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B Abstract

Diabetes mellitus results from a deficiency or failure to
maintain normal glucose homeostasis. The most common
form of the disease is type 2 diabetes (T2D), a progressive
metabolic disorder characterized by elevated glucose levels
that develops in response to either multi-organ insulin resis-
tance or insufficient insulin secretion from pancreatic p-cells.
Although the etiology of T2D is complex, many factors are
known to contribute to defects of glucose homeostasis, in-
cluding obesity, unhealthy lifestyle choices, genetic suscep-
tibility, and environmental exposures. In addition to these
factors, noncoding RNAs (ncRNAs) have been recently im-
plicated in the pathogenesis of T2D, playing roles in several
of the pathophysiological mechanisms underlying the dis-
ease, particularly in insulin-sensitive tissues such as pancre-
atic p-cells, liver, muscle, and adipose tissue. A growing
number of publications demonstrate that polymorphisms in

ncRNAs or their target genes may represent a new class of
genetic variation contributing to the development of T2D.
This review summarizes both the current state of knowledge
of ncRNAs, specifically microRNAs (miRNAs), involved in
the regulation of g-cell function, insulin sensitivity, and insu-
lin action in peripheral organs. The role of genetic variation
in MiRNAs or miRNA binding sites in the pathogenesis of
T2D is also discussed. While far less is known about the im-
pact of long ncRNAs (IncRNAs) in the development of T2D,
emerging evidence suggests that these molecules may be
able to contribute to B-cell dysfunction in response to hyper-
glycemia. This article provides an overview of the studies
conducted to date in this field, focusing on IncRNAs that are
dysregulated in human pancreatic islets.

Keywords: type 2 diabetes - noncoding RNA - microRNA -
miRNA-binding site - INcCRNA - epigenetics - beta-cell - insu-
lin resistance - genetic variant - SNP

1. Introduction

f: iabetes mellitus, a multifactorial, heteroge-
eous collection of disorders, results from a

‘e deficiency or failure to maintain normal glu-
cose homeostasis. Type 2 diabetes (T2D) develops

in response to multi-organ insulin resistance
and/or inadequate insulin secretion from pancre-
atic g-cells [1, 2]. Due to a combination of different
factors, including increased levels of sedentary be-
havior and easy access to high-energy foods, the
prevalence of T2D has risen sharply in recent dec-
ades, presently affecting over 300 million indi-
viduals worldwide [3]. The predicted trajectory of
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diabetes is grim, with current estimates of the
number of people affected with the disease exceed-
ing 520 million within fifteen years [4]. At this
time, T2D is the eighth leading cause of death
worldwide and accounts for approximately 2.7% of
all deaths [5]. For most industrialized countries,
T2D represents a major public health concern.

The etiology of T2D remains incompletely un-
derstood, although insulin is recognized as the key
mediator of disease development [1, 2]. The patho-
genesis of the disease is complex and multifacto-
rial, and genetic predisposition, environmental ex-
posures, and lifestyle factors mediate susceptibil-
ity to T2D [6]. However, while obesity, increased
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levels of sedentary behavior, and aging are known
to contribute to an elevated risk of developing
T2D, there is also a substantial proportion of peo-
ple who do not develop the disease in the face of
these exposures. In addition, while genome-wide
association studies have identified a number of
polymorphisms, together they account only for a
small proportion of the inter-individual variation
in disease susceptibility [7-10]. Notably, nearly
90% of the variants identified to date map to non-
protein coding regions, a finding which challenges
our understanding of the functional impact of such
genetic factors [11-13]. Despite intense research
efforts to identify specific biological targets and
signaling pathways relative to these factors, the
molecular mechanisms by which environmental
influences affect the pathogenesis of T2D in sus-
ceptible individuals remain largely unknown.
Growing evidence implicates members of a rela-
tively new class of nucleic acids, non-coding RNAs
(ncRNAS), in the etiology of T2D and, given the
expression patterns and function of these mole-
cules, as discussed below, ncRNAs may also repre-
sent potential mediators of environmental influ-
ences on pathological mechanisms underpinning
the disease [14].

Approximately 90% of the human genome is
transcribed [11]. In contrast to the central dogma
underlying the transmission of genetic information
from DNA to RNA to protein, only a small per-
centage of transcripts in the human transcriptome
give rise to proteins, Indeed, most of the human
transcriptome is transcribed as non-coding RNA
(ncRNA), that is, RNA that does not encode pro-
tein [11, 13]. ncRNA can be broadly classified into
two classes: infrastructural and regulatory. Infra-
structural ncRNA molecules are involved in mRNA
translation (ribosomal RNA and transfer RNA), as
well as splicing and rRNA modification (small nu-
clear RNA and small nucleolar RNA, respectively).
In contrast, regulatory ncRNAs mainly regulate
gene expression and consist of a repertoire of dif-
ferent species including microRNAs (miRNASs),
Piwi-interacting RNAs (pi-RNAs), small interfer-
ing RNAs (siRNAs), promoter-associated RNAs
(paRNAs), enhancer RNAs (eRNAs), and long non-
coding RNAs (IncRNAs) [15, 16].

Regulatory ncRNAs are commonly character-
ized by transcript size, but there are additional dif-
ferences in both biological function and molecu-
lar/cellular effects that serve to distinguish among
them. The best-characterized members of the
small regulatory ncRNAs are miRNAs, which are
endogenous, single-stranded RNAs (21-25 nucleo-
tides in length) that regulate gene expression by
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Abbreviations:

AKT2 — v-akt murine thymoma viral oncogene homolog 2
Akt3 — thymoma viral proto-oncogene 3

ANRIL - cyclin-dependent kinase inhibitor 2B antisense
RNA 1

AP3S2 — adaptor-related protein complex 3, sigma 2 sub-
unit

Baspl — brain-abundant, membrane-attached signal pro-
tein 1

BKS - Black Kaliss J

cMaf — avian musculoaponeurotic fibrosarcoma oncogene
homolog

Cplx1 — complexin 1

Cspa — RNA chaperone and antiterminator, cold-inducible
DIAGRAM - Diabetes Genetics Replication and Meta-
Analysis

DLK1 — delta-like 1 homolog

ER — endoplasmic reticulum

eQTL — expression quantitative trait locus

eRNA - enhancer RNA

Flot2 — flotillin 2

Foxa2 — forkhead box A2

GK — Goto-Kakizaki

GLI — glioma-associated oncogene

GLIS3 - GLI-similar zinc finger 3

GLUT4 - glucose transporter type 4

HbA1c — glycated hemoglobin

HIPK3 — homeodomain interacting protein kinase 3
Hnfla — hepatic nuclear factor 1 homeobox A

HOMA — homeostatic model assessment

IAPP — islet amyloid polypeptide

IGF1R — insulin-like growth factor 1

INSR — insulin receptor

IRS2 — insulin receptor substrate 2

KCNK16 — potassium two pore domain channel, subfamily
K, member 16

KCNQ10T1 - potassium voltage-gated channel, subfamily
Q, member 1, opposite strand/antisense transcript 1 (non-
protein coding)

Kir6.2 — potassium inwardly rectifying channel, subfamily
J, member 11

lincRNA - long intervening noncoding RNA

IncRNA — long non-coding RNA

MADD - MAP-kinase activating death domain

MCT1 — membrane monocarboxylate transporter
MEF2C — myocyte enhancer factor 2C

MEG3 — maternally expressed 3

MIN6 — mouse insulinoma 6 cells

mMiRNA — microRNA

MODY — maturity-onset diabetes of the young

MTOR — mechanistic target of rapamycin

MTPN — myotrophin

NAT — natural antisense transcripts

NcRNA — noncoding RNA

NeuroD1 — neurogenic differentiation 1

NOTCH2 — notch 2

OneCut2 - one cut domain, family member 2

ORPS8 — oxysterol-binding protein-related protein 8
paRNA — promoter-associated RNA

PAX6 — paired box 6

PDK1 - 3'-phosphoinositide-dependent protein kinase-1
pdx-1 — pancreatic and duodenal homeobox 1

PEPCK - phosphoenolpyruvate carboxykinase gene

Pfn2 — profilin 2
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PI3K — p85 subunit of phosphatidylinositol 3-kinase
PIK3IP1 — phosphoinositide-3-kinase interacting protein 1
piRNA — Piwi-interacting RNA

Pkcb — protein kinase C, beta

RICTOR — RPTOR-independent companion of the mecha-
nistic target of rapamycin, complex 2

RPTOR - regulatory-associated protein of MTOR complex 1
siRNA — small interfering RNA

Sirtl — sirtuin 1

Slc25a22 — solute carrier, family 25, member 22

SLC30A8 — solute carrier, family 30, member 8

SNAP — soluble N-ethylmaleimide-sensitive factor attach-
ment protein

SNARE — SNAP receptor

Snca — synuclein alpha

sQTL - splicing quantitative trait locus

Surl — ATP-binding cassette, sub-family C (CFTR/MRP),
member 8

SYT11 - synaptotagmin 11

T2D - type 2 diabetes

TP53INP1 - p53-induced nuclear protein 1

TSC1 - tuberous sclerosis 1

TXNIP — thioredoxin-interacting protein

VPS26A — vacuolar protein sorting-associated protein 26
retromer complex, component A

WFS1 — wolframin ER transmembrane glycoprotein
Wipf2 — Wiskott-Aldrich syndrome-like interacting protein
family, member 2

Zdhhc - zinc finger type, DHHC-containing

blocking translation or promoting cleavage of spe-
cific target mRNAs, or less frequently, by targeting
the promoter region [17]. miRNAs exert effects
through specific base pair recognition mechanisms
to modulate expression of target genes [18, 19] and
approximately 20-30% of all human genes are
transcriptionally regulated by miRNAs via target-
ing sequences in the 3’ untranslated region (3*-
UTR) [20, 21]. Aberrant regulation of miRNAs has
been associated with the development of many dis-
eases including neurologic disorders, cardiovascu-
lar diseases, and certain cancers [22, 23]. miRNAs
have also been found to be critical for pancreatic
development [24-26], maintenance of B-cell identity
[27], and regulation of biological processes related
to T2D pathogenesis, including glucose-stimulated
insulin secretion, glucose uptake in muscle and
liver, adipogenesis, and adipocyte function [28-30].

Until recently, investigations of genetic factors
leading to disease susceptibility have primarily fo-
cused on the study of protein-coding sequences.
However, a growing number of reports indicates
that genetic variation in miRNA genes may be in-
volved in the development of disease either
through the regulation of miRNA expression or via
alteration of miRNA binding sites within mRNA
regulatory regions. Recent studies have demon-
strated that:
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1. Predicted mRNA targets of islet-expressed
miRNAs are globally enriched for signals of
T2D association [31].

2. Predicted mRNA target sites for islet-
expressed miRNAs overlap with potentially
causal variants in loci showing genome-wide
evidence for association with T2D [31].

3. Polymorphisms in miRNAs are associated
with T2D susceptibility [32].

Thus, the investigation of polymorphisms in
miRNAs and miRNA targets promises new insight
into the complex natures of both miRNA expres-
sion and function and genetic predisposition to
T2D; it also expands our understanding of the
pathophysiology of the disease.

The second class of ncRNAs, long ncRNAs
(IncRNAs), is comprised of transcribed RNA mole-
cules with much longer lengths than small
ncRNAs, typically >200 nucleotides. To date, three
categories of IncRNAs have been identified (Fig-
ure 1), including long intervening ncRNAs
(lincRNAs), which are transcribed from regions at
least >1kb from protein-coding genes; natural an-
tisense transcripts (NAT), which are transcribed
from the opposite strand of a protein-coding gene;
and intronic IncRNAs, which are transcribed from
introns of protein-coding genes [33, 34]. IncRNAs
are post-transcriptionally processed like mRNAs
but do not result in protein synthesis [35-37]. In
general, INcRNAs bind to DNA, RNA, and protein
and exert effects through roles that include direct-
ing chromatin-modifying complexes to specific ge-
nomic loci, providing molecular scaffolds, modulat-
ing transcriptional programs, and regulating
MiRNA expression [34]. Thus far, IncRNAs have
been shown to play a role in the regulation of gene
expression, genomic imprinting, maintenance of
pluripotency, nuclear organization and compart-
mentalization, and alternative splicing [34, 37-39].
Like miRNAs, IncRNAs have been found to be dys-
regulated in human diseases, although the role
these molecules play in the disease process is not
understood nearly as well [40, 41]. However, al-
though far less is known about the impact of
IncRNAs in the development of T2D, there is grow-
ing evidence that these molecules also contribute
to B-cell dysfunction in response to hyperglycemia.

The role of ncRNAs in the pathogenesis of T2D
has only recently become recognized, but there is
already convincing support for their involvement
in many of the pathophysiological mechanisms
underlying the disease. The goal of this review ar-
ticle is to summarize the current state of knowl-
edge of miRNAs that have been implicated in both
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g-cell function and regulation
of insulin sensitivity or insu-
lin action. This review also
addresses the role of genetic
variation in either miRNAs
or mMiRNA binding sites
within target mRNAs in the
pathogenesis of T2D. Finally,
an overview of the studies
conducted to date is provided,
with a focus on IncRNAs that
are dysregulated in human
pancreatic islets.
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in T2D pathogenesis

Figure 1. The three main categories of INcRNAs. A. lincRNAs, B. NATs, and C.

2.1 miRNAs involved in
the regulation of pancre-
atic g-cell function

Pancreatic B-cells are spe-
cialized endocrine cells that
synthesize and secrete insulin in response to glu-
cose stimulation. When g-cell functioning is com-
promised, typically through autoimmune destruc-
tion, chronic metabolic derangement, or exposure
to environmental factors, insulin secretion de-
creases, glucose homeostasis becomes impaired,
and diabetes mellitus may eventually develop. In
addition to genetic and environmental influences,
miRNAs have been shown to regulate biological
processes in the g-cell, including g-cell differentia-
tion and proliferation, as well as insulin biosyn-
thesis and secretion. These miRNAs and their
mechanisms of action have been extensively re-
viewed elsewhere [28, 42-44]. In this review, we
focus mostly on recent findings in the field of
mMiRNAs involved in the regulation of g-cell func-
tion relative to insulin resistance and T2D (Table
1).

To investigate the overall importance of
MiRNAs in g-cells, Kalis et al. generated mice with
a B-cell-specific disruption of Dicerl [24], an en-
doribonuclease that plays a critical role in the
processing and generation of miRNAs [45]. Dicer1-
depleted mice exhibited reduced insulin gene ex-
pression and impaired insulin secretion, both of
which preceded the development of progressive
hyperglycemia and diabetes. These animals also
showed altered islet cell morphology, reduced 3-cell
mass, and differential pancreatic islet morphology,
although fetal and neonatal B-cell development
and insulin secretory function were normal [24,
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intronic RNAs. Grey boxes represent protein-coding genes, with transcriptional
direction depicted by arrows. Unfilled boxes depict IncRNAs. Diagonal lines in
lincRNAs represent distances >1 kb. Adapted from [34].

26]. Thus, despite normal B-cell development, dis-
ruption of the miRNA network effectively resulted
in defective insulin secretion, hyperglycemia, and
diabetes, implying a significant function for
miRNAs in this cell type. In another study, Yan
and colleagues observed that the tissue-specific di-
urnal expression of Dicerl was attenuated by dia-
betes [46]. Loss of Dicerl rhythmicity -corre-
sponded with altered circadian expression patterns
of specific miRNAs, including miR-146a and miR-
125a-5p, indicating that diabetes produces effects
on Dicer-controlled miRNAs. These results also
suggest that restoring Dicerl activity may poten-
tially reverse some of the deleterious consequences
of diabetes on specific miRNAs. Additional studies
are necessary to address this intriguing possibility.

The role of miR-375 in pancreatic 8-cell devel-
opment and function has been well established. In
islets, overexpression of miR-375 inhibits glucose-
induced insulin secretion, while suppression of its
function results in increased levels of insulin se-
cretion [47]. One of the first validated targets of
miR-375 was myotrophin (MTPN), and its inhibi-
tion produced effects on glucose-stimulated insulin
secretion and release comparable to miR-375. Lev-
els of PDK1 (3'-phosphoinositide-dependent pro-
tein kinase-1), another target of miR-375, in-
creased in response to glucose treatment concomi-
tantly with reduced miR-375 [48]. Mice with dis-
rupted miR-375 expression (i.e., 375K0) exhibited
hyperglycemia, increased levels of gluconeogenesis

Rev Diabet Stud (2015) 12:260-276
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Table 1. miRNAs implicated in T2D pathogenesis

miRNA Effect Reference

miR-375 Reduces glucose-induced insulin secretion, decreases p-cell mass, reduces proliferative capacity of [48-50, 53]
endocrine pancreas

miR-7 Regulates insulin secretion [57]

miR-124a Regulates insulin secretion, regulates Foxa2 expression, participates in regulation of IAPP expression  [58]

miR-184 Reduces glucose-induced insulin secretion [61]

miR-29a/b Regulates MCT1 expression in B-cells, decreases insulin-stimulated glucose uptake in adipocytes [63]

miR-24 Increases p-cell proliferation, reduces insulin secretion [64]

miR-187 Regulates glucose-induced insulin secretion [65]

miR-9 Reduces glucose-induced insulin secretion, regulates OneCut2 and sirtl expression in g-cells [67, 68]

Let-7/1in28a Regulates glucose-induced insulin secretion, affects insulin signaling in muscle, affects glucose toler- [69, 92]
ance, increases glucose uptake

miR-320 Regulates insulin sensitivity, affects insulin-stimulated glucose uptake [91]

miR-143 Promotes adipogenesis and lipid metabolism, downregulates insulin-stimulated AKT activation, affects  [67, 68, 98-100,
glucose metabolism 122]

miR-103/107 Regulates gluconeogenesis and insulin signaling [98]

and hepatic glucose output, and higher levels of
fasting and fed glucagon [49]. In these animals,
impaired B-cell proliferation corresponded with de-
creased B-cell mass. In ob/ob mice, a model of in-
creased B-cell mass and obesity-related diabetes,
islet miR-375 expression was increased [49], while
in fed diabetic Goto-Kakizaki (GK) rats, a model
for non-obese insulin resistance and T2D, islet
miR-375 expression was reduced [48]. Deletion of
miR-375 in ob/ob mice (375/0b) led to a severe re-
duction in the proliferative capacity of the endo-
crine pancreas, resulting in diabetes [49]. Interest-
ingly, targeted knockdown of miR-375 in zebrafish
corresponded with aberrant migration of pancre-
atic islet cells and malformation of the endocrine
pancreas [50]. In summary, the findings from ani-
mal studies provide compelling evidence that miR-
375 plays an important role in g-cell function, and
indicate that dysregulation of this miRNA may
contribute significantly to the development of dia-
betes.

In humans, several studies have shown that
miR-375 is upregulated in the pancreas or plasma
of patients with T2D compared to non-diabetic in-
dividuals [51-53], while others found no evidence
for differential expression [54] or observed de-
creased expression levels in individuals with im-
paired glucose tolerance [55]. Altered miR-375 ex-
pression has been correlated with changes in me-
thylation status of its promoter [51, 52, 55]. In-
creased pancreatic miR-375 expression was associ-
ated with islet amyloid deposition, decreased B-cell
mass, and reduced islet mitochondrial density, but

Rev Diabet Stud (2015) 12:260-276

the mechanism by which this miRNA contributes
to these manifestations is not yet known [53]. In
miRNA profiling analyses of primary human islets
and enriched g-cell preparations, discussed in de-
tail below, high expression of miR-375 was ob-
served, predominantly in -cells [31]. Together, the
results reported thus far are consistent with a role
for miR-375 in glucose homeostasis and pancreatic
B-cell expansion in response to the increasing insu-
lin demands associated with insulin resistance and
T2D in humans [56].

Latreille et al. recently performed a comprehen-
sive assessment of miR-7, a highly conserved, pro-
totypical neuroendocrine miRNA [57]. Levels of
miR-7 were 15-fold higher in pancreatic islets
compared to adrenal glands, and of the miR-7 pre-
cursors, miR-7a2 was the most abundantly ex-
pressed in islets. To investigate the role of miR-7a
in pancreatic p-cells, the researchers generated
Mir7a2 conditional knockout mice and found that
miR-7a2 deletion in p-cells improved glucose toler-
ance by increasing insulin secretion. miR-7a2 was
found to regulate B-cell function by directly regu-
lating genes such as Snca, Cspa, Cplxl, Pkcb,
Baspl, Pfn2, Wipf2, and Zdhhc that control late
stages of insulin granule fusion with the plasma
membrane and ternary SNARE complex activity.
Levels of miR-7a were significantly decreased in
compensating islets of high fat diet-fed and ob/ob
mice, as well as normoglycemic and compensating
BKS db/db mice, but were increased in decompen-
sating BKS db/db islets. To demonstrate the
pathological significance of increased miR-7a lev-
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els in pancreatic islets of diabetic BKS db/db
mice, transgenic mice overexpressing miR-7a in B-
cells were generated. These animals developed hy-
perglycemia, reduced plasma insulin levels, and
impaired glucose-stimulated insulin secretion, but
showed no changes in p-cell proliferation or apop-
tosis. Together, these findings established miR-7
as the first negative regulator of insulin secretion
in p-cells through a network regulating insulin
granule exocytosis in pancreatic p-cells.

In addition to miR-375 and miR-7, miR-124a
and miR-184 have been shown to affect 3-cell func-
tion. In pancreatic islets from T2D donors, miR-
124a was expressed at much higher levels com-
pared to normal islets [54]. Overexpression of miR-
124a in MING cells resulted in impaired glucose-
stimulated insulin secretion and silencing of this
miRNA correlated with increased expression of
predicted target genes of relevance to g-cell func-
tion, including Mtpn, Foxa2, Flot2, Akt3, Sirtl,
and NeuroD1. Preliminary functional analyses
showed that miR-124a bound to the 3'UTRs of both
Mtpn and Foxa2. Likewise, in MING6 cells overex-
pressing or underexpressing miR-124a, levels of
Foxa2 were reduced or elevated, respectively [58].
A correlation between Foxa2 protein levels and de-
creased expression of pdx-1, Kir6.2, Sur-1, and
Preproinsulin, all of which are involved with B-cell
function, insulin secretion, and glucose metabo-
lism, revealed a potential set of pathways by which
miR-124a might contribute to diabetes pathogene-
sis through regulation of its target mRNA [58]. In
a different signaling cascade, overexpression of
miR-124a was found to correspond with decreased
Foxa2 expression and reduced binding to the islet
amyloid polypeptide (IAPP) promoter, resulting in
lower levels of IAPP mRNA and protein expression
[59]. In addition, miR-124a overexpression also in-
hibited induction of IAPP expression by thiore-
doxin-interacting protein (TXNIP), which is known
to play a crucial role in glucotoxicity. Thus, the
miR-124a/TXNIP/Foxa2/ IAPP signaling cascade
may link the TXNIP and IAPP pathways in the g-
cell.

The expression of miR-184, which is highly en-
riched in pancreatic islets, has been negatively
correlated with insulin secretion [60] and signifi-
cant inhibition of glucose-stimulated insulin secre-
tion in MING cells [61] via mechanisms involving
suppression of its target, Slc25a22. miR-184
showed expression changes in two different mouse
models of obesity-induced diabetes prior to the on-
set of disease, but was also found to have positive
effects on pg-cell activity and mass [62]. Another
study found that miR-29a/b directly binds the
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3'UTR of the membrane monocarboxylate trans-
porter (MCT1) in both human and mouse B-cells
[63]. The two miRNAs were both found to target
endogenous Mctl, leading to decreased protein ex-
pression. Inhibition of miR-29a in primary mouse
islets corresponded to increased Mctl mRNA lev-
els, demonstrating that miR-29 isoforms contrib-
ute to silencing of MCT1 in g-cells, which may af-
fect insulin release.

Other miRNAs with potential effects in pancre-
atic islets have been identified. For example, over-
expression of miR-24 was correlated with g-cell
proliferation and reduced insulin secretion in islets
from db/db mice fed a high-fat diet [64]. Targets of
miR-24 included Hnfla and neurodl, both of which
are known to cause maturity-onset diabetes of the
young (MODY). Inhibition of either Hnfla or neu-
rodl mimicked the effects of miR-24 overexpres-
sion, suggesting that miR-24 and specific MODY
genes represent a novel pathway that may con-
tribute to the pathogenesis of T2D, possibly
through mechanisms involving over-nutrition. Ex-
pression of another miRNA, miR-187, was found to
be approximately seven-fold more abundant in
pancreatic islets from T2D patients compared to
healthy controls, and was inversely correlated with
glucose-induced insulin secretion in normoglyce-
mic individuals [65]. Overexpression of this
mMiRNA also decreased glucose-induced insulin se-
cretion in primary cultures of rat islets and INS-1
cells, without affecting either insulin content or
apoptotic index [65]. Homeodomain interacting
protein kinase 3 (HIPK3), which regulates insulin
secretion and glucose tolerance [66], was identified
and validated as a direct miR-187 target, and lev-
els of HIPK3 were reduced in islets from patients
with T2D, suggesting that miR-187 may exert ef-
fects on glucose-stimulated insulin secretion
through mechanisms involving HIPK3 [65]. Evi-
dence for another miRNA, miR-9, demonstrated an
effect on glucose-induced insulin secretion through
the inhibition of OneCut2 expression in B-cells
[67]. Elevated miR-9 also diminished sirtl expres-
sion in B-cells [68]. Additional functional studies
are expected to further clarify the roles of all of
these MiIRNA/MRNA relationships in the patho-
genesis of T2D.

In addition to single miRNAs, networks of
miRNA may also contribute to glucose homeosta-
sis. For example, transgenic mice with global and
pancreas-specific Cre-inducible activation of Let-
7a, Let-7d, and Let-7f expression exhibited re-
duced glucose-stimulated insulin secretion, result-
ing in impaired glucose tolerance [69]. In contrast,
global knockdown of the Let-7 family members

Rev Diabet Stud (2015) 12:260-276
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prevented obesity-induced glucose intolerance and
restored insulin signaling in muscle and liver. To-
gether, the results demonstrate that Let-7 influ-
ences different aspects of glucose metabolism in
multiple tissues, and that inhibition of Let-7 may
improve pancreatic g-cell function. However, the
precise role that this family of miRNAs plays in
the pathogenesis of the disease remains to be de-
termined.

2.2 miRNA profiling of pancreatic islets and g-
cells

A number of studies have recently applied
miRNA profiling approaches in pancreatic islets or
g-cells from diabetic and non-diabetic donors to
gain new insight into the molecular mechanisms
underlying T2D. A comprehensive investigation by
van de Bunt and colleagues [31] utilized next gen-
eration sequencing to profile the miRNA fraction
in primary human islets and preparations of -
cells enriched by fluorescence-activated cell sorting
to purity levels >90%. The authors identified 366
and 346 miRNAs that were expressed in islets and
enriched g-cells, respectively, including a total of
384 unique miRNAs, of which 328 were shared be-
tween islets and g-cells. The miRNA expression
profiles in islets and B-cells were strongly corre-
lated (r* = 0.78), although miR-375 was present at
significantly higher levels in s-cells compared to
islets (42% vs. 27%). In contrast, levels of miR-143-
3p were much lower in g-cells (2% vs. 16%). Some
of the most highly expressed miRNAs identified in
islets were those that had been previously identi-
fied in other studies, including miR-375, miR-7-5p,
miR-148a-3p, miR-26a-5p, and miR-127-3p [31],
while others, such as miR-27b-3p and miR-192-5p,
represented novel findings. In comparisons with
publically available miRNA expression data for
over fifteen different human tissues, the authors
determined that 40 of the 366 miRNAs identified
were islet-specific. Several of the ten most tissue-
specific mMiRNAs have been previously implicated
in islet function (miR-184, miR-375, miR-182-5p,
and miR-127-5p), while others (miR-409-5p, miR-
1468, miR-183-5p, miR-136-3p, MiR-370, and miR-
153) represent potentially novel players in the
maintenance of islet identity.

Klein et al. also assessed miRNA profiles in en-
riched preparations of pancreatic «- and B-cells
from six human pancreases using a microarray
approach [70]. The majority of miRNAs were pref-
erentially expressed in p-cells: out of the 141
miRNAs identified in the analyses, only seven
were expressed in «-cells. Several of the identified
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B-cell-specific mMiRNAs have been previously asso-
ciated with the regulation of insulin expression
and content and/or overlapped with the findings
from van de Bunt et al. including miR-204, miR-
127-3p, miR-184, miR-148, miR-29, miR-375, and
miR-7 [31]. The transcription factor, cMaf, which
is expressed exclusively in «-cells where it regu-
lates expression of the glucagon gene, was identi-
fied as a target for several g-cell-specific miRNAs,
including miR-125b, miR-182, and miR-200c,
which showed 27.3-, 9.7-, and 3.3-fold higher ex-
pression in 3-cells compared to «-cells [70]. Inhibi-
tion of these three miRNAs in MING6 cells resulted
in increased cMaf expression, while their overex-
pression in «TC6 cells corresponded with de-
creased cMaf expression.

The work of van de Bunt et al. [31] and Klein et
al. [70] was performed using islets from donors
without a known T2D diagnosis. In addition to
these investigations, a small number of profiling
studies have been performed using islets from dia-
betic donors. For example, a recent microarray
analysis to profile miRNAs in pancreatic islets of
prediabetic and diabetic db/db mice and mice fed
a high-fat diet identified two distinct categories of
differentially expressed molecules [62]. miR-132,
miR-184, and miR-338-3p exhibited expression
changes in islets well before the onset of diabetes,
while miR-34a, miR-146a, miR-199a-3p, miR-203,
miR-210, and miR-383 showed differences mostly
in diabetic mice. Expression changes in prediabetic
animals exerted positive effects on B-cell activity
and mass, and those in diabetic mice increased g-
cell apoptosis. These findings suggest that obesity
and insulin resistance produce changes in
mMiRNAs, with initially sustained p-cell function,
but g-cell loss and development of T2D after fur-
ther deregulation in additional miRNAs [62].
These results also indicated that the maintenance
of glucose homeostasis, or in contrast, the devel-
opment of glucose intolerance, might be mediated
by alterations in expression patterns of specific
mMiRNASs.

In a global profiling assessment of 384 mMiRNAs
in pancreatic islets from non-obese T2D GK and
non-diabetic Wistar rats, Esquerra et al. identified
30 differentially expressed miRNAs, most of which
were upregulated in diabetic islets [71]. Glucose-
induced insulin secretion experiments using iso-
lated islets from GK and control animals revealed
significant differences in the magnitude and direc-
tion of miRNA expression, suggesting differences
in short- and long-term glucose dependence. In GK
rats, expression of miR-130a, miR-132, miR-212,
and miR-335 was regulated by hyperglycemia and
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Table 2. Major findings from miRNA profiling studies

Model Source Approach Major miRNAs identified Refer-
ence
GK rats' Islets Microarray =~ miR-130a, miR-132, miR-212, miR-335 [71]
Humans (nondiabetic) Islets and 8-  Sequencing  miR-7-5p, miR-26a-5p, MiR-27b-3p, MiR-127-3p, miR-148a-3p, miR- [31]
cells 192-5p, miR-375
Humans (nondiabetic) o-and B-cells  Microarray miR-7, miR-29, miR-127-3p, miR-148, miR-184, miR-204, miR-375 [70]
db/db mice’ Islets Microarray miR-34a, miR-132, miR-146a, miR-184, miR-199a-3p, miR-203, miR-  [62]
210, miR-383
Glucose intolerant vs. normogly- Islets Bead-based = miR-21, miR-127-3p, miR-375 [60]
cemic humans hybridization
T2D vs. normoglycemic humans  Islets Microarray =~ miR-187 [65]
T2D vs. normoglycemic humans Islets Sequencing  miR-7-1-3p, miR-7-3-5p, miR-23c, miR-30a-5p, miR-187-3p, miR- [74]
216a-5p, miR-369-3p, miR-487a-3p, MiR-495-3p, miR-539-3p, miR-
544a-5p, miR-589-5p, miR-656-3p, miR-4716-3p
Normoglycemic humans® Muscle* Microarray ~ miR-1, miR-133a, miR-306 [93]
T2D humans Muscle* Microarray miR-15a, miR-15b, miR-98, miR-99a, miR-100a, miR-106b, miR- [96]
133a, miR-133b, miR-143, miR-152, miR-185, miR-190
GK rats® Fat, liver, Microarray miR-10b, miR-27a, miR-103, miR-195, miR-222 [97]
muscle’

Legend:  Non-obese diabetic. ? Prediabetic and diabetic. ° Before and after 3-hr euglycemic-hyperinsulinemic clamp. * Skeletal muscle. ° Hy-
perglycemic vs. intermediate glycemic (Wistar Kyoto) and normoglycemic (Brown Norway) rats.

the putative targets of these upregulated miRNAs
were enriched for insulin secretion-related genes.
The authors hypothesized that the insulin secre-
tion defects in the GK rat may be due, in part, to
upregulation of miRNAs that regulate key proteins
involved in insulin exocytosis from g-cells. In sup-
port of these findings, glucose regulation of miR-
132 and miR-212 were also reported in MING cells
[72], and these two miRNAs were upregulated in
pancreatic islets in obese mice [73], suggesting a
common pathway for these ncRNAs in disease
pathogenesis for both diabetic GK rats and obese
mice models.

In humans, Bolmeson et al. compared global
miRNA expression patterns in islets from nine
healthy donors and six glucose intolerant indi-
viduals using a bead-based technology [60]. A total
of 319 miRNAs were measured, and of these, miR-
375, miR-127-3p, miR-184, miR-195, and miR-493
showed enrichment in pancreatic islets compared
to liver and skeletal muscle. In islets from glucose
intolerant donors, levels of miR-21, miR-375, and
miR-127-3p were increased compared to normal
islets and expression of miR-375, miR-122, miR-
184, and miR-127-3p correlated positively with in-
sulin gene expression, indicating that some of
these mMiRNAs may be exerting effects on glucose
homeostasis through insulin synthesis. A similar
study assessed miRNA content using TagMan ar-
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rays in islets from 11 T2D donors and nine con-
trols [65]. Of the 667 miRNA assays on the array,
255 amplified in all samples. Of these, only miR-
187 and miR-345 showed statistically significant
differential expression between islets from diabetic
donors and unaffected controls. In an independent
sample of islets from ten individuals with T2D and
ten without the disease, the authors continued to
observe significantly higher levels of miR-187, but
not miR-345. Levels of miR-187 were also in-
versely correlated with glucose-stimulated insulin
secretion in a sample of 35 normoglycemic donors
[65]. In earlier studies of the islet miRNome con-
ducted in donors without known T2D [31, 70],
miR-187 levels were low or undetectable, suggest-
ing that expression of this miRNA corresponds
with the deteriorating condition of the B-cell dur-
ing the progressive development of T2D.

Most recently, Kameswaran and colleagues se-
quenced small RNAs from islets of three nondia-
betic and four T2D donors [74]. A total of 15 (out of
800) miRNAs showed significantly different ex-
pression between T2D and nondiabetic donors,
some of which shared overlap with earlier studies,
including miR-487-3p, mMiR-495-3p, miR-539-3p,
miR-369-3p, miR-7-3-5p, miR-30a-5p, miR-7-1-3p,
miR-656-3p, miR-487a-3p, miR-23c, MmiR-4716-3p,
miR-544a-5p, miR-589-5p, miR-216a-5p, and miR-
187-3p. Out of the top ten downregulated miRNAs,
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seven were derived from the maternally expressed,
imprinted DLK1-MEG3 locus on 14g32. As seen in
earlier studies [70, 75], expression levels of the
14932 miRNAs and the long noncoding MEG3
RNA were ~16-20-fold higher in B-cells compared
to «-cells. Potential targets of the 14932 miRNAs
included islet amyloid polypeptide (IAPP) and p53-
induced nuclear protein 1 (TP53INP1), both of
which increase B-cell apoptosis when overex-
pressed in islets. A direct targeting relationship
was observed between miR-376a and miR-432 and
the IAPP 3'UTR. TP53INP1 transcript levels were
increased in islets from donors with T2D compared
to non-diabetic individuals and miR-495 was found
to downregulate TP53INP1 expression.

Unlike investigations of circulating miRNAs as
potential markers for T2D where there is minimal
overlap among reported findings [76-85], miRNA
profiling studies in islets and B-cells have shown
strongly consistent results (Table 2). At this time,
however, little is known of the potential targets of
these miRNAs and the mechanisms by which they
affect disease development in susceptible indi-
viduals. Additional studies aimed at delineating
specific MIRNA/MRNA networks and consequent
effects on B-cell function are expected to further
enhance our understanding of the complex patho-
genesis of T2D.

2.3 miRNA dysregulation in insulin-sensitive
peripheral tissues

Glucose homeostasis is maintained by a balance
between the amount of insulin released by pancre-
atic g-cells and the action of the hormone at insu-
lin-sensitive target tissues. During the develop-
ment of insulin resistance, target tissues become
less sensitive to insulin, which leads to progressive
hyperglycemia. Age, obesity, diet, and hyperten-
sion are known to affect insulin sensitivity of tar-
get tissues, but the precise mechanisms by which
insulin resistance develops remain an area of ac-
tive focus. Just as miRNAs contribute to dysregu-
lation of B-cell function, there is now compelling
evidence supporting a role for these ncRNAs in the
development of insulin resistance (Table 1).

For example, expression of miR-29a/b/c was
elevated in muscle, fat, and/or liver of diabetic rats
[86], fa/fa rats, and high-fat diet-fed mice [87].
Overexpression of miR-29a/b/c in 3T3-L1 adipo-
cytes decreased insulin-stimulated glucose uptake
by inhibiting p85alpha and AKT activation [86,
88], and led to insulin resistance through mecha-
nisms not involving AKT as the direct target of the
miRNA [86]. Overexpression of miR-29a in HepG2
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cells prevented insulin-mediated inhibition of the
phosphoenolpyruvate carboxykinase gene
(PEPCK) by repressing the p85alpha gene, the up-
stream intermediate of AKT [89]. As noted above,
miR-29a/b/c also plays a known role in insulin sig-
naling through mechanisms involving MCT1 [63,
90].

Another miRNA, miR-320, has also been shown
to play a role in the regulation of insulin sensitiv-
ity. Expression of miR-320 in insulin resistant
3T3-L1 adipocytes was 50-fold higher compared to
normal adipocytes [91]. Inhibition of this miRNA
in 3T3-L1 cells led to improved insulin sensitivity.
The p85 subunit of phosphatidylinositol 3-kinase
(P13-K) was identified as a potential mRNA target,
and knockdown of miR-320 not only corresponded
with increased expression of p85, but also with
elevated expression of glucose transporter type 4
(GLUT-4), improved insulin-stimulated glucose
uptake, and elevated phosphorylation of AKT [91].
Notably, these findings were observed only in insu-
lin-resistant 3T3-L1 cells and not in normal adipo-
cytes, suggesting that the dysregulation of insulin
action leads to alterations in the miR-320/p85
pathway that further exacerbate the condition of
insulin resistance.

Transgenic mice overexpressing lin28a dis-
played improved glucose tolerance and were resis-
tant to high fat diet-induced diabetes, while ani-
mals with muscle-specific lin28a deletion and in-
ducible let-7 exhibited glucose intolerance [92].
Functional analyses demonstrated that lin28a,
which blocks let-7 miRNAs, increases glucose up-
take through insulin-PI3K-mTOR signaling by de-
pressing direct let-7 targets in this pathway, in-
cluding insulin-like growth factor 1 (IGF1R), insu-
lin receptor (INSR), insulin receptor substrate 2
(IRS2), phosphoinositide-3-kinase interacting pro-
tein 1 (PIK3IP1), v-akt murine thymoma viral on-
cogene homolog 2 (AKT2), tuberous sclerosis 1
(TSC1) and RPTOR independent companion of
MTOR, complex 2 (RICTOR). Inhibition of mTOR
demonstrated a role for Lin28a glucose tolerance
and insulin sensitivity in an mTOR-dependent re-
sponse [92]. These results provide strong evidence
that the Lin28/let-7 pathway may be a prime fac-
tor in the regulation of glucose metabolism.

Granjon et al. compared miRNA expression pro-
files in skeletal muscle biopsies from healthy indi-
viduals before and after a 3-hour euglycemic-
hyperinsulinemic clamp, and observed downregu-
lation of three miRNAs by insulin: miR-1, miR-
133a, and miR-306 [93]. miR-1 and miR-133a both
play roles in myoblast biology, but while miR-1 in-
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hibits myoblast proliferation, miR-133a enhances
myoblast growth, resulting in differentiation and
proliferation [94]. Both miR-1 and miR-133a are
directly activated by myocyte enhancer factor 2C
(MEF2C), which is a major regulator of muscle de-
velopment [95]. The authors determined that it is
through the combined repression of MEF2C and
activation of sterol regulatory element binding
protein 1c (SREBP1c) that insulin downregulates
miR-1 and miR-133a [93]. In streptozotocin-
treated mice, levels of miR-1 and miR-133a were
significantly higher compared with control ani-
mals, but miR-133 expression was not altered in
healthy human subjects during a hyperglycemic-
euglycemic clamp, indicating that hyperglycemia,
in the absence of hyperinsulinemia, does not ap-
pear to affect miR-133a levels in humans [93]. In
contrast, skeletal muscle expression of miR-133a
was significantly different among individuals with
normal glucose tolerance, impaired glucose toler-
ance, and T2D, and an association between higher
fasting glucose levels and lower miR-133a expres-
sion was also observed in these patients [96].

A separate study by Gallagher and colleagues
reported differential expression of 62 out of 171
miRNAs in skeletal muscle from individuals with
T2D [96]. Of these, ~15% of the dysregulated
miRNAs showed differential expression patterns
early in the disease process. Using bioinformatics
approaches, the authors determined that the po-
tential combinatorial nature of miRNA action in
vivo underlies significant changes in target protein
levels, which then contributes to the development
of insulin resistance and T2D. In an analysis of
283 miRNAs in adipose tissue, skeletal muscle,
and liver from hyperglycemic (GK), intermediate
glycemic (Wistar Kyoto), and normoglycemic
(Brown Norway) rats, 49 differentially expressed
miRNAs were identified across the three tissues
[97]. Of these, only five had expression levels that
correlated with degree of glycemia, including miR-
222 and miR-27a, which were upregulated in adi-
pose tissue, miR-195 and miR-103, which were
upregulated in liver, and miR-10b, which was
downregulated in muscle. Expression patterns for
miR-222, miR-27a, and miR-29a were validated in
3T3-L1 adipocytes cultured under hyperglycemic
conditions, suggesting that altered miRNA expres-
sion may occur early in the pathogenesis of T2D.

An examination of liver-specific miRNA expres-
sion in ob/ob and diet-induced obese mice identi-
fied miR-103/miR-107 as two of the most signifi-
cantly upregulated miRNAs [98], validating find-
ings from hyperglycemic GK rats [97]. Of note, the
sequences of mature miR-103 and miR-107 differ
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only at one nucleotide, and are thus nearly indis-
tinguishable from each other. Expression of miR-
103 and miR-107 was also increased in liver biop-
sies from individuals with non-alcoholic fatty liver
disease, which often accompanies obesity and T2D,
and levels of these miRNAs were positively corre-
lated with homeostatic model assessment (HOMA)
index [98]. Overexpression of miR-107 in the liver
resulted in excess glucose output through a
mechanism involving increased gluconeogenesis.
Knockdown of miR-103 and miR-107 corresponded
with improved insulin signaling in liver and adi-
pose tissue, although targeted silencing of these
miRNAs in the liver did not ameliorate the meta-
bolic abnormalities observed in these animals. The
investigators identified caveolin-1 as a direct tar-
get of mIiR-103/miR-107. Inhibition of miR-
103/miR-107 in adipocytes led to upregulation of
caveolin-1 expression, which was accompanied by
insulin receptor stabilization, improved insulin
signaling, decreased adipocyte size, and enhanced
insulin-stimulated glucose uptake. Elucidation of
the mechanism by which the miR-103/107-caveolin
interaction regulates insulin signaling may have
important implications for the development of
these miRNAs as potential targets for T2D treat-
ment [98].

A sequencing analysis of small RNA molecules
extracted from the livers of mice with either free or
restricted access to food, as well as fasted/refed
animals, found that out of 32 confirmed miRNAs,
only one, miR-143, varied with feeding conditions
[99]. In db/db mice and mice fed a high-fat diet,
hepatic miR-143 expression was upregulated. An-
other miRNA, miR-145, which is located in the
same gene cluster as miR-143, was also upregu-
lated in livers of these two animal models. Inhibi-
tion of miR-143 expression protected mice from
diet-induced insulin resistance and AKT activa-
tion, while miRNA overexpression disrupted insu-
lin-stimulated AKT activation and led to impaired
glucose metabolism [99]. A potential miR-143 tar-
get, oxysterol-binding protein-related protein 8
(ORPS8), was identified, and decreased hepatic ex-
pression of this target led to impaired insulin-
induced AKT activation. A similar sequence analy-
sis of hepatic ncRNA in ob/ob and control mice re-
vealed 37 differentially expressed miRNAs [100],
with miR-122 showing the greatest expression
changes between the two groups, followed by miR-
24, miR-195a, miR-106b, miR-15b, miR-802, miR-
185, miR-214, miR-378, and let-7c (upregulated),
and miR-224, miR-126, miR-7a, miR-128, miR-455,
mMiR-452, miR-135b, miR-145, miR-18a, and miR-
196a (downregulated).
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2.4 Genetic variation, miRNAs, and suscepti-
bility to T2D

Polymorphisms located in regulatory regions of
miRNA genes can affect miRNA processing and
expression, while those in the miRNA seed region
can potentially attenuate or abolish miRNA bind-
ing to target MRNAS or create new interactions
with non-target mRNAs [101, 102]. Likewise, vari-
ants in miRNA target sites may disrupt gene ex-
pression, leading to altered risk of developing dis-
ease [103-105]. Given the importance of miRNAs
in the regulation of homeostatic processes, it is not
surprising that miRNA-related polymorphisms
have been associated with a diverse array of dis-
eases [106-108]. Over the past two years, growing
evidence is beginning to support a role for genetic
variation in miRNAs and miRNA target sites,
yielding an additional level of complexity associ-
ated with the development of T2D.

In their analysis of human islet and pg-cell
miRNAs discussed above, van de Bunt and col-
leagues [31] identified over 6000 variants in
miRNA transcripts and predicted miRNA target
sites overlapping genome-wide association data
from the Diabetes Genetics Replication and Meta-
analysis (DIAGRAM) consortium [109]. Of these,
rs3802177, located in the 3'UTR of SLC30A8, was
the only variant that reached genome-wide levels
of statistical significance (p = 1.45 x 10®). The se-
guence harboring this variant corresponded to
predicted target sites for several miRNAs includ-
ing MiR-363-3p, MiR-25-3p, MiR-32-5p, miR-92a-
3p, MiR-33a-5p, and MiR-33b-5p. The authors also
observed that predicted mRNA targets of islet
miRNAs were enriched for T2D association signals
and identified overlap between variants in miRNA
sequence and/or predicted miRNA targets and six
loci (AP3S2, KCNK16, NOTCH2, SLC30AS,
VPS26A, and WFS1) showing genome-wide evi-
dence for association with T2D [31].

In a study of 1017 T2D cases and 1059 controls,
Zhao et al. analyzed ten polymorphisms located in
diabetes-related miRNA target-binding sites [110].
They found an association between variants in the
insulin receptor gene (rs1366600), acyl-CoA syn-
thetase 1 (rs2292899), and the fatty acid-binding
protein 2 gene (rs11724758). These variants affect
the sequences of specific miRNA-binding sites
(miR-20b, miR-34a, and miR-132, respectively),
but the functional consequences of these findings
remain to be determined. Using a different ap-
proach, Ciccacci and colleagues [32] sequenced 13
miRNA genes and identified 15 polymorphisms,
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including nine known and six novel variants, al-
though none of the markers was located within
mMiRNA seed regions. In an analysis of the variants
in 165 individuals with T2D and 185 healthy con-
trols, the authors observed evidence for association
with the G allele of rs895819 in miR-27a (OR =
0.58; p = 0.008) and the G allele of rs531564 in
miR-124a (OR = 2.15; p = 0.008). While this study
was the first to directly examine potential associa-
tions between mMiRNA polymorphisms and T2D,
the sample size used was relatively small and the
number of MiRNAs investigated was limited. Ad-
ditional studies will be necessary to confirm the
major findings and a global assessment of miRNA-
specific variants may likely identify novel disease
associations.

In a similar study, Zhang et al. genotyped 588
T2D patients and 588 age- and sex-matched con-
trols regarding two variants in the let-7/Lin28
pathway (rs3811463 and rs3811464) [111]. Evi-
dence for association was observed with rs3811463
(OR =1.47; p = 0.005), but not rs3811464, which is
consistent with an earlier study showing associa-
tion of the C allele of rs3811463 with insulin sensi-
tivity and resistance to high fat diet-induced dia-
betes in mice [92]. Combined with the findings
showing decreased susceptibility to diet-induced
diabetes in mice discussed above [69], these results
suggest that genetic variation in the let-7/Lin28
pathway may increase risk of T2D. Finally, in an
investigation of miRNA variants on miRNA ex-
pression, Locke et al. demonstrated that the minor
allele of rs72631823 was associated with higher
expression of miR-34a in MING cells, compared to
the major allele [112]. Given the evidence that
small changes in miR-34a can significantly impact
on B-cell apoptosis [67, 113], it is possible that the
minor allele of rs72631823 may exert strong func-
tional consequences in islets. Further functional
characterization of this locus will enhance our un-
derstanding of this variant.

3. IncRNAs and T2D pathogenesis

Although far less is known of the impact of
INcRNAs in the development of T2D compared to
miRNAs, there is growing evidence that these
molecules also contribute to 3-cell dysfunction in
response to hyperglycemia. A recent genome-wide
search for human pancreatic islet and g-cell
IncRNAs identified 1128 intergenic and antisense
islet-cell IncRNAs of which 55% and 40% were is-
let-specific, respectively, compared to only 9.4% of
RefSeq annotated genes [114]. Interestingly, this
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work showed that >19% of the transcribed genome
in islets mapped outside of annotated protein-
coding genes. The majority of IncRNAs identified
in this study were silent or expressed at low levels
in pancreatic progenitors, but were active in adult
islets, indicating that IncRNAs contribute in a
meaningful manner to pancreatic endocrine differ-
entiation. Similarly, during in vivo differentiation
of human embryonic stem cells, six INCRNAs were
expressed at very low or undetectable levels
throughout all in vitro differentiation steps, and
were only activated during the in vivo maturation
step [114]. In a comparison of 14 islet-specific
INcRNAs, KCNQ10T1 and HI-LNC45 were signifi-
cantly increased or decreased in T2D islets, re-
spectively, and out of 55 T2D susceptibility loci,
nine contained islet INcRNAs within 150 kb of the
reported lead marker, six of which have been
linked directly to p-cell dysfunction [109, 115-118].
Finally, as a first step toward understanding islet
InNcRNA function, the authors suppressed expres-
sion of a candidate IncRNA, HI-LNC25, in EndoC-
BH1 cells, a human g-cell line that exhibits glu-
cose-stimulated insulin secretion, and examined
subsequent effects on 24 islet mMRNAs. Levels of
GLIS3, an islet transcription factor that is mu-
tated in monogenic diabetes, were significantly re-
duced in response to HI-LNC25 knockdown, im-
parting a novel regulatory function to islet
INcRNAs.

In a comprehensive DNA and RNA sequencing
effort using pancreatic islets from 89 donors with
different degrees of glucose tolerance, Fadista and
colleagues [119] identified a number of genetic
variants regulating gene expression (eQTLs) and
exon use (sQTLs), including many lincRNAs. A to-
tal of 493 RefSeq islet lincRNAs were identified, 54
of which were associated with eQTLs and sQTLs.
Seventeen lincRNAs were associated with HbAlc
levels, including HI-LNC901 (i.e., LOC283177),
which also had an eQTL (rs73036390) and whose
expression was directly correlated with insulin
exocytosis. HI-LNC901 was coexpressed with
MAP-kinase activating death domain (MADD),
synaptotagmin 11 (SYT11), and paired box 6
(PAX®6), all of which have been implicated in islet
function.

Other IncRNAs have been found to harbor ge-
netic variants associated with T2D, the most nota-
ble of which is the ANRIL locus [40]. This IncRNA
maps to the INK4 locus, which encodes three tu-
mor suppressor genes including p15™“®. ANRIL is
required for the silencing of this tumor suppressor
gene [120], and it is possible that variants that
disrupt the expression or function of this IncRNA

www.The-RDS.org

may affect compensatory increases in pancreatic p-
cell mass in response to increasing demands for
insulin in the prediabetic state [121].

The discovery of dysregulated islet-specific
IncRNAs adds a new layer of complexity to the mo-
lecular etiology of T2D. The studies reported to
date, although limited in number, not only point to
a role for IncRNAs in the regulation of g-cell iden-
tity and function, but also suggest that variants in
islet-specific INcRNAs contribute to g-cell physiol-
ogy and T2D. Functional characterization of islet-
specific IncRNAs is underway [114], although a
substantial amount of work is needed to under-
stand the relative importance of these molecules in
the pathogenesis of T2D. These findings, in combi-
nation with emerging results, are expected to yield
new insights into the complex pathogenesis of T2D
and may eventually lead to the identification of
novel islet-specific therapeutic targets with limited
effects in other cell types.

4. Summary

The role of ncRNAs in the pathogenesis of T2D
is just beginning to emerge, but there is already
ample evidence of their involvement in patho-
physiological mechanisms underlying the disease.
A number of mMiRNAs have emerged as key players
in the control of B-cell function and regulation of
insulin sensitivity and/or action in peripheral or-
gans, and more will undoubtedly be identified as
research in this area matures. While studies from
knockout animals have demonstrated clear roles
for many of these miRNAs in processes contribut-
ing to T2D pathogenesis, much less is known of the
specific targets of candidate molecules and the
mechanisms by which they affect disease develop-
ment in susceptible individuals. Studies aimed at
delineating specific mMiIRNA/MRNA networks will
enhance our understanding of the complex patho-
genesis of T2D and enable exploitation of relevant
miRNAs as novel targets for therapeutic interven-
tions. The investigation of polymorphisms in
miRNAs and miRNA targets, which represents an
increasingly active field of research, also promises
to yield new insights into the complex nature of
genetic predisposition to T2D. The growing recog-
nition of INcRNA involvement in the pathogenesis
of T2D adds an exciting new layer of complexity to
our understanding of both the disease and gene
regulation, and the cell-specific expression pat-
terns of these molecules may yield deeper insights
into defects in specialized cellular functions.
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