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Abstract

Insulin secretion from pancreatic B-cells plays a central role in the control of blood glucose
levels. The amount of insulin released by B-cells is precisely adjusted to match the organism
requirements. A number of conditions occurring during life, including pregnancy and obesity,
can result in a decrease in the sensitivity of insulin target tissues and in the consequent rise in
the insulin needs. To preserve glucose homeostasis, the augmented insulin demand requires a
compensatory expansion of the mass of pancreatic -cells and an increase in their secretory
activity. This compensatory process is known to be accompanied by modifications in -cell
gene expression but the molecular mechanisms underlying this phenomenon are still poorly
understood. Emerging evidence indicate that at least part of these compensatory events may
be orchestrated by changes in the level of a novel class of gene regulators, the microRNAs.
Indeed, several of these small non-coding RNAs have either positive or negative impacts on
B-cell proliferation and survival. The studies reviewed in this paper suggest that the balance
between the actions of these two groups of microRNAs with opposing functional effects
determines whether B-cells expand sufficiently to maintain blood glucose levels in the normal
range or fail to meet the insulin demand with a consequent progression toward diabetes
manifestation. A better understanding of the mechanisms governing the changes in the
microRNA profile will open the way for the development of new strategies to prevent and/or

treat type 2 and gestational diabetes.

Key words: microRNAs, pancreatic islets, diabetes, gene regulation



Introduction

Type 2 diabetes mellitus (T2DM) is a complex metabolic disorder characterized by a
diminished sensitivity of insulin target tissues, including liver, skeletal muscles and adipose
tissue, and the inability of the pancreatic p-cells to secrete enough insulin to sustain the
organism demand. In pre-diabetic conditions, B-cells compensate the insulin resistant state of
the target tissues by increasing their number and size and by augmenting the amount of
hormone released in response to glucose and fatty acids [1]. The duration of this
compensatory state differs between individuals and can eventually last for the entire life.
When B-cells can no longer face the elevated insulin demand, they become dysfunctional and
their survival is impaired favoring the development of T2DM. Despite intensive efforts, the
precise mechanisms underlying compensatory B-cell mass expansion are still not well
understood. Changes in the functional B-cell mass are known to necessitate adaptations in
gene expression programs but the key factors driving this phenomenon are still not fully

elucidated.

In the last few years, microRNAs (miRNASs) have been discovered to form a complex
regulatory network governing the activities of pB-cells. These small non-coding RNA
molecules act as transcriptional repressors by binding to the 3’UTR of target mRNAs (Figure
1) [2]. The current estimations indicate that the human genome encodes for more than 1800
miRNA precursors producing up to 2585 mature miRNAs [3]. Notably, a single miRNA can
bind more than hundred different target mMRNAs, hence modulating directly or indirectly the
expression of numerous genes. Indeed, at least 60% of the protein-coding genes are believed
to be under the control of mMiRNAs [4]. In view of this, miRNAs are now recognized as major
regulators of gene expression and key players in the control of several biological and
pathological processes, including diabetes mellitus [5]. The potential role of miRNAs in the
development of diabetes and its complications has been reviewed extensively in the past
years [6-10]. Here, we will focus specifically on the contribution of miRNAs to the control of

the functional p-cell mass.

Evidence for the involvement of miRNAs in the control of pancreatic g-cell mass and

function



The potential role of miRNAs in B-cell differentiation and in the control of B-cell
function was initially investigated by knocking-down Dicerl, the enzyme required for the
maturation of most miRNAs (see Figure 1). Whole-body deletion of Dicerl in mice results in
early embryonic lethality [11] but, surprisingly, Dicerl-hypomorphic mice, expressing about
20% of wild type Dicerl level, are viable and display histologically normal tissue
development throughout fetal and neonatal stages. However, starting from 4 weeks of age,
the pancreas showed morphologic abnormalities [12]. Lynn and colleagues generated a
pancreatic Dicerl-null mice who survived until birth but died at 3 days of age (P3) [13].
These Pdx1-Cre Dicerl animals displayed severe defects in pancreas development and in the
differentiation of the endocrine lineage, with strong impairment in B-cell formation. In
another study, deletion of Dicerl specifically in pancreatic endocrine progenitor cells did not
affect specialization of hormone-expressing cells during embryogenesis but displayed loss of
hormone expression during neonatal phase. [14]. Moreover, during the neonatal period these
Ngn3-Cre Dicer mice exhibited altered islet organization, reduced p-cell mass and decreased
proinsulin mRNA expression with a consequent reduction in insulin content. As expected,

these mice developed hyperglycemia and overt diabetes within 2 weeks of age [14].

To investigate more precisely the role of miRNAs in insulin-secreting cells, Dicerl
was conditionally deleted using Cre recombinase system under control of the promoter of the
rat insulin 1 (RIP1) or 2 (RIP2) gene. Of note, rodents have 2 nonallelic insulin genes as
opposed to human that have a single copy of the insulin gene. Both RIP1 and RIP2 are
commonly used to delete a gene specifically in beta-cells. Kalis et al. generated a p-cell
specific deletion of Dicerl [15] under the regulation of RIP1. Fetal and neonatal B-cell
development was not affected but RIP1-Cre Dicerl null mice became progressively
hyperglycemic, leading to diabetes onset in adulthood. These animals display defects in islet
number, size and architecture, in B-cell mass and in insulin biosynthesis and secretion. Two
other research groups developed conditioned Dicerl deletion under the regulation of RIP2.
Lynn and colleagues did not observed any morphological defect in pancreatic islets of 8
month-old mice [13]. In opposite, Mandelbaum and colleagues observed reduced beta-cell
number and mass and insulin content in pancreatic islets of 4 month-old mice [16]. Moreover,
these RIP2-Cre Dicerl null mice were glucose intolerant at the age of 1-2 month and the
same trend was also observed at the age of 8-10 months. Of note, mutant mice exhibited
mosaic islets, meaning that not all beta-cells underwent Cre recombination leading to a mix

of “mutant” (Cre-positive cells in which Dicerl activity was disrupted) and wild-type (Cre-



negative) beta-cells. Interestingly, in early post-natal life, most of the beta-cells were knocked
down for Dicerl but a gradual loss of mutant beta-cells was than observed. By the age of
P30, almost no Cre-positive cells could be detected. Therefore, the proliferation of Cre-
negative cells progressively compensated for the reduction of beta-cell mass [16]. Finally,
Melkman-Zehavi et al. engendered tamoxifen-inducible RIP-Cre Dicerl mice to explore the
involvement of miRNAs in adult B-cell function [17]. Tamoxifen-treated animals developed
hyperglycemia in both fasted and fed states and insulin intolerance few weeks after the
injections. Interestingly, the 50% decrease in Dicerl measured in pancreatic islets of
Tamoxifen-treated mice correlated with a reduction of the level of several miRNAs and with
a marked decline in insulin gene expression, leading to reduced insulin content and impaired
glucose-induced insulin secretion. As expected, the B-cell mass was not affected by the loss
of Dicerl in adult mice [17]. Taken together, these studies underline the key role of Dicerl,
and its associated miRNA network, in endocrine pancreas development, p-cell differentiation,

preservation of the B-cell mass and proper function of insulin-secreting cells.

In adult mice, similar results were obtained when Ago2 expression was deregulated.
Ago2 is the most abundant member of the argonaute protein family in B-cells and is the
catalytic component of the RNA-induced silencing complex (RISC) complex necessary for
miRNA action (see Figure 1). Mice overexpressing Ago2 in B-cells showed normal body
weight and plasmatic concentration of glucose and insulin [18]. However, when challenged
with glucose, mice overexpressing Ago2 exhibited an impaired insulin secretion leading to
transient elevation in glycaemia. Morphometric analysis revealed an increase in B-cell
number, mass and proliferative capacity. In contrast, knockdown of Ago2 in p-cells resulted
in the reduction in the number, mass and proliferative capacity of g-cell and in a lower insulin
content [18]. Islet architecture was not affected and no changes in cell-death were detected.
Loss of Ago2 resulted in enhanced insulin secretion in response to glucose, leading to
improved glucose tolerance. Of note, Agol expression was increased in pancreatic islets of
Ago2 knockout mice, suggesting a partial compensatory mechanism. Taken together, these
results indicate that an appropriate level of Ago2 is necessary to maintain an appropriate

functional p-cell mass.

Role of specific miRNAs in the development of B-cells and in the control of their

activities



The involvement in B-cell development and function of particular miRNAs highly
expressed in pancreatic islets such as let-7, miR-7 and miR-375, was explored in detail both
in vitro and in vivo. Let-7 was the first miRNA discovered in C. elegans [19]. Mammalian
cells are known to contain a family of closely related let-7 miRNAs sharing a common seed
region. Let-7 family members are involved in cell differentiation and have been associated to
the development of several forms of cancer [20]. Members of the let-7 family are highly
expressed in pancreatic islets [21, 22] but their precise role in regulating the activity of
insulin-secreting cells is still not completely understood. Transgenic mice overexpressing let-
7a/d/f or let-7g in all tissues have reduced body size and weight, decreased fat mass and
impaired glucose homeostasis mainly due to a decrease in insulin release by the endocrine
pancreas in response to glucose [23, 24]. Interestingly, overexpression of let-7a/d/f solely in
B-cells led also to impaired glucose tolerance, but not when let-7 expression was selectively
increased either in muscle, adipose tissue, neurons, or adipocytes, suggesting a preponderant
role of B-cells in this metabolic phenotype. In contrast, global knockdown of let-7 using anti-
miR oligonucleotides improved glucose homeostasis and was sufficient to prevent impaired
glucose intolerance induced by high-fat feeding, but this was mainly the result of improved
insulin sensitivity of target tissues [23]. Looking in more details at the mechanisms in liver
and muscles, let-7 was found to regulate the expression of the insulin receptor and of insulin
receptor substrate 2 (IRS2) [23] and to affect the insulin-PI3K-mTOR axis [24]. The mode of
action of let-7 in B-cells remains to be investigated.

Mir-375 was first cloned from an insulin-secreting cell line and was found to be
highly enriched in the endocrine pancreas [25]. In their pioneering work, Poy et al.
demonstrated that blockade of miR-375 expression in vitro results in enhanced glucose-
induced insulin secretion whereas the overexpression of this non-coding RNA reduces insulin
release in response to different secretagogues. This effect was at least in part attributed to
silencing of myotrophin, one of the direct targets of miR-375 [25]. In addition to its negative
effect on insulin exocytosis, overexpression of miR-375 was reported to inhibit insulin gene
expression in response to glucose by down-regulating PDK1 and thus inhibiting the
phosphoinositol-3-kinase (PI3K) pathway [26]. The expression of miR-375 was found to be
under the control of two transcription factors playing a pivotal role in islet cell differentiation,
namely NeuroD1 and Pdx1 [27]. Indeed, in vivo studies revealed that miR-375 is involved in
the development of the endocrine pancreas [28, 29]. Deletion of miR-375 in mice resulted in

a reduction in the B-cell mass and in an increase in the a-cell number, leading to disrupted



islet architecture [29]. In line with these observations, KO-miR375 mice exhibited
hyperglycemia and elevated plasma glucagon levels. In contrast, plasma insulin levels and
glucose-induced insulin secretion were unaffected. When these animals were crossed with
leptin deficient ob/ob mice, they developed severe diabetes due to the incapacity of p-cells to
expand and compensate for obesity-associated insulin resistance [29]. The a-cell number was
also increased in islets of KO-miR375-ob/ob compared to WT-ob/ob mice. Taken together,
these results point to a key role for miR-375 in regulating islet cell development and B-cell
mass expansion. A direct causative link between miR-375 dysregulation and diabetes
development remains however to be settled. In fact, an increase in the level of pre-miR-375
has been reported in GK rats [26] but this observation was not confirmed by an independent
study [30]. A small elevation of miR-375 was also reported in islets of ob/ob and DIO mice
[18, 29], but changes in miR-375 expression were neither detected in other studies by
microarray profiling of islets of ob/ob, db/db and DIO mice [31, 32] nor in islets of T2DM
human donors [21, 33]. Interestingly, increased levels of miR-375 were observed in the islets
of the offspring of rats fed a low-protein diet during pregnancy. The level of miR-375
remained elevated until the adulthood, suggesting that deregulation of this miRNA
contributes to defective endocrine pancreas activity and to the increased risk of developing

T2DM typically observed upon in utero malnutrition [34].

As explained above, miR-375 plays complex regulatory roles in pancreatic islets
being involved not only in the control of B-cell mass expansion and insulin secretion but
governing also the activity and proliferation of glucagon-secreting a-cells that have opposing
effects on blood glucose levels. All studies carried out so far searched for changes in the
expression of miR-375 in whole islets. However, changes in the balance between the levels of
miR-375 in a- and B-cells will probably have more relevant impacts on the metabolic control.
Detailed analysis of miR-375 expression in FACS-sorted a- and B-cells isolated from

diabetes animal models or from T2DM human donors will help addressing this issue.

In human and mouse, miR-7 is highly enriched in the developing endocrine pancreas
and in the islets of Langerhans in adults [35-37]. Down-regulation of miR-7 in mice embryos
using small oligonucleotides called morpholinos resulted in a decrease in B-cell number and
in reduced insulin production, leading to post-natal glucose intolerance [38]. Interestingly, the
expression of miR-7 is regulated by the endocrine-specific transcription factors NeuroD/beta2
and Ngn3 [37]. Three different pre-miR-7 precursors (miR-7al, miR-7a2 and miR-7b) are

co-expressed in mammalian pancreatic islets and generate two mature miR-7 isoforms (miR-



7a and miR-7b) sharing the same seed sequence. Of the three precursors, miR-7a2 is the most
abundant in mice islets [39]. In fact, deletion of pre-miR-7al decreased the level of mature
miR-7 by only 20% whereas deletion of pre-miR-7a2 reduced the expression by 80%. RIP-
Cre-miR-7a2 mice exhibited improved glucose tolerance mainly resulting from enhanced
insulin release. No differences in islet architecture and B-cell mass were observed in KO-
miR7 mice compared to wild type mice. Augmentation of insulin secretion in response to
secretagogues was also detected ex vivo in islets isolated from 5 and 35 weeks old KO-miR7
mice. In agreement with these findings, several genes involved in late stages of insulin
granule fusion, such as SNCA, were identified as direct targets of miR-7. In the same study,
deregulation of miR-7 expression in vivo did not impact on cell survival and pB-cell
proliferation [39]. However, another group reported that blockade of miR-7a in adult mouse
islet cells activates the mTOR pathway and promotes B-cell proliferation [40]. Thus, changes
in the level of miR-7 can modulate the activities of B-cells and deregulation of its expression
can potentially affect the adaptive capacity of B-cells, contributing to the development of
diabetes. The expression of miR-7 was reported to be decreased by about half in mice fed a
high fat diet, in ob/ob mice and in young db/db mice [21, 39] but to be increased in islets of
older diabetic db/db mice [39]. In obese and T2DM human donors, expression of miR-7 was
found down-regulated [21]. Other studies reported no significant differences in miR-7 levels
upon global miRNA profiling of islets isolated from these and other animal models or from
T2DM donors [18, 30-32]. The level of this miRNA seems to vary over the different stages of
the disease with an initial decrease in response to insulin resistance followed by an increase
during the decompensation phase. Thus, according to the time point selected, changes in

miR-7 level may possibly have escaped detection.

Interestingly, a novel class of non-coding RNAs, the circular RNAs, was recently
described [41]. One of them, ciRS-7 that is highly expressed in nervous tissues is suggested
to modulate the availability of miR-7 since its sequence contains more than 60 conserved
binding sites for this specific miRNA [42, 43]. Therefore, the expression of miR-7 seems to
be tightly regulated and measurement of ciRS-7 would be of interest in B-cells under

physiological and physiopathologial conditions.

Contribution of other miRNAs to compensatory B-cell mass expansion or to p-cell

failure



Beside let-7, miR-7 and miR-375, several other miRNAs have been investigated in
vitro or ex vivo in B-cells for their involvement in the regulation of insulin biosynthesis and
secretion, proliferation and apoptosis/survival. Here, we will focus exclusively on miRNAs
that display expression changes in diabetes animal models or in the islets of T2DM donors.
For a more exhaustive list of miRNAs potentially affecting the activities of B-cells we refer

the reader to other recent reviews in the field [6-9].

To identify miRNAs potentially contributing to compensatory B-cell mass expansion
or, on the contrary, to pB-cell dysfunction associated with the manifestation of T2DM, several
studies analyzed the miRNA expression profiles in well-characterized diabetes animal
models. The Goto-kakizaki (GK) rat is a model of non-obese, insulin resistant and
moderately hyperglycaemic animals that spontaneously develop T2DM early in life.
Pancreatic islets of GK rats exhibit defective insulin release in response to glucose [44].
Esguerra et al. performed a global miRNA profiling of islets of 8 weeks old GK rats and
identified 30 miRNAs differentially expressed compared to Wistar control rats [30]. The
changes of several upregulated (miR-124, -130a, -132, -142-3p, -142-5p -212, -335, -3764, -
409-3p and -433) or down-regulated (miR-708) miRNAs were then confirmed by gPCR. The
expression of four of these miRNAs (miR-130a, miR-132, miR-212 and miR-335) were
found to be regulated by hyperglycemia. Computational predictions revealed that the putative
target of the upregulated miRNAs are enriched for genes involved in the secretory process
and were suggested to contribute to the defective insulin secretion observed in GK rats [30].
However, the functional impact of the increase in the level of these miRNA was not

experimentally assessed in this study.

To understand the influence of the genetic background and obesity on miRNA
regulation, Zhao et al. quantified by microarray the expression of these non-coding RNAs in
pancreatic islets of diabetes-resistant B6 mice and diabetes-susceptible BTBR mice and
compared their expression profiles to their morbidly obese counterpart, the B6-ob/ob and the
BTBR-ob/ob mice, respectively [32]. Obesity affected miRNA expression profiles in both B6
and BTBR strains. Among the observed changes, miR-27b, miR-184, miR-203, miR-210,
miR-338-3p and miR-383 were found to be down-regulated in both B6-ob/ob and BTBR-
ob/ob mice compared to their respective lean controls, whereas miR-34a, miR-34b, miR-132,
miR-152, miR-199a and miR-212 were upregulated. Interestingly, some of the miRNA
changes were observed in only one strain, such as miR-204 and miR-7b that were modified in

response to obesity in BTBR but not in B6 mice. The magnitude of deregulation was also



different between the two strains. For example, miR-132 and miR-212 were increased more
than 14 times in B6 mice and only 3 times in BTBR mice. Therefore, the genetic background
seems to influence the changes in miRNA expression observed in response to obesity. A
better understanding of the roles of these miRNAs in the regulation of B-cell function and
survival may help understanding the causes underlying resistance (B6) and susceptibility
(BTBR) to diabetes.

Nesca et al. used two models of T2DM to assess whether miRNA deregulation can
contribute to p-cell adaptation to insulin resistance and to B-cell dysfunction associated with
the manifestation of the disease [31]. The global miRNA profile of pancreatic islets was
investigated in pre-diabetic and diabetic db/db mice and in diet-induced obesity (DIO) mice.
Compared to the respective controls, more than 60 miRNAs were found to be differentially
expressed in these two obesity-associated animal models of T2DM. As expected, most of the
changes detected in these two models were consistent with those reported in ob/ob mice [32].
Interestingly, miR-132 displayed a striking increase and miR-184, miR-203, miR-210 and
miR-338-3p a strong down-regulation already in young (6 weeks old) db/db mice that are
obese and insulin-resistant but still normoglycemic. The reduction of miR-184 and miR-210
was further decreased in older, overtly diabetic, db/db mice while the level of miR-132, miR-
203 and miR-338-3p remained approximately constant between pre-diabetic and diabetic
animals. The expression of many other miRNAs was only altered in diabetic db/db mice. For
example, miR-21, miR-34a, miR-146, miR-199a-3p and -5p and miR-802 were increased
whereas the level of miR-383 declined [31]. The increase of miR-802 in pancreatic islets as
well as in several other tissues of db/db mice including liver and white adipocytes was also
reported by Kornfeld et al. [45]. Db/db mice are severely obese and diabetic while DIO mice
are moderately overweight after being fed on high-fat diet for 8 weeks and are in a pre-
diabetic state (insulin resistant, hyperglycemic and hyperinsulinemic). However, global
mMiRNA profiling of pancreatic islets of these two models led to partially overlapping changes

in MiRNA expression.

The functional roles of several of these miRNAs were investigated in details by
mimicking the up- or the down-regulation observed in db/db mice and/or DIO mice in
dispersed rat and human islet cells [31]. The alteration of the level of miR-21, miR-34a, miR-
146a, miR-199a-3p, miR-203, miR-210 and miR-383 were found to increase the fraction of
cells undergoing apoptosis [31, 46]. Moreover, the overexpression of some of these miRNAs

was found to perturb insulin secretion. The changes in the level of these miRNAs occur only



in diabetic or glucose-intolerant animals suggesting that they contribute to B-cell dysfunction
associated with T2DM. So far the specific role of miR-802 in B-cells has not been
investigated. However, transgenic mice overexpressing miR-802 developed glucose
intolerance and insulin resistance, suggesting the involvement of this miRNA in the
regulation of glucose homeostasis in vivo [45]. The expression of miR-802 is particularly
elevated in hepatocytes where it regulates insulin sensitivity by targeting Hfnlb. This
transcription factor plays a role also in -cells and mutations in the Hfnlb gene can cause the
development of a rare form of Maturity Onset Diabetes of the Young (MODYJ5). Thus, an
increase in the expression of miR-802 may potentially contribute also to failure of B-cells

under insulin-resistant conditions.

Another group of miRNAs, including miR-204 and miR-200 family members, has
been shown to be induced by the Thioredoxin-interacting protein (TXNIP), a cellular redox
regulator that is up-regulated in diabetes and triggers -cell apoptosis [47, 48]. The induction
of miR-204 triggered by TXNIP was found to reduce MafA expression and to cause an
impairment in insulin biosynthesis [48]. In contrast, miR-200 overexpression promotes B-cell
apoptosis and inhibits epithelial-mesenchymal transition, a process thought to be involved in

compensatory [3-cell mass expansion [47].

In contrast to the miRNAs described above, miR-132, miR-184 and miR-338-3p have
their expression already modified during the compensatory phase and have a positive impact
of B-cell activities. Increase in the level of miR-132 favored cell survival under pro-apoptotic
conditions such as prolonged exposure to elevated concentrations of cytokines or free fatty
acids [31]. Moreover, overexpression of miR-132 amplified the amount of insulin secreted in
response to glucose without affecting insulin content and promoted B-cell proliferation in
dispersed rat islet cells. The beneficial effect of miR-132 on insulin release has been
suggested to be mediated by direct down-regulation of carnitine acyl-carnitine translocase

(CACT), a mitochondrial protein important for f-oxidation [49].

Down-regulation of miR-184 also increased (-cell proliferation [31]. The role of miR-
184 in the control of B-cell functions was investigated in vivo by Tattikota et al [18]. This
independent study confirmed the decrease in the expression of miR-184 in ob/ob, db/db and
DIO mice and demonstrated also a reduction of the level of this non-coding RNA in islets of
T2DM human donors. Interestingly, constitutive miR-184 deletion in mice resulted in a

reduction of blood glucose levels in fasted state combined with increased plasma insulin



concentrations. In response to a glucose challenge, KO-miR184 mice displayed improved
glucose tolerance and transiently elevated insulin release without any difference in insulin
sensitivity in target tissues. Moreover, analysis of pancreatic sections of these mice revealed
an increase in B-cell number and mass and an augmentation of the -cell proliferative rate. As
computationally predicted, Ago2 was confirmed to be a direct target of miR-184 and its
expression was inversely correlated with the level of the miRNA in islets of human donors.
To investigate the role of miR-184 and Ago2 in the compensatory phase preceding the
manifestation of T2DM, transgenic miR-184 were crossed with ob/ob mice, resulting in
sustained expression of miR-184 (as opposed to the diminution of miR-184 observed in WT
ob/ob mice) and a decrease in Ago2 expression without affecting the level of abundant islet
miRNAs such as miR-375. Transgenic miR-184 ob/ob mice exhibited more pronounced
hyperglycemia and reduced circulating insulin levels compared to WT ob/ob mice due to the
incapacity of these animals to compensate the insulin resistant state with an increase in the -
cell mass. Pancreatic insulin content was also blunted in these transgenic ob/ob animals. Of
note, a-cell mass was not affected by the overexpression of miR-184. These results suggest
that the reduction of miR-184 observed in pancreatic islets of pre-diabetic and diabetic rodent
models and of human T2DM donors is part of the mechanism enabling the B-cells to

compensate for the insulin-resistant state of target tissues.

Another miRNA displaying expression changes during the B-cell compensatory phase
of db/db mice and DIO mice is miR-338-3p. Interestingly, the level of this non-coding RNA
is decreased not only in these diabetes models but also during pregnancy, another condition
characterized by compensatory B-cell mass expansion [50]. Down-regulation of miR-338-3p
in dispersed rat islet cells favored B-cell proliferation without affecting insulin content and
secretion and protected both rat and human islet cells against cytokine- and fatty acid-induced
apoptosis [50]. The direct targets of miR-338-3p mediating this effect were not identified.
However, the beneficial effects of miR-338-3p down-regulation in B-cells correlated with a
reduction in the expression of pro-apoptotic Bad and an elevation of genes playing key roles
in B-cell survival and proliferation such as Bcl2, Birc5, Foxml, CyclinD1, Igfl and Irs2.
Looking at the signaling mechanisms regulating the expression of miR-338-3p revealed that
the level of this miRNA is controlled by hormones capable of activating the cAMP-
dependent pathway such as the incretin GLP-1 and, via its unconventional receptor GPR30,

estrogen. Indeed, the induction of p-cell proliferation by GLP1 was blunted by



overexpressing miR-338-3p, suggesting that the beneficial effect of GLP1 on B-cell mass is

achieved, at least in part, by reducing miR-338-3p.

MiRNA changes in islets of human T2DM donors

A limited number of studies have been carried out to detect deregulation in miRNA profiles
in human pancreatic islets of T2DM individuals. In non-diabetic donors, a positive
association was observed between miR-122, miR-127-3p, miR-184 and miR-375 expression
and the level of insulin mRNA, and a negative correlation was detected between miR-127-3p
and miR-184 and the amount of insulin released in response to glucose. However, these
associations were absent in glucose intolerant donors [51]. In the same study, miR-21 was
found to be significantly upregulated and miR-127-3p and miR-375 had a tendency to be
more elevated in islets of glucose intolerant donors [51]. In other independent studies,
expression of miR-375 was found to be increased in total pancreas [52] but not in isolated
pancreatic islets of T2DM donors [33]. Two other miRNAs, miR-187 and miR-124a, were
found to be upregulated in islets of individuals suffering from T2DM, whereas miR-7 and
miR-184 were down-regulated [18, 33, 39, 53]. Overexpression of both miR-187 and miR-
124a was linked in in vitro rodent models to a reduction in glucose-induced insulin secretion
by directly targeting HIPK3 or Rab27A, Mtpn and Foxa2, respectively [33, 53-55]. As
already mentioned above, the role of miR-7 and miR-184 were investigated in details in
rodent animal models [18, 39].

A recently published study led to the identification of several miRNAs differentially
expressed in islets from T2DM versus non-diabetic donors [21]. The expression of, miR-369,
miR-487a, miR-655 and miR-656 were diminished whereas miR-7, miR-187, miR-187%*,
miR-224 and miR-589 were augmented in T2DM donors. Interestingly many of the miRNAs
deregulated in T2DM donors belong to a cluster that is generated from the maternally
imprinted locus DLK1-MEG3. MEG3 and 8 miRNA members of this cluster displayed
reduced levels in islets of diabetic patients. Moreover, the miRNAs of DLK1-MEG3 cluster
had, on average, a 16-fold higher expression in human FACS-sorted B-cells compared to a-
cells. RNA level of MEG3 was also found to be highly enriched in B-cells. Interestingly, -
cell-specific expression of this miRNA cluster could be attributed to the methylation status of
the MEG3 promoter, which was impaired in islets from T2DM donors. Finally, IAPP and

TP53INP1 were identified as direct targets of this miRNA cluster and an elevation in the



expression of these genes was suggested to contribute to pB-cell death observed in T2DM.
Taken together, this elegant study suggest that epigenetic modifications resulting in the
reduction of the level of the DLK1-MEG3 miRNA cluster can lead to p-cell dysfunction and
can predispose the individual to the development of T2DM.

Studies in human islets are obviously highly relevant for the understanding of the
causes of T2DM and for identifying new strategies to cure this metabolic disease. As
discussed in detail elsewhere [56], human islet studies provide precious information that
cannot be obtained with animal models but are subjected to major limitations. In fact, human
islets can only be obtained from cadaveric donors, drastically limiting the amount of material
available for these experiments. Consequently, in most studies the cohorts are relatively
small, inevitably leading to results variability and difficulties in matching control and diabetic
donors for confounding factors such as body mass index (BMI), age, gender and ethnicity.
Moreover, the interpretation of human islet data can be influenced by the duration of the
disease, the medications used to control the glycaemia and possible differences in the o/ cell
ratio occurring in T2DM patients [57, 58]. Because of all these limitations, the use of animal
models is indispensable to precisely understand the molecular mechanisms underlying the
manifestation of the disease and will be required also in the future to complement the studies

carried out with human islets.

Conclusion and perspectives

miRNAs are now recognized as important regulators of B-cell survival, proliferation and
function. Hence, it was not surprising to find changes in their expression under conditions
associated with modifications in the functional B-cell mass. A closer look at the results
obtained by independent investigators, reveals that the miRNAs displaying expression
changes can be subdivided in two groups displaying opposing functional effects (Figure 2).
Under conditions of insulin resistance, the expression of several miRNAs including miR-7,
miR-132, miR-184 and miR-338-3p and possibly miR-375 is modified in order to promote
compensatory B-cell mass expansion and amplification of insulin secretion [18, 31, 49, 50].
On the other hand, deregulation of the DLK1-MEG3 miRNA cluster and of miR-34, miR-
124a, miR-146, miR-187, miR-199a-5p, miR-203, miR-210 and miR-383 have a detrimental
impact on B-cell survival and function and can predispose to the development of T2DM [21,

31, 33, 53]. An appropriate balance between the level of the miRNAs with a positive and a



negative impact on proliferation and survival of B-cells is essential to compensate for the rise
in the insulin needs under conditions of pregnancy and obesity and to maintain blood glucose
homeostasis. In fact, excessive expression of miRNAs with a deleterious impact on B-cell
proliferation will promote progression toward glucose intolerance and T2DM onset. On the
other side, unbalanced expression of miRNAs triggering compensatory -cell mass expansion
may also be inappropriate. In fact, many of these miRNAs are oncomiRs and are deregulated
in several forms of cancers [59]. Thus, in the absence of a counteracting effect, these
miRNAs can potentially trigger uncontrolled proliferation of insulin-secreting cells and favor
the development of insulinomas. A precise understanding of the functional interplay between
these two groups of miRNAs expressed in B-cells will be essential for the design of new

therapeutic approaches to prevent and treat different forms of diabetes.



Conflict of interest

The authors have declared no conflict of interest.

Acknowledgement

We apologize to all authors whose original work could not be cited in this review due to
space and reference limitations. Our work is supported by grants from fellowships from the
Société Francophone du Diabéte, the Fonds de la Recherche en Santé du Québec and the
Canadian Diabetes Association (CG) and from the Swiss National Science Foundation
(310030-146138), the Fondation Francophone pour la Recherche sur le Diabete and the
European Foundation for the Study of Diabetes (RR).



References

1. Prentki M, Nolan CJ. Islet beta cell failure in type 2 diabetes. J Clin Invest.
2006;116(7):1802-12.

2. Bartel DP. MicroRNAs: target recognition and regulatory functions. Cell.
2009;136(2):215-33.
3. miRBase. The microRNA database (online), www.miRbase.org. 2014.

4. Friedman RC, Farh KK, Burge CB, Bartel DP. Most mammalian mRNAs are
conserved targets of microRNAs. Genome Res. 2009;19(1):92-105.

5. Flynt AS, Lai EC. Biological principles of microRNA-mediated regulation: shared
themes amid diversity. Nat Rev Genet. 2008;9(11):831-42.

6. Dumortier O, Hinault C, Van Obberghen E. MicroRNAs and metabolism crosstalk in
energy homeostasis. Cell Metab. 2013;18(3):312-24.

7. Esguerra JL, Mollet IG, Salunkhe VA, Wendt A, Eliasson L. Regulation of Pancreatic
Beta Cell Stimulus-Secretion Coupling by microRNAs. Genes (Basel). 2014;5(4):1018-31.

8. Ozcan S. Minireview: MicroRNA Function in Pancreatic beta Cells. Mol Endocrinol.
2014:me20141306.

9. Guay C, Roggli E, Nesca V, Jacovetti C, Regazzi R. Diabetes mellitus, a microRNA-
related disease? Transl Res. 2011;157(4):253-64.

10.  Shantikumar S, Caporali A, Emanueli C. Role of microRNAs in diabetes and its
cardiovascular complications. Cardiovasc Res. 2012;93(4):583-93.

11.  Bernstein E, Kim SY, Carmell MA, Murchison EP, Alcorn H, Li MZ, et al. Dicer is
essential for mouse development. Nat Genet. 2003;35(3):215-7.

12.  Morita S, Hara A, Kojima I, Horii T, Kimura M, Kitamura T, et al. Dicer is required
for maintaining adult pancreas. PL0oS One. 2009;4(1):e4212.

13.  Lynn FC, Skewes-Cox P, Kosaka Y, McManus MT, Harfe BD, German MS.
MicroRNA expression is required for pancreatic islet cell genesis in the mouse. Diabetes.
2007;56(12):2938-45.

14.  Kanji MS, Martin MG, Bhushan A. Dicerl is required to repress neuronal fate during
endocrine cell maturation. Diabetes. 2013;62(5):1602-11.

15. Kalis M, Bolmeson C, Esguerra JL, Gupta S, Edlund A, Tormo-Badia N, et al. Beta-
cell specific deletion of dicerl leads to defective insulin secretion and diabetes mellitus. PLoS
One. 2011;6(12):e29166.

16.  Mandelbaum AD, Melkman-Zehavi T, Oren R, Kredo-Russo S, Nir T, Dor Y, et al.
Dysregulation of Dicerl in beta cells impairs islet architecture and glucose metabolism. Exp
Diabetes Res. 2012;2012:470302.

17.  Melkman-Zehavi T, Oren R, Kredo-Russo S, Shapira T, Mandelbaum AD, Rivkin N,
et al. miRNAs control insulin content in pancreatic beta-cells via downregulation of
transcriptional repressors. Embo J. 2011;30(5):835-45.

18.  Tattikota SG, Rathjen T, McAnulty SJ, Wessels HH, Akerman I, van de Bunt M, et al.
Argonaute2 mediates compensatory expansion of the pancreatic beta cell. Cell Metab.
2014;19(1):122-34.

19.  Reinhart BJ, Slack FJ, Basson M, Pasquinelli AE, Bettinger JC, Rougvie AE, et al.
The 21-nucleotide let-7 RNA regulates developmental timing in Caenorhabditis elegans.
Nature. 2000;403(6772):901-6.

20.  Su JL, Chen PS, Johansson G, Kuo ML. Function and regulation of let-7 family
microRNAs. Microrna. 2012;1(1):34-9.

21. Kameswaran V, Bramswig NC, McKenna LB, Penn M, Schug J, Hand NJ, et al.
Epigenetic regulation of the DLK1-MEG3 microRNA cluster in human type 2 diabetic islets.
Cell Metab. 2014;19(1):135-45.


http://www.mirbase.org/

22.  van de Bunt M, Gaulton KJ, Parts L, Moran I, Johnson PR, Lindgren CM, et al. The
miRNA profile of human pancreatic islets and beta-cells and relationship to type 2 diabetes
pathogenesis. PLoS One. 2013;8(1):e55272.

23.  Frost RJ, Olson EN. Control of glucose homeostasis and insulin sensitivity by the Let-
7 family of microRNAs. Proc Natl Acad Sci U S A. 2011;108(52):21075-80.

24.  Zhu H, Shyh-Chang N, Segre AV, Shinoda G, Shah SP, Einhorn WS, et al. The
Lin28/let-7 axis regulates glucose metabolism. Cell. 2011;147(1):81-94.

25.  Poy MN, Eliasson L, Krutzfeldt J, Kuwajima S, Ma X, Macdonald PE, et al. A
pancreatic islet-specific microRNA regulates insulin secretion. Nature. 2004;432(7014):226-
30.

26. El Ouaamari A, Baroukh N, Martens GA, Lebrun P, Pipeleers D, van Obberghen E.
miR-375 targets 3'-phosphoinositide-dependent protein kinase-1 and regulates glucose-
induced biological responses in pancreatic beta-cells. Diabetes. 2008;57(10):2708-17.

27.  Keller DM, McWeeney S, Arsenlis A, Drouin J, Wright CV, Wang H, et al.
Characterization of pancreatic transcription factor Pdx-1 binding sites using promoter
microarray and serial analysis of chromatin occupancy. J Biol Chem. 2007;282(44):32084-
92.

28.  Kloosterman WP, Lagendijk AK, Ketting RF, Moulton JD, Plasterk RH. Targeted
inhibition of miIRNA maturation with morpholinos reveals a role for miR-375 in pancreatic
islet development. PLoS Biol. 2007;5(8):e203.

29. Poy MN, Hausser J, Trajkovski M, Braun M, Collins S, Rorsman P, et al. miR-375
maintains normal pancreatic alpha- and beta-cell mass. Proc Natl Acad Sci U S A.
2009;106(14):5813-8.

30.  Esguerra JL, Bolmeson C, Cilio CM, Eliasson L. Differential Glucose-Regulation of
MicroRNAs in Pancreatic Islets of Non-Obese Type 2 Diabetes Model Goto-Kakizaki Rat.
PL0oS One. 2011;6(4):e18613.

31. Nesca V, Guay C, Jacovetti C, Menoud V, Peyot ML, Laybutt DR, et al. Identification
of particular groups of microRNAs that positively or negatively impact on beta cell function
in obese models of type 2 diabetes. Diabetologia. 2013;56(10):2203-12.

32.  Zhao E, Keller MP, Rabaglia ME, Oler AT, Stapleton DS, Schueler KL, et al. Obesity
and genetics regulate microRNAs in islets, liver, and adipose of diabetic mice. Mamm
Genome. 2009;20(8):476-85.

33.  Sebastiani G, Po A, Miele E, Ventriglia G, Ceccarelli E, Bugliani M, et al.
MicroRNA-124a is hyperexpressed in type 2 diabetic human pancreatic islets and negatively
regulates insulin secretion. Acta Diabetol. 2014.

34.  Dumortier O, Hinault C, Gautier N, Patouraux S, Casamento V, Van Obberghen E.
Maternal protein restriction leads to pancreatic failure in offspring: role of misexpressed
microRNA-375. Diabetes. 2014;63(10):3416-27.

35. Bravo-Egana V, Rosero S, Molano RD, Pileggi A, Ricordi C, Dominguez-Bendala J,
et al. Quantitative differential expression analysis reveals miR-7 as major islet microRNA.
Biochem Biophys Res Commun. 2008;366(4):922-6.

36.  Correa-Medina M, Bravo-Egana V, Rosero S, Ricordi C, Edlund H, Diez J, et al.
MicroRNA miR-7 is preferentially expressed in endocrine cells of the developing and adult
human pancreas. Gene Expr Patterns. 2009;9(4):193-9.

37.  Kredo-Russo S, Ness A, Mandelbaum AD, Walker MD, Hornstein E. Regulation of
pancreatic microRNA-7 expression. Exp Diabetes Res. 2012;2012:695214.

38. Nieto M, Hevia P, Garcia E, Klein D, Alvarez-Cubela S, Bravo-Egana V, et al.
Antisense miR-7 impairs insulin expression in developing pancreas and in cultured pancreatic
buds. Cell Transplant. 2012;21(8):1761-74.



39. Latreille M, Hausser J, Stutzer I, Zhang Q, Hastoy B, Gargani S, et al. MicroRNA-7a
regulates pancreatic beta cell function. J Clin Invest. 2014;124(6):2722-35.

40. Wang Y, Liu J, Liu C, Naji A, Stoffers DA. MicroRNA-7 regulates the mTOR
pathway and proliferation in adult pancreatic beta-cells. Diabetes. 2013;62(3):887-95.

41.  Salzman J, Gawad C, Wang PL, Lacayo N, Brown PO. Circular RNAs are the
predominant transcript isoform from hundreds of human genes in diverse cell types. PLoS
One. 2012;7(2):e30733.

42.  Hansen TB, Kjems J, Damgaard CK. Circular RNA and miR-7 in cancer. Cancer Res.
2013;73(18):5609-12.

43. Memczak S, Jens M, Elefsinioti A, Torti F, Krueger J, Rybak A, et al. Circular RNAs
are a large class of animal RNAs with regulatory potency. Nature. 2013;495(7441):333-8.

44,  Ostenson CG, Khan A, Abdel-Halim SM, Guenifi A, Suzuki K, Goto Y, et al.
Abnormal insulin secretion and glucose metabolism in pancreatic islets from the
spontaneously diabetic GK rat. Diabetologia. 1993;36(1):3-8.

45. Kornfeld JW, Baitzel C, Konner AC, Nicholls HT, Vogt MC, Herrmanns K, et al.
Obesity-induced overexpression of miR-802 impairs glucose metabolism through silencing of
Hnflb. Nature. 2013;494(7435):111-5.

46.  Lovis P, Roggli E, Laybutt DR, Gattesco S, Yang JY, Widmann C, et al. Alterations
in microRNA expression contribute to fatty acid-induced pancreatic beta-cell dysfunction.
Diabetes. 2008;57(10):2728-36.

47.  Filios SR, Xu G, Chen J, Hong K, Jing G, Shalev A. MicroRNA-200 Is Induced by
Thioredoxin-interacting Protein and Regulates Zebl Protein Signaling and Beta Cell
Apoptosis. J Biol Chem. 2014;289(52):36275-83.

48.  Xu G, Chen J, Jing G, Shalev A. Thioredoxin-interacting protein regulates insulin
transcription through microRNA-204. Nat Med. 2013;19(9):1141-6.

49.  Soni MS, Rabaglia ME, Bhatnagar S, Shang J, llkayeva O, Mynatt R, et al.
Downregulation of Carnitine acyl-carnitine translocase by miRNAs 132 and 212 amplifies
glucose-stimulated insulin secretion. Diabetes. 2014;63(11):3805-14.

50.  Jacovetti C, Abderrahmani A, Parnaud G, Jonas JC, Peyot ML, Cornu M, et al.
MicroRNAs contribute to compensatory beta cell expansion during pregnancy and obesity. J
Clin Invest. 2012;122(10):3541-51.

51.  Bolmeson C, Esguerra JL, Salehi A, Speidel D, Eliasson L, Cilio CM. Differences in
islet-enriched miRNAs in healthy and glucose intolerant human subjects. Biochem Biophys
Res Commun. 2011;404(1):16-22.

52.  Zhao H, Guan J, Lee HM, Sui Y, He L, Siu JJ, et al. Up-regulated pancreatic tissue
microRNA-375 associates with human type 2 diabetes through beta-cell deficit and islet
amyloid deposition. Pancreas. 2010;39(6):843-6.

53.  Locke JM, da Silva Xavier G, Dawe HR, Rutter GA, Harries LW. Increased
expression of miR-187 in human islets from individuals with type 2 diabetes is associated
with reduced glucose-stimulated insulin secretion. Diabetologia. 2014;57(1):122-8.

54. Baroukh N, Ravier MA, Loder MK, Hill EV, Bounacer A, Scharfmann R, et al.
MicroRNA-124a regulates Foxa2 expression and intracellular signaling in pancreatic beta-
cell lines. J Biol Chem. 2007;282(27):19575-88.

55.  Lovis P, Gattesco S, Regazzi R. Regulation of the expression of components of the
exocytotic machinery of insulin-secreting cells by microRNAs. Biol Chem. 2008;389(3):305-
12.

56. Guay C, Regazzi R. Role of islet microRNAs in diabetes: which model for which
question? Diabetologia. 2015;58(3):456-63.

57.  Henquin JC, Rahier J. Pancreatic alpha cell mass in European subjects with type 2
diabetes. Diabetologia. 2011;54(7):1720-5.



58. Meier JJ, Breuer TG, Bonadonna RC, Tannapfel A, Uhl W, Schmidt WE, et al.
Pancreatic diabetes manifests when beta cell area declines by approximately 65% in humans.
Diabetologia. 2012;55(5):1346-54.

59. Wang D, Gu J, Wang T, Ding Z. OncomiRDB: a database for the experimentally
verified oncogenic and tumor-suppressive microRNAs. Bioinformatics. 2014;30(15):2237-8.



Figure legends

Figure 1: The canonical miRNA biogenesis pathway. 1- miRNAs are transcribed by the
RNA polymerase Il as primary molecules (pri-miRNAS) containing characteristic stem-loop
structures. 2- Pri-miRNAs are recognized by the microprocessor complex composed of
DGCRS8/Pasha proteins and cleaved by the RNase Ill-type enzyme Drosha to produce
hairpin-structured precursors of 70 nucleotides (pre-miRNASs). 3- Thereafter, miRNAs
precursors are transported to the cytoplasm by Exportin-5 and 4- further cleaved by the
endoribonuclease Dicer to generate an imperfect miRNA/miRNA* duplex of around 22
nucleotides. 5- Mature miRNA strands in association with members of the Argonaute family
are incorporated into the RNA-induced silencing complex (RISC). 6- Finally, the RISC
complex guided by the mature miRNA binds to miRNA recognition element within the
3’untranslated region (3’UTR) of the target MRNA, leading to translational inhibition and/or

transcript degradation.

Figure 2: Deregulation of particular miRNAs during the development of T2DM. In
healthy non-diabetic state, pancreatic beta-cells secrete insulin in response to the organism
demand. However, in genetically susceptible individuals that face environmental factors like
overnutrition, inactivity and ageing, beta-cells need to compensate to overcome the insulin
resistant state of the target tissues. Augmentation of miR-132 and reduction of miR-7, miR-
184 and miR-338-3p levels have been suggested to be part of mechanisms leading to increase
beta-cell mass and function. Appropriate amount of miR-375 is also required for proper
adaptation of beta-cells to insulin resistant state. T2DM develops when beta-cells are unable
anymore to face the organism need in insulin. Downregulation of the miRNA cluster DLK1-
MEG3 and miR-203, miR-210, miR-383 as well as upregulation of miR-34a, miR-124a,
miR-146, miR-187 and miR-199a favor beta-cell dysfunction and death associated with onset

of diabetes.
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