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Abstract

Aim Certain microRNA molecules (miRNAs) that target genes involved in beta-cell growth and insulin resistance are found
deregulated in patients with type-2 diabetes mellitus (T2D) and correlate with its complications. However, the expression
profile of miRNAs that regulate genes bearing T2D-related single-nucleotide polymorphisms has been hardly studied. We
recently reported that the mRNA patterns of specific T2D-susceptibility genes are impaired in patients, and associate with
disease parameters and risk factors. The aim of this study was to explore the levels of miRNAs that target those genes, in
peripheral blood of patients versus controls.

Methods A panel of 14 miRNAs validated to target the CDKN2A, CDK5, IGF2BP2, KCNQI, and TSPANS genes, was
developed upon combined search throughout the DIANNA TarBase v7.0, miRTarBase, miRSearch v3.0-Exiqon, miRGator
v3.0, and miRTarget Link Human algorithms. Specifically developed poly(A)polyadenylation(PAP)-reverse transcription
(RT)-gPCR protocols were applied in peripheral blood RNA samples from patients and controls. Possible correlations with
the disease, clinicopathological parameters and/or risk factors were evaluated.

Results T2D patients expressed decreased levels of let-7b-5p, miR-1-3p, miR-24-3p, miR-34a-5p, miR-98-5p, and miR-
133a-3p, compared with controls. Moreover, these levels correlated with certain disease features including insulin and %
HbAlc levels in patients, as well as BMI, triglycerides’ levels and family history in controls.

Conclusions A T2D-specific expression profile of miRNAs that target disease-susceptibility genes is for the first time
described. Future studies are needed to elucidate the associated transcription-regulatory mechanisms, perchance involved in
T2D pathogenesis, and to evaluate the potential of these molecules as possible biomarkers for this disorder.

Supplementary information The online version of this article (https://
doi.org/10.1007/s12020-019-02062-0) contains supplementary
material, which is available to authorized users.
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Highlights

e Let-7b-5p, miR-1-3p, miR-24-3p, miR-34a-5p, miR-98-5p, and miR-133a-3p, which target certain T2D-susceptibility
genes, are decreased in peripheral blood samples of patients compared with controls.
e The expression levels of let-7b-5p, miR-1-3p, miR-24-3p, miR-34a-5p, miR-98-5p, and miR-133a-3p correlate with the

mRNA levels of their target T2D-susceptibility genes.

e The levels of these miRNAs correlate with certain disease parameters, including insulin, % HbAlc levels, BMI,

triglycerides’ levels, and family history.

Keywords MicroRNA (miRNA) - Type-2 diabetes mellitus (T2D) - T2D-susceptibility genes * Peripheral blood - PAP-RT-

gPCR

Introduction

Nowadays, type-2 diabetes mellitus (T2D), a chronic
metabolic disorder with growing cardiovascular morbidity
and mortality, is considered as one of the worldwide epi-
demics with increasing prevalence [1]. T2D outbreak is
tightly linked to the global obesity rise, which, in turn, is
highly associated with the adoption of a sedentary lifestyle
[2]. Also, it is now well established that the development of
the disease is ascribed to the interplay between environ-
mental factors and genetic components [3].

So far, numerous genome-wide association studies have
identified a large pool of single-nucleotide polymorphisms
related to T2D [4, 5]. Until very recently, the gene-
expression signature of those disease-susceptibility genes
had been little investigated. Lately, using a blood-based
transcriptome analysis, we identified that the expression of
specific transcript variants of certain T2D-susceptibility
genes, is differentially regulated in patients versus control
individuals [6]. Specifically, T2D patients and healthy
individuals at risk of developing the disease were suggested
to exhibit deregulated mRNA levels of the transcript var-
iants (tv) 1 and tv2 of CDKS5, tv3 and tv4 of CDKN2A, tv7
of IGF2BP2, tv5 of THADA, tv3 of CAPNIO, tvl of
KCNQI, and TSPANS compared with controls. This
disease-specific mRNA signature probably reflects the
transcriptome dynamics taking place in the target tissues of
T2D (including the pancreas, muscle, and adipose tissue),
and/or peripheral blood cells, further implicated in disease’s
pathogenetic pathways [6].

Nevertheless, the molecular mechanisms underlying this
deregulated expression in T2D patients have not yet been
studied. It is known that the expression of the genome can
be regulated by various mechanisms, including methylation
of DNA, post-translational modification of histones, or
activation of microRNAs, which ultimately influence the
phenotype [3]. A number of studies have shown that certain
microRNAs (miRNAs) are components of pathways trig-
gered by, or contributing to, the pathophysiology of T2D
[7, 8]. They have been found to be functionally involved in

beta-cell growth and insulin resistance, in liver, fat, and
skeletal muscle [9], while many findings confirm that sev-
eral miRNAs are deregulated both in the affected tissues
and blood of patients [10] and proposed them as promising
biomarkers for T2D and its complications [11, 12]. Fur-
thermore, certain T2D-susceptibility loci are bioinformati-
cally predicted to be targets of islet-expressing miRNAs,
further supporting the possible involvement of these mole-
cules in molecular pathophysiological mechanisms of T2D
[13].

However, nothing is yet known about the expression
profile of those miRNAs that target the recently described
differentially expressed T2D-susceptibilty genes [6]. Fol-
lowing our previous study, we herein investigated the
expression patterns of these miRNAs, in peripheral blood
samples of T2D versus control subjects. Possible associa-
tions with certain disease parameters and risk factors were
also explored.

Methods
Study design

We first aimed to develop a panel of miRNAs that are
experimentally validated to target the CAPNI0, CDKS5,
CDKN2A, IGF2BP2, KCNQI1, THADA, and TSPANS T2D-
susceptibility genes, using appropriate algorithms. For the
evaluation of miRNAs’ levels, specific poly(A)poly-
adenylation(PAP)-reverse transcription (RT)-qPCR proto-
cols were developed and applied in RNA extracted from
peripheral blood samples of T2D patients and control
individuals (CT). Appropriate statistical tests were per-
formed to explore the possible differential expression of
these miRNAs in T2D versus CT subjects. Moreover, to
examine specific distribution patterns in individuals at high
risk of developing the disease, a distinct group of CTs
bearing T2D risk factors was included in the total CT group.
The two subgroups were analyzed both together and sepa-
rately. Possible associations with certain disease parameters
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were also explored. In addition, correlations between the
levels of expression of these miRNAs and those of their
T2D-susceptibilty target genes and/or transcript variants, as
described previously [6], were examined. Finally, a bioin-
formatics approach was applied to explore the T2D-related
signaling pathways and networks possibly regulated by the
differentially expressed miRNAs found herein.

Development of the miRNA panel

The panel of the miRNAs that have been experimentally
shown to target the aforementioned T2D-susceptibility
genes was developed upon in-depth and combined search
in the following algorithms: DIANA-TarBase v7.0,
miRTarBase, miRSearch v3.0-Exiqon, miRGator v3.0,
and miRTarget Link Human [14-17] (assessed:
May 2018).

Patients and samples

The study examined 77 peripheral blood samples, obtained
from 40 consecutive T2D patients and 37 controls (CT)
with normal glucose metabolism (Table 1), as described
previously [6].

RNA extraction, polyadenylation, and quantitative
real-time PCR (qPCR)

Total RNA was isolated using the PAXgene Blood miRNA
Kit (QIAGEN GmbH, Hilden, Germany), using direct-
blood lysis, according to manufacturer’s instructions
(manual process). A total of 0.5ug of total RNA was
polyadenylated at the 3’end using E. coli poly(A)poly-
merase (New England Biolabs Inc., Ipswich, MA, USA),
and reverse transcribed using MMLV Reverse Transcriptase
(Invitrogen by Thermo Fischer Scientific, Waltham, MA,
USA), following manufacturer’s instructions.

Specific SYBR-Green fluorescent-based qPCR assays
were developed and applied for the quantification of each of
the 14 miRNAs of the panel. The small nucleolar RNA C/D
box 48 (SNORD48; RNU48), was used as the endogenous
reference control miRNA. Specific forward primers were
designed based on published sequences (NCBI Reference
Sequence) and upon in-silico specificity analysis. All spe-
cific forward as well as the universal reverse primer are
reported in Supplementary Table 1. The reaction was per-
formed using the Kapa SYBR® Fast gPCR Master Mix (2x)
(Kapa Biosystems, Inc., Woburn, MA, USA), 5ng of
cDNA template and optimized amount (ng) of each primer
(Supplementary Table 1). The thermal protocol was: 95 °C
for 3 min, 95 °C for 3 sec (40 cycles), 60 °C for 30 s. gPCR
reactions were performed in duplicates in a 7500 Real-Time
PCR System (Applied Biosystems, Carlsbad, CA, USA).
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Details regarding the PAP-RT and qPCR protocols are
reported in Supplementary Table 2.

The relative quantification (RQ) levels of the above-
mentioned miRNAs in each sample were assessed by the 2
~AACt method [18]. The 1.2B4 human immortalized beta-
pancreatic cell line (ECACC, Salisbury, UK) was used as
the calibrator sample.

Statistical analysis

The possible differential distribution of the miRNAs’ RQ
levels between T2D and CTs, or among T2D, CTgg., and
CTgg- individuals, were explored using the nonparametric
Mann—Whitney U or Jonckheere—Terpstra tests, respec-
tively. Benjamini—-Hochberg procedures for adjusting the
false discovery rate (FDR = 0.25) in multiple comparisons
were also applied. Possible correlations between the
expression levels of miRNAs and those of T2D-
susceptibility genes/transcript variants (described pre-
viously [6]) were analyzed by Spearman’s correlation test.
Possible associations with binary, ordinal or continuous
values of various clinicopathological and laboratory para-
meters were investigated by Mann—Whitney U,
Jonckheere—Terpstra, or Spearman’s rank correlation coef-
ficient tests, respectively. Binominal logistic regression
analysis was performed exploiting the enter model and
using the occurrence of T2D as the dependent variable and
the miRNA levels, age, and sex, as independent variables.
Analyses were performed using the Graph Pad Prism 5.00
or SPSS 21.0 softwares. P-values <0.05 were considered
significant.

Bioinformatics analysis

In order to explore which pathways of the Kyoto Ency-
clopedia of Genes and Genomes (KEGG) [19] were enri-
ched within the genes regulated by the differentially
expressed miRNAs, gene set enrichment analysis was per-
formed using the STRING (Search Tool for the Retrieval of
Interacting Genes/Proteins) database [20].

Results
The developed miRNA panel

Upon search in appropriate algorithms, the developed panel
included 14 miRNAs, namely the: let-7b-5p, let-7g-5p,
miR-1-3p, miR-10b-5p, miR-24-3p, miR-29a-3p, miR-29b-
3p, miR-34a-5p, miR-98-5p, miR-124-3p, miR-125b-5p,
miR-133a-3p, miR-155-5p, and miR-5682 (Supplementary
Table 3). No validated miRNAs were found to target the
CAPNI0 or THADA genes.



Endocrine (2019) 66:226-239 229
Table 1 Characteristics of control individuals (CT) and patients (T2D) included in the study
Features CT (n=37) T2D (n=40)
General Age (years); median (range) 49 (19-69) 59 (35-75)
Sex (male/female); number (%) 19/18 (51/49) 19/21 (48/52)
Disease duration (years); median (range) NA 5 (0-26)
Family history (yes/no); number (%) 15/22 (41/59) 28/12 (70/30)
Risk factors® (presence/absence); number (%) 21/16 (57/43) NA
Anthropometric BMI (body mass index)b; median (range) 26.9 (21.3-36.3) 29.3 (21.5-46.5)
<25: normal weight; number (%) 19 (51) 6 (15)
25-30: overweight; number (%) 10 (27) 16 (40)
>30: obese; number (%) 8 (22) 18 (45)
W/H (waist-to-hip ratio); median (range) 0.89 (0.71-1.09) 0.93 (0.83-1.18)
Central obesity® (yes/no); number (%) 14/23 (38/62) 36/4 (90/10)
Clinical Hypertensiond (yes/no); number (%) 5/32 (14/86) 24/16 (60/40)
Hyperlipidemia® (yes/no); number (%) 7/30 (19/81) 31/9 (77/23)
Metabolic syndromef (yes/no); number (%) 5/32 (14/86) 32/8 (80/20)
Laboratory HbAlc levels (% or mmol/ml); median (range) 5.6 (5.0-6.1) 6.7 (5.2-12.1)
<7% or 53; number (%) 37 (100) 25 (63)
>7% or 53; number (%) 0 (0) 15 (37)
Glucose levels (mg/dl); median (range) 85 (68-120) 118 (75-229)
<130; number (%) 37 (100) 23 (58)
>130; number (%) 0 (100) 17 (42)
Insulin levels (uU/ml); median (range) 9.2 (5.2-19.1) 13.7 (6.9-56.0)

T2D therapy

Cholesterol levels (mg/dl); median (range)
Total cholesterol
High-density cholesterol (HDL)
Low-density cholesterol (LDL)
Triglycerides levels (mg/dl); median (range)

Naive (prior to treatment); number (%)

Tablets (metformin, vildagliptin, sitagliptin, saxagliptin,

glimepiride, and gliclazide); number (%)

Two tablets (metformin + glimepiride, metformin +
vildagliptin); or one tablet (metformin) 4 injectable GLP-1

analog (liraglutide); number (%)

Three tablets (metformin + vildagliptin + pioglitazone or
metformin + vildagliptin + glimepiride or metformin +

sitagliptin + glimepiride); number (%)

Injectable insulin (+tablets: metformin + sitagliptin);

number (%)

Multiple injections of insulin; number (%)

204 (109-281)
48.5 (6-79)
124 (19-192)
117 (65-176)
NA

NA

NA

NA

NA

NA

192 (119-256)
41 (27-125)
113 (66-191)
148 (79-363)
7 (17.5)

18 (45.0)

6 (15.0)

4 (10.0)

2 (5.0)

3(7.5)

“Risk factors associated with higher risk of T2D, included: (i) BMI>25, (ii) prior history of gestational diabetes, (iii) hypertension, (iv)

dyslipidemia, (v) cardiovascular disease, or (vi) first-degree family member with T2D [3]

"BMI was calculated as weight (kg) divided by the square of height (m?)

“Central obesity was regarded if waist circumference was >102 cm (40 in) in men or >88 cm (35 in) in women

dHypertension was regarded if blood pressure was >130/85 mm Hg (or receiving drug therapy for hypertension)
“Hyperlipidemia (defined by the Adult Treatment Panel III of the National Cholesterol Education Program [38]

"Metabolic syndrome was diagnosed according to the NCEP-ATP 1II report [39] requiring at least 3 of the following 5 conditions: (i) fasting
glucose > 100 mg/dL. (or receiving drug therapy for hyperglycemia), (ii) blood pressure>130/85 mm Hg (or receiving drug therapy for
hypertension), (iii) triglycerides > 150 mg/dL (or receiving drug therapy for hypertriglyceridemia), (iv) HDL-C <40 mg/dL in men or < 50 mg/dL
in women (or receiving drug therapy for reduced HDL-C), (v) waist circumference > 102 cm (40 in) in men or 288 cm (35 in) in women

NA not applicable

@ Springer



230

Endocrine (2019) 66:226-239

Differential miRNA expression patterns in patients
versus controls

Quantifiable miRNA levels were detected in peripheral
blood samples in the cases of the following 10 molecules:
let-7b-5p, let-7g-5p, miR-1-3p, miR-24-3p, miR-29a-3p,
miR-34a-5p, miR-98-5p, miR-125b-5p, miR-133a-3p, and
miR-155-5p. No expression of miR-10b-5p, miR-29b-3p,
miR-124-3p, or miR-5682 was detected in the samples of
patients or controls.

RQ values (median; range) of the miRNA levels in the
groups of T2D patients (n =40) and CTs (n=37) are
summarized in Table 2. Mann—Whitney U test revealed that
T2D patients expressed significantly lower levels of let-7b-
5p (p=0.0014), miR-1-3p (p <0.0001), miR-24-3p (p =
0.0084), miR-34a-5p (p <0.0001), miR-98-5p (p = 0.0013),
and miR-133a-3p (p =0.0003), compared with CTs
(Fig. 1a). Although not with statistical significance, lower
levels in patients versus controls were detected also in the
case of miR-125b-5p (p =0.0801). Further analysis within
the group of CTs, revealed that CTrg, individuals (n =21)
were characterized by reduced miRNA levels compared
with CTrg_ ones (n=16) in the cases of miR-1-3p (p <
0.0001), miR-34a-5p (p =0.008), miR-98-5p (p =0.073),
and miR-133a-3p (p=0.001) (Fig. 1b). Moreover,
Jonckheere—Terpstra test revealed a linear trend of decrease
in the levels of let-7b-5p (p=0.002), miR-1-3p (p<
0.0001), miR-24-3p (p =0.011), miR-34a-5p (p <0.0001),
miR-98-5p (p<0.0001), miR-125b-5p (p =0.049), and
miR-133a-3p (p<0.0001), among the groups of CTgg_,
CTrps, and T2D patients (Fig. 1b). The differential
expression patterns for all the above miRNAs, except for
the miR-125b-5p, remained significant upon corrections for
multiple comparisons.

As for the levels of let-7g-5p, miR-29a-3p, and miR-155-
5p, these were not found to be statistically different in any
of the comparisons among the groups of patients and con-
trols (Table 2).

According to the abovementioned data, the panel of the
T2D-specific miRNAs finally included the: let-7b-5p, miR-
1-3p, miR-24-3p, miR-34a-5p, miR-98-5p, miR-125b-5p,
and miR-133a-3p. Among them, binomial multivariate
analysis corrected for age and sex revealed that miR-24-3p
and miR-133a-3p can predict T2D among participants of
the current study (p =0.042, OR =0.390 and p = 0.025,
OR = 30.86, respectively).

Correlations between miRNA and target-mRNA
expression levels

Possible correlations between the levels of the differential

expressed miRNAs and the levels of expression of their target
mRNAs (T2D-susceptibility genes or transcript variants that
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show a T2D-specific expression pattern), as evaluated pre-
viously [6] in the same cohort, were explored (Table 3), for
those miRNAs that displayed statistically significant differ-
ential expression between patients and controls, or among
patients, controls with and controls without risk factors,
namely the miR-24-3p, miR-34a-5p, miR-125b-5p, let-7b-5p,
miR-98-5p, miR-1-3p, and miR-133a-3p.

Spearman’s rank correlation test revealed significantly
negative correlations between the levels of miRNAs that
target the CDKN2A gene and the levels of the tv3 of
CDKN2A, in CTgg, individuals (r=—0.6313; p =0.0021
for miR-24-3p, r = —0.6988; p = 0.0004 for miR-34a-5p, r
= —0.4421; p = 0.0448 for miR-125b-5p) and T2D patients
(r=—-0.5371; p=0.0004 for miR-24-3p, r=—0.4578; p
=0.0030 for miR-34a-5p). MiR-34a-5p levels also corre-
lated with CDKN2A tv4 levels in CTs (r =—0.3636; p =
0.0270) and tended to correlate with the last, in T2D
patients (r = —0.2802; p = 0.0799).

On the other hand, positive correlations were detected
between the levels of miRNAs that target KCNQ1 and those
of the KCNQI tvl in T2D patients (r = 0.5902; p < 0.0001
for miR-1-3p, r=0.4867; p =0.0015 for miR-34a-5p, and
r=0.6124; p<0.0001 for miR-133a-3p). Similar correla-
tions were also observed in the CT group (r = 0.5000; p =
0.0016 for miR-1-3p, r=0.4047; p = 0.0130 for miR-34a-
5p, and r =0.3992; p = 0.0144 for miR-133a-3p). This was
mainly attributed to the CTrp_ participants, as suggested by
the tendencies of significance revealed (r=0.4794; p =
0.0624 for miR-1-3p, r =0.4412; p = 0.0889 for miR-34a-
5p, and r=0.4676; p =0.0698 for miR-133a-3p), rather
than the CTgg. participants, where no correlation was
detected. Also, the levels of these miRNAs correlated
positively with the levels of total KCNQI mRNA, in the
total CT group (r =0.3037; p =0.0676 for miR-1-3p, r=
0.4116; p=0.0114 for miR-34a-5p, and r=0.3772; p=
0.0214 for miR-133a-3p) and in the CTgg_ subgroup (r=
0.6294; p =0.0106 for miR-1-3p, r=0.5000; p =0.0508
for miR-34a-5p, r=0.4618; p =0.0738 for miR-133a-3p).

No correlations were revealed between the levels of
miRNAs that target IGF2BP2 or TSPANS and those of their
mRNAs. Correlations between the levels of miR-155-5p
and those of its target CDK5 mRNA, were not explored,
since the first did not exhibit any significant difference
among the samples of patients and controls.

Associations of the levels of miRNAs with
clinicopathological data

Possible associations between the expression levels of the
differentially expressed miRNAs and certain clin-
icopathological and laboratory characteristics of the disease
were further evaluated in the groups of CTs and T2D
patients (Table 4).
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Fig. 1 a Dot-plots depicting the differential distribution of miRNA
levels (RQ units) in controls (CT) and T2D patients (T2D), as attested
by appropriate nonparametric tests. Mann—Whitney analysis revealed
that T2D patients are characterized by lower levels of the miRNAs: let-
7b-5p, miR-1-3p, miR-24-3p, miR-34a-5p, miR-98-5p, miR-125b-5p,
and miR-133a-3p, compared with CTs. b Dot-plots depicting the
differential distribution of miRNA levels (RQ units) in controls

More specifically the levels of: (1) miR-125b-5p cor-
related negatively with the levels of insulin (uWU/ml) (p =
0.0157) and % HbAlc in the serum of T2D patients (p =
0.0198), (2) let-7b-5p and (3) miR-98-5p also negatively
with insulin levels in patients (p =0.0241 and p=
0.0441, respectively), (4) miR-1-3p negatively with %
HbAlc levels (p =0.0115) and with family history for
T2D (p =0.0077) in the CTs subgroup, (5) miR-34a-5p
negatively with triglycerides’ levels (mg/dl) in the total
group of CTs (p =0.0390) and % HbAIc levels in the
CTgrg, subgroup (p =0.0402), and (6) miR-24-3p posi-
tively with body mass index (BMI) in CTgg, individuals
(p =0.0168).

Pathway analysis of the proteins encoded by target
genes of the differentially expressed miRNAs

To further explore the involvement of the differentially
expressed miRNAs in the regulation of T2D-associated
molecular mechanisms, we explored their validated target
genes (including, but also other than, the T2D-
susceptibility genes). The panel of the target genes was
developed upon search in the miRTarget Link Human
algorithm [17] and included 635 molecules (Supple-
mentary Table 4). This gene/protein set was further
analyzed in terms of network interactions, using
STRING-DB tools and KEGG database. The analysis
revealed that numerous proteins of the above set are
significantly involved in T2D-related pathways including
PI3K-Akt, HIF-1, MAPK, FoxO, and insulin-signaling
pathways (false discovery rate <SE—06 for all) (Fig. 2).
All the regulated pathways revealed by this approach are
included in Supplementary Table 5.

@ Springer

) o
CTge.  T2D CTye.  CTge,  T2D

without T2D risk factors (CTgrg_), controls with T2D risk factors
(CTgrg;) and T2D patients. Jonckheere—Terpstra test showed a step-
wise decrease in the levels of the abovementioned miRNAs among the
CTRrg-, CTRrgy, and T2D groups. P-values are designated by asterisks
(*p<0.05, **p <0.01, ***p <0.001, ****p <0.0001), whereas hor-
izontal bars represent the median value of the group

Discussion

Herein, we described impaired levels of certain miRNAs
that target the T2D-susceptibility genes CDKNZ2A,
IGF2BP2, KCNQI, and TSPANS, previously found
deregulated in peripheral blood of patients and controls with
risk factors for the disease [6]. More specifically, the levels
of let-7b-5p, miR-1-3p, miR-24-3p, miR-34a-5p, miR-98-
5p, miR-125b-5p, and miR-133a-3p were detected to be
lower in the peripheral blood of T2D patients compared
with control individuals; of them, miR-24-3p and miR-
133a-3p displayed independent prognostic values. Further-
more, among controls, those bearing risk factors for T2D
displayed decreased miRNA levels compared with those
without.

These findings are in line with previous data reporting
decreased levels of miR-24 and miR-125b in plasma sam-
ples [21-23] and of miR-133a and miR-98-5p in skeletal-
muscle biopsies of T2D patients [24]. Furthermore, the
levels of certain let-7 family members have been reported to
be reduced in T2D patients compared with controls; the first
exhibit lower levels of let-7a and let-7f in plasma exosomes
[25] and let-7i in the serum [26]. As for miR-1-3p, its levels
have been found decreased in the heart of STZ-induced
diabetic mice [27].

Moreover, in this study, paired analysis between the
expression levels of miR-24-3p or miR-34a-5p and the
levels of specific transcript variants (tv3 and tv4) of their
target T2D-susceptibility gene CDKN2A (previously found
upregulated in T2D peripheral blood [6]), revealed a sig-
nificant negative association, in the groups of patients and
CTrg. individuals, while not in CTgg_ individuals. Also,
the levels of miR-125b-5p were negatively associated with
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Pathway description Observed False
gene discovery
count rate

e PI3K-Akt signaling 43 1.23E-19 AKT1,AKT2,BCL2,BCL2L1,BCL2L11,BRCAL,CASPI,CC
pathway ND1,CCND2,CCND3,CCNE2,CDK4,CDK6,CDKN1B,CO
L1A1,COL3A1,CSF1R,EGFR,EIFAEBP1,EPO,EPOR FGF
R2,FGFR3,FN1,GNB2,GYS1,HRAS,IFNAR1,IFNB1,IGF

Matching proteins in the network

1R,IL6R,ITGB4,KIT,MAP2K1, MAPK1,MCL1, MET,MY i
B,MYC,NOS3,NRAS, PDGFRA, PDGFRB - A
@  HiF-Lsignaling 19 7.78E-12 AKT1,AKT2,BCL2,CAMK2G,CDKN1B,CYBB,EDN1EG Nl
pathway FR,EIF4EBP1,EPO,ERBB2,HK2, HMOX1,IFNG,IGF1R,!
L6R,MAP2K1,MAPK1,NOS3
@  MAPKsignaling 21 6.93E-07 AKT1,AKT2,BDNF,CACNAIC,CACNA2D1,CDC42,0US
pathway P6,EGFR,FGFR2,FGFR3,FLNA,FLNB,FLNC,HRAS, MAP
2K1,MAPK1,MAPK14,MYC,NRAS, PDGFRA, PDGFRB
FoxO signaling 14 1.68E-06 AKT1,AKT2,BCL2L11,CCND1,CCND2, CDKN1B, EGFR,
pathway HRAS,IGF1R,IRS2, MAP2K1,MAPK1,MAPK14,NRAS
8 Insulin signaling 14 4.83E-06 AKT1,AKT2,CALM1,CBL, EIF4EBP1,FASN,FLOT2,GYS GYSI/
pathway 1,HK2, HRAS, IRS2, MAP2K1, MAPKI,NRAS >
@  Type 2diabetes 4 00391 CACNAIGHK2,IRS2,MAPK1 R

mellitus

Fig. 2 Network of interactions among the proteins encoded by the set
of genes targets of the T2D-specific miRNA panel developed in this
study, focusing on molecular pathways involved in T2D pathogenesis.
Network analysis was performed using the STRING (Search Tool for
the Retrieval of Interacting Genes/Proteins) and KEGG (Kyoto
Encyclopedia of Genes and Genomes) databases. Different genes/
proteins are involved in different (one or more) T2D-related pathways,

those of the tv3 of CDKN2A in the CTgg, group. On the
other hand, miR-133a-5p, miR-1-3p, or miR-34a-5p levels
were positively associated with KCNQ1 tv1 levels (recently
found to be decreased in T2D patients and individuals at
risk of T2D [6]).

CDKNZ2A genetic variants were previously implicated in
the negative regulation of beta-cell mass, proliferation, and
insulin secretory function [28], while in human islets the
locus can be affected by epigenetic factors [29]. The
decreased levels of miR-24-3p, miR-34a-5p, and miR-
125b-5p observed in this study, associated with T2D, and
their negative correlation with the impaired levels of
CDKN2A tv 3, may be linked to miRNA transcriptional-
regulation events involved in T2D pathogenesis. On the
other hand, KCNQI encodes for the potassium voltage-
gated channel, implicated in insulin secretion. The positive
association between the decreased levels of miR-133a-5p or
miR-1-3p with the decreased levels of KCNQI tv1 observed
in patients and predisposed individuals, may be implicated
in molecular pathways associated with inhibition of
repression/disturbance of feedback loops, related to
impaired insulin secretion.

Nevertheless, some of the above miRNAs have been
already reported to be involved in T2D-related

CACNA2D1

&

CACNALC
-

— COL1AL

’, \—, COL3AL

PDGFRB

<
_ — ‘;»AET\\

«— PDGFRA
-y

as this is designated by the differently colored nodes. Edges represent
protein—protein associations; either known interactions, predicted
interactions or other associations. The incorporated table reports the
number and the name of the target genes observed in each pathway
and the false discovery rate of significance of the pathway in the
analysis

pathophysiology. In vitro experiments in human and murine
blood samples and endothelial cells showed that miR-24 is
involved in the thrombotic complications of diabetes and
atherosclerotic plaque progression [21, 30]. Also, miR-1,
and miR-133, the so-called ‘myo-miRs’ (they are clustered
on the same chromosomal locus and transcribed together in
a tissue-specific manner [31, 32]), are among the miRNA
molecules that perchance play a key role in the cardiovas-
cular complications of diabetes [33—35].

In an attempt to further support our suggestion on the
possible involvement of these differentially expressed
miRNAs in T2D pathogenesis, we searched for T2D-related
molecular pathways regulated by these miRNAs, following
a bioinformatics approach. Our data revealed enhanced
regulation of PI3K-Akt, HIF-1, MAPK, FoxO, and insulin-
signaling pathways, all pivotally involved in T2D patho-
genesis. However, gene-set analysis did not reveal any of
the T2D-susceptibility genes; this is probably to be expec-
ted since their functional involvement in T2D-related
pathways is not yet fully elucidated and deposited in any
database [36]. Though, by combining the qPCR data and
results of the pathway analysis, one could speculate that the
differentially expressed miRNAs can be involved in
pathogenetic mechanisms and regulate both the genes in the
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abovementioned pathways and T2D-susceptibility genes,
and not exclude that the last may be also implicated in these
pathways. It is also of note, that other pathways regulated
by the T2D-related miRNA panel (Supplementary Table 5),
are crucially implicated in cancer development, which may
imply the common pathogenetic mechanisms shared by
these two human disorders [37].

Lastly, the levels of the differentially expressed miRNAs
were found to correlate with certain clinicopathological
parameters, in a different manner in T2D versus control
subjects. MiR-125b-5p, let-7b-5p, and miR-98-5p levels
associated negatively with serum insulin levels, exclusively
in the group of patients, suggesting possibly their involve-
ment in insulin homeostasis in T2D. MiR-34a-5p levels
associated negatively with serum triglycerides levels in the
total group of controls and with % HbAlc levels in pre-
disposed individuals, indicating probably their implication in
regulatory mechanisms, underlying T2D pathogenesis and/
or cholesterol metabolism. Nevertheless, one should be
particularly concerned on the interpretation of these results,
since, in the current study, the group of patients consisted of
individuals both prior and under treatment, and thus miRNA
expression as well as biochemical parameters may be
regulated also by these anti-diabetic agents. Clearer evidence
could arise from corresponding analysis on samples from
newly-diagnosed T2D patients before the initiation of any
treatment. This was not able to be performed in this study,
since the cohort included only seven naive patients.

Despite its limitations, including the relatively small
number of participants and that only a single population is
examined, this study describes for the first time to the best
of our knowledge, a disease-specific expression profile of
miRNAs validated to target T2D-susceptibility genes, in
peripheral blood of patients and predisposed individuals.
Power analysis suggests that this approach provides with
promising data for further evaluation in larger cohorts. The
impaired miRNA expression described herein may be
linked to pathophysiological mechanisms underlying T2D
development; the fact that these patterns correlated with
certain disease parameters, differently in patients versus
controls, may further support their involvement in disease’s
pathogenesis. Also, associations between the expression
levels of these miRNAs and those of certain transcript
variants of their target T2D-susceptibility genes exclusively
in T2D and CTgg, subjects, propose a transcript variant
specific and disease-related regulation of transcription.
Large-scale perspective clinical studies in diverse popula-
tions are essential to evaluate the potential of these miRNAs
to serve as possible biomarkers for T2D diagnosis, prog-
nosis, and/or monitoring.
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