of targeted pathways and miRNAs was performed using DIANA-miRPath v2.0
(40). Clustering was based on a complete linkage clustering method, where squared Euclidian distances
were calculated as distance measures, utilizing absolute P values in all calculations and accounting for the
significance levels of the interactions.

Study approval. The study protocol was reviewed and approved by the University of British Columbia Clin-
ical Research Ethics Boards. All parents provided written consent, and children provided assent when capable.
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