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Noncoding RNA and especially microRNAs (miRs) have
emerged as important regulators of key processes in
cell biology, including development, differentiation, and
survival. Currently, over 2,500 mature miRs have been
reported in humans, and considering that each miR has
multiple targets, the number of genes and pathways
potentially affected is huge. Not surprisingly, many miRs
have also been implicated in diabetes, and more re-
cently, some have been discovered to play important
roles in the pancreatic islet, including b-cell function,
proliferation, and survival. The goal of this Perspective
is to offer an overview of this rapidly evolving field and
the miRs involved, reveal novel networks of b-cell miR
signaling, and provide an outlook of the opportunities
and challenges ahead.

The perceived role of noncoding RNA has greatly changed
over the past two decades. What was once thought to be
largely “junk” is now understood to play an important reg-
ulatory role within the cell. Among the types of noncoding
RNAs, microRNAs (miRs) have been shown to regulate key
processes of cell biology, including differentiation and sur-
vival (1,2). These short nucleotide sequences (21–23 nt) are
located either intergenically or within a host gene (3,4) and
are transcribed under the control of RNA polymerase II (5),
although transcription via RNA polymerase III has also been
observed (6). Primary miR transcripts are processed into
precursor miR by Drosha (7,8) and into mature miR by
Dicer (9), and the mature miR strand combines with Argo-
naute proteins (Ago) into a RNA-induced silencing complex
(RISC) (10) that binds to target sequences generally located
in the 39 untranslated region (UTR) of mRNAs (11). This
target sequence is complementary (though often imper-
fectly so) to the mature miR, and specificity is primarily
conferred by the first seven or eight nucleotides, known
as the “seed” sequence (12). Upon binding to its gene target,
the miR/RISC complex causes translational repression

and/or degradation of the targeted mRNA sequence, as
previously reviewed in detail (13), resulting in the down-
regulation of the protein encoded by the gene target.
There also have been a few isolated reports of noncanon-
ical effects, including miRs interacting with the coding
sequence or the 59UTR of target genes and thereby lead-
ing to translational repression (14–16). Surprisingly, in
muscle cells, miR-1 has recently been shown to enter
the mitochondria and to increase rather than to repress
translation of mitochondrial DNA–encoded proteins (17).
This effect was still dependent on Ago2 and on specific
base-pairing of the miR with the target gene mRNA. In
contrast, the same miR decreased the translation of target
genes in the cytoplasm (17). It was therefore hypothe-
sized that miRs may stimulate translation if Ago2 is pres-
ent but its functional partner GW182 is excluded and if
the target mRNA lacks a poly-A tail and 59 cap, all of
which is the case in mitochondria. While such mitochon-
drial effects have yet to be shown in pancreatic b-cells,
they would be expected to have a major impact, especially
considering the unique susceptibility of b-cells to alter-
ation in bioenergetics and oxidative stress (18). Interest-
ingly, miR-184, a miR highly expressed in human b-cells,
has been suggested to be involved in noncanonical path-
ways and has been shown to directly target Ago2 (19).

According to version 21 of the online database for
miRs (www.mirbase.org), there are 2,588 mature miRs
found in Homo sapiens (20). The fact that each miR has
multiple targets dramatically increases the number of
potential genes targeted and pathways affected. It is
therefore not surprising that many miRs have also been
implicated in diabetes and its complications, as previously
reviewed (21,22). However, the miR field is rapidly evolv-
ing and an increasing number of miRs have recently been
shown to play important roles specifically in the pancre-
atic islet. By combining this knowledge and putting the
data into context, this Perspective helps to provide an
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updated overview and reveal novel miR signaling net-
works with the potential impact on the life and death
of islet b-cells.

IDENTIFYING MiRs EXPRESSED IN ISLET b-CELLS

MiR profiling experiments have been performed to de-
termine the expression of miRs in various tissues, and these
studies have yielded an atlas for mammalian miR expres-
sion (23) and profiles from different species and various
tissues, which are available online (smiRNAdb; http://
www.mirz.unibas.ch/cloningprofiles) (24). These data have
also been used to estimate relative abundance and tissue
specificity of miRs in human islets and MIN6 mouse insu-
linoma cells (25). Furthermore, recent studies have used
MIN6 cells (26), mouse islets (19), primary intact human
islets (27), and human b-cells (27) sorted by flow cytometry
for in-depth RNA sequencing, providing some indication of
miR expression levels in pancreatic islets and b-cells. In
addition, others have compared the enrichment of miR
species in flow-sorted human islet a- and b-cell fractions
using a quantitative PCR-based miR array platform (28).
The expression levels and enrichment of the miRs reported
to play a role in islet b-cell biology and discussed in this
review are provided in Table 1. The most highly expressed
miR was miR-375, and not surprisingly, miR-375 represents
the best studied miR in b-cell biology and has been found to
be involved in inhibition of insulin secretion (29) and com-
pensatory b-cell proliferation (30). The top b-cell–enriched
miR (.100-fold higher expression in b-cells as opposed to
a-cells) was miR-204, and miR-204 has recently been
shown to play an important role in the control of insulin
production (31). These findings support the notion of
expression level and/or enrichment being important;
however, considering the fact that miRs are very potent
regulatory molecules, it is not surprising that miRs with
lower expression levels and/or no specific b-cell enrich-
ment are capable of affecting b-cell biology (e.g., miR-34a)
(32). Finally, some miRs may be expressed at very
low levels or even be undetectable in human islets under
normal, physiological conditions but might be upregu-
lated under pathological circumstances, which would
then affect b-cell function (e.g., miR-199a) (33). In the
following paragraphs, only miRs that have been demon-
strated to control key processes of islet b-cell biology,
such as insulin production and secretion, proliferation
or differentiation, and apoptosis or survival, are briefly
discussed. Their b-cell effects are summarized in Table 2
and the overlap of their functions is shown in Fig. 1.

MiRs AND INSULIN SECRETION AND
PRODUCTION

The most prominent function of b-cells is the production
and secretion of insulin, and miRs play a variety of dif-
ferent yet important roles in this process (Table 2).

Insulin Secretion: Preventing Excess
Several miRs (e.g., miR-7, -9, -29, -30, -33, -96, -124, -145,
and -375) have been shown to target components of the

secretory machinery and thereby to control insulin secre-
tion (29,34–40). They constitute the largest group of miRs
with an established role in b-cell biology (Fig. 1). Given the
importance of a well-orchestrated and fine-tuned insulin
response, it is not surprising that this process is controlled
at an additional level by these miRs. However, it is striking
that all of the miRs have an overall inhibitory effect on
insulin exocytosis, suggesting that the ultimate goal is to
prevent any excessive insulin secretion and any potentially
life-threatening hypoglycemia.

The first miR studied functionally in pancreatic b-cells
and shown to regulate insulin secretion was miR-375 (29).
MiR-375 is highly and specifically expressed in human
pancreatic islets (a- and b-cells) (27,41) and in MIN6
mouse insulinoma cells (29) (Table 1) and is easily detect-
able in INS-1 cells (42). However, it is also emerging as
a miR frequently downregulated in various cancers (43).
Overexpression of miR-375 decreases glucose-stimulated
insulin secretion (GSIS) in MIN6 cells (29) by targeting
myotrophin/V-1 (Mtpn), a protein involved in vesicular
transport (44), and this results in decreased insulin exo-
cytosis independent of intracellular calcium signaling
(29). In addition, miR-375 has been linked to de-
creased insulin gene expression through the targeting
of 39phosphoinositide-dependent protein kinase 1 (PDK1)
in INS-1E cells (45). b-Cell expression of miR-375 has been
reported to be regulated by pancreatic duodenal homeobox
1 (PDX1) and neurogenic differentiation transcription
factor (NeuroD1), both crucial transcription factors for
b-cell development and necessary for b-cell function
and insulin transcription. PDX1 and NeuroD1 were
shown to bind to the miR-375 locus in NIT1 mouse insu-
linoma cells, as well as MIN6 cells (46). In addition, it has
been demonstrated in INS-1 832/13 cells and in isolated
rat islets that cyclic adenosine monophosphate (cAMP)
negatively regulates miR-375 transcription by decreasing
the binding of RNA polymerase II to the miR-375 pro-
moter (42). Analysis of the miR-375 promoter further
identified important cis-acting elements for the control
of miR-375 expression (41,47).

MiR-7 also regulates insulin secretion via targeting of
the mRNA of key vesicle fusion and SNARE proteins and
proteins involved in vesicular trafficking, membrane
targeting, and cytoskeletal rearrangement. b-Cell–specific
deletion of miR-7a-2 in mice increases insulin secretion
and significantly improves glucose tolerance (40). The
precursors of miR-7 are encoded by three different geno-
mic loci (7-1, 7-2, and 7-3 in humans and 7a-1, 7a-2, and
7b in mice) and the latter two have been shown to be
induced by NeuroD1 in MIN6 cells (48). MiR-7 is also
increased in mouse models of diabetes and negatively
regulates GSIS (40). Consistent with the increase in
mouse models of diabetes and the detrimental effects
on GSIS, miR-7 was also found to be increased in cadav-
eric human islets of diabetic donors as compared with
those of obese nondiabetic donors (40), confirming the
role of this miR in human islet pathophysiology.
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MiR-124a is increased in the islets of humans with
type 2 diabetes (39) and targets multiple proteins related
to insulin secretion by both direct and indirect regulation.
Overexpression of miR-124a in MIN6 cells increases basal
insulin release but causes a decrease in GSIS by directly
targeting the GTPase Rab27a (37,39), which is involved in
the fusion of secretory vesicles with the plasma mem-
brane (49). Additional targets include SNARE proteins
(37), Sirtuin 1 (Sirt1), NeuroD1, and the transcription
factor forkhead box A2 (FoxA2) (39). It is via FoxA2 that
miR-124a regulates PDX1 as well as the ATP-sensitive po-
tassium channel subunits Kir6.2 and Sur-1 (50). Studies of
the upstream regulation of miR-124a in b-cells have
reported that its expression can be increased by glucose
as shown by a miR microarray in MIN6 insulinoma cells

(51). In contrast, incubation with high glucose was found
to decrease miR-124 expression in primary rat islets (52).
Consistent with this latter finding, proapoptotic and glucose-
induced thioredoxin-interacting protein (TXNIP) inhibited
b-cell miR-124a expression in both rat INS-1 cells and
mouse islets (53).

b-Cell function has also been shown to improve in db/db
mice in response to miR-30a-5p suppression, and knock-
down of miR-30a-5p reversed glucotoxicity-associated
b-cell dysfunction, including insulin gene expression and
GSIS, in primary rat islets (38). MiR-30a-5p was further
found to be upregulated in response to glucotoxicity and to
directly target NeuroD1. Another family member, miR-30d,
was found to be increased by high glucose in the aforemen-
tioned MIN6 miR microarray along with miR-124a (51).

Table 1—Expression and b-cell enrichment of miRs discussed

miRs Human b-cells Human islets Mouse islets Mouse MIN6 cells b-Cell enrichment

miR-375 5,804,575 2,046,518 636,788 369,695 2

miR-7 670,521 259,457 842,839 423 3

let-7a 668,000 343,033 227,187 4,481 5

miR-148a 389,911 176,002 742,453 15,457 56

miR-26a 389,655 132,411 46,550 25,539 3

miR-182 327,398 152,455 33,286 38,695 10

miR-184 151,568 58,167 56,873 143

miR-30d 111,933 149,301 61,834 12,796 3

miR-200c 60,837 72,125 153,868 1,297 3

miR-21 60,031 284,834 27,077 1,514 5

miR-24 34,032 69,287 58,673 390 6

miR-204 32,817 8,346 890 11 108

miR-200b 22,134 14,969 27,367 2,236 2

miR-30a-5p 21,116 117,912 174,538 9,278 4

miR-16 18,254 10,389 3,215 5,186 3

miR-29a 15,815 13,379 39,338 1,375 3

miR-15a 2,914 1,982 684 89 16

miR-19b 2,081 1,321 56

miR-152 1,656 1,659 44,121 211

miR-29b 1,212 1,500 1,984 3

miR-342 1,017 586 300 449

miR-9 687 2,028 275

miR-96 514 499 500 312 23

miR-15b 442 330 133 149

miR-195 213 516 244 2

miR-34a 190 503 62

miR-199a-3p 168 4

miR-145 49 804 206 2

miR-124a 41 120 17

miR-33a 92 34

miR-338-3p 193 72

MiRs are listed in order of their expression level in human b-cells as assessed by RNA sequencing. Numbers represent read counts in
sorted human b-cells (27), intact human islets (27), C57BL/6J mouse islets (19), and MIN6 cells (26). Enrichment in human b-cells
in comparison with a-cells was assessed by a quantitative PCR-based miR array; numbers represent fold enrichment (28).
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Table 2—b-Cell–relevant miRs and their genomic location and function and references

Mature miR Precursor miR coding regions (human) Function in the b-cell References

let-7 mir-let-7a-1: chr9: 94175957-94176036 Targets IRS2 and regulates b-cell insulin
signaling.

72
mir-let-7a-2: chr11: 122146522-122146593
mir-let-7a-3: chr22: 46112749-46112822

miR-7 mir-7-1: chr9: 83969748-83969857 Inhibits insulin secretion by targeting
SNARE and vesicle-related proteins.
Possibly affects b-cell proliferation by
targeting parts of the mTOR pathway
and differentiation by targeting the
transcription factor Pax6.

40, 48, 70, 77,
78, 83–86mir-7-2: chr15: 88611825-88611934

mir-7-3: chr19: 4770670-4770779

miR-9 mir-9-1: chr1: 156420341-156420429 Inhibits insulin secretion by targeting the
deacetylase Sirt1 and the transcription
factor Onecut2.

35, 60
mir-9-2: chr5: 88666853-88666939
mir-9-3: chr15: 89368017-89368106

miR-15 mir-15a: chr13: 50049119-50049201 MiR-15a increases insulin biosynthesis,
possibly by targeting UCP2. May also
increase apoptosis by targeting Bcl-2.
May alter differentiation and
development by targeting Ngn3.

64, 74, 103

mir-15b: chr3: 160404588-160404685 MiR-15b targets Ngn3, overexpression
during development reduces total
number of endocrine cells.

74

miR-16 mir-16-1: chr13: 50048973-50049061 Targets Ngn3, overexpression reduces
total number of endocrine cells.

74
mir-16-2: chr3: 160404745-160404825

miR-19 mir-19b-1: chr13: 91351192-91351278 May be important in development and
insulin synthesis as it targets NeuroD1
and decreases insulin mRNA.

67
mir-19b-2: chrX: 134169671-134169766

miR-21 mir-21: chr17: 59841266-59841337 Sensitizes b-cells to cytokine-induced
apoptosis.

32, 101

miR-24 mir-24-1: chr9: 95086021-95086088 Increased in db/db mice. Knockdown
results in decreased insulin mRNA via
de-repression of transcriptional
repressors. Overexpression decreases
insulin secretion and proliferation.
Targets menin, Hnf1a, and NeuroD1.

65, 66, 71
mir-24-2: chr19: 13836287-13836359

miR-26 mir-26a-1: chr3: 37969404-37969480 Knockdown decreases insulin mRNA via
upregulation of repressors. May play
a role in development by targeting TET
enzymes, which are oxidizers of DNA.

65, 73
mir-26a-2: chr12: 57824609-57824692

miR-29 mir-29a: chr7: 130876747-130876810 Inhibits GSIS by targeting SNARE protein
syntaxin-1, Onecut2, and Mct1.
Overexpression also causes b-cell
apoptosis via downregulation of Mcl1.

25, 26, 36,
57, 58mir-29b-1: chr7: 130877459-130877539

mir-29b-2: chr1: 207802443-207802523

miR-30 mir-30a: chr6: 71403551-71403621 MiR-30a-5p plays a key role in
glucotoxicity and targets NeuroD1.

38

mir-30d: chr8: 134804876-134804945 MiR-30d increases insulin expression by
increasing the transcription factor
MafA. Protects from TNF-a–induced
toxicity by downregulating MAP4K4.

51, 54

miR-33 mir-33a: chr22: 41900944-41901012 Targets ABCA1 transporter protein to
control cholesterol efflux from cells
and consequently decreases insulin
secretion from b-cells.

34, 63

miR-34 mir-34a: chr1: 9151668-9151777 Expressed during differentiation of
b-cells. Can cause b-cell apoptosis,
possibly by targeting Bcl-2.

32, 78, 96, 99,
101, 105

miR-96 mir-96: chr7: 129774692-129774769 Decreases insulin secretion by
increasing granuphilin and decreasing
the GTPase effector Noc2.

37

Continued on p. 3635
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MiR-30d overexpression has been described to increase
insulin gene expression in MIN6 cells and mouse islets,
supposedly via an increase in the insulin transcription
factor MafA (51,54), but the direct miR-30d target medi-
ating this effect remains unknown. On the other hand,
miR-30d has been shown to directly downregulate the
tumor necrosis factor a (TNF-a)–activated protein kinase,
mitogen-activated 4 protein kinase 4 (MAP4K4), and
thereby protecting MIN6 b-cells from the detrimental
effects of cytokine TNF-a exposure (54).

MiR-96 has been studied together with miR-124a and
has been shown to inhibit insulin exocytosis and secretion
in MIN6 cells by increasing granuphilin (37). Granuphilin

decreases insulin exocytosis (55) by stabilizing a fusion-
incompetent form of syntaxin-1a, thus increasing docking
yet inhibiting fusion of insulin granules (55) and conse-
quently decreasing secretion (37). Furthermore, miR-96
decreases the GTPase effector Noc2 (37), which also affects
the b-cell capacity to respond to secretory stimuli (56).

The miR-29 family (miR-29a/b/c) has been shown by
multiple reports to regulate b-cell insulin secretion and to
directly target syntaxin-1, a t-SNARE protein involved in
insulin exocytosis (36). MiR-29 increases in response to
glucose in INS-1E b-cells and human and rat islets (57),
and the corresponding decrease in syntaxin-1 has a nega-
tive effect on GSIS. Overexpression of miR-29 in MIN6

Table 2—Continued

Mature miR Precursor miR coding regions (human) Function in the b-cell References

miR-124 mir-124a-1: chr8: 9903388-9903472 Decreases insulin secretion by targeting
GTPase Rab27a and indirectly
affecting SNARE proteins. Highly
expressed late in development.
Targets FoxA2, which is involved in
b-cell differentiation.

37, 50, 51, 53
mir-124a-2: chr8: 64379149-64379257
mir-124a-3: chr20: 63178500-63178586

miR-145 mir-145: chr5: 149430646-149430733 Decreases GSIS by targeting ABCA1. 34

miR-148 mir-148a: chr7: 25949919-25949986 Targets ABCA1. Knockdown decreases
insulin mRNA via upregulation of
transcriptional repressors.

34, 65

miR-152 mir-152: chr17: 48037161-48037247 Increased in offspring of mothers fed
a low-protein diet, negatively affecting
insulin secretion.

33

miR-182 mir-182: chr7: 129770383-129770492 Knockdown decreases insulin mRNA via
upregulation of transcriptional
repressors.

65

miR-184 mir-184: chr15: 79209788-79209871 Negatively regulates b-cell proliferation
by targeting Ago2.

19, 95, 96

miR-195 mir-195: chr17: 7017615-7017701 Increased in regenerating mouse
pancreas and decreases Ngn3.

74, 95

miR-199 mir-199a-1: chr19: 10817426-10817496 Mediates negative effects of low-protein
maternal diet on insulin secretion by
targeting mTOR signaling.

33, 96
mir-199a-2: chr1: 172144535-172144644

miR-200 mir-200b: chr1: 1167104-1167198 MiR-200b increases b-cell apoptosis by
targeting Zeb1.

100

mir-200c: chr12: 6963699-6963766 MiR-200c increases b-cell apoptosis by
targeting Dnajc3, Jazf1, Xiap, and
Rps6kb1.

106

miR-204 mir-204: chr9: 70809975-70810084 Decreases insulin transcription by
targeting MafA.

31

miR-338 mir-338: chr17: 81125883-81125949 MiR-338-3p is reduced in states of b-cell
expansion such as pregnancy and is
antiproliferative and proapoptotic.

97

miR-342 mir-342: chr14: 100109655-100109753 Mediates negative effects of low-protein
maternal diet on insulin secretion by
targeting mTOR signaling.

33

miR-375 mir-375: chr2: 219001645-219001708 Decreases GSIS by targeting Mtpn,
decreases insulin gene expression by
targeting PDK1, and increases
compensatory b-cell proliferation.

26, 27, 29, 30,
38, 41, 42, 45,
46, 77, 78, 86,

95

MiRs with established effects on b-cell biology are listed in numerical order.
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cells and in dissociated mouse islets results in a similar de-
crease in GSIS and occurs along with a decrease in the tran-
scription factor Onecut2, one of the predicted targets of
miR-29 that negatively regulates the expression of granuphi-
lin (58). MiR-29a and miR-29b have also been associated
with the downregulation of monocarboxylate transporter
(Mct1) (25). As the ATP/ADP ratio is crucial to insulin se-
cretion, targeting of Mct1, which allows circulating pyruvate
to enter the b-cell, may play a role in the effect of miR-29 on
glucose sensing and, subsequently, insulin secretion.

Like miR-29, miR-9 also decreases the expression of
Onecut2, consequently increasing granuphilin and de-
creasing insulin exocytosis in INS-1 cells (35). In addi-
tion, miR-9 has been demonstrated to target Sirt1, an
NAD-dependent deacetylase known to affect insulin se-
cretion (59) and suspected also to be involved in the
control of GSIS by miR-9 (60).

Given that they are located in introns of the sterol
regulatory element–binding proteins (SREBP-1/2), miR-
33a/b are typically studied in the context of insulin signal-
ing in extrapancreatic tissues (61). However, miR-33a is
also relevant to b-cell function as it has been shown to
target ATP-binding cassette (ABC) transporters, such as
ABCA1 (34). ABCA1 promotes the efflux of cholesterol
and increased miR-33a results in b-cell cholesterol accumu-
lation, mediating a subsequent decrease in insulin secretion
in both mouse and human islets (62,63).

Another miR that decreases GSIS through ABCA1
targeting is miR-145. Investigators discovered miR-145 as
a potent ABCA1 regulator by searching for miRs that may
regulate ABCA1 by using a combination of eight different
miR target prediction software programs (34). Inhibition of
miR-145 in mouse islets resulted in an increase in ABCA1

protein levels and an improvement in GSIS. MiR-145 also
regulated total islet cholesterol and was found to be de-
creased in response to glucose in vitro (34).

Insulin Production: Keeping It Steady
Obviously, b-cell function requires proper control not
only of insulin secretion but also of insulin production,
and both processes are impaired in diabetes. Recently,
a few miRs have been discovered to modulate insulin pro-
duction by inhibiting insulin transcription (e.g., miR-204
[31]) or enhancing insulin biosynthesis (e.g., miR-15, -24,
-26, -148, and -182 [64,65]) and to mediate the epigenetic
downregulation of insulin production in the context of
maternal malnutrition (e.g., miR-199 and -342 [33]).

MiR-204 is the most highly enriched miR in islet b-cells
(Table 1) and was first linked to diabetes based on its marked
upregulation in a miR microarray study in which the prodia-
betic protein TXNIP was overexpressed in INS-1 b-cells (31).
Islet miR-204 expression is indeed increased in multiple di-
abetes models, and by directly targeting and downregulating
the insulin transcription factor MafA, miR-204 causes
a decrease in insulin production in INS-1 cells and human
islets. MiR-204 is encoded within an intron of the tran-
sient receptor potential melastatin 3 (TRPM3) gene and
therefore also shares the promoter with TRPM3. Given
this information, the transcription factor mediating the
TXNIP-induced increase in miR-204 was discovered. Sig-
nal transducer and activator of transcription 3 (STAT3)
acts as a repressor of the TRPM3/miR-204 promoter, and
TXNIP was found to decrease STAT3 phosphorylation and
activity (31), making this signaling pathway one of the
few with at least one known trans-acting factor capable of
controlling miR expression.

Figure 1—Key b-cell processes and the miRs involved. MiRs are grouped based on their currently known primary function(s); those with
multiple functions in the b-cell are listed in the cross sections of the Venn diagram.
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In contrast, by targeting transcriptional repressors of
insulin, miR-24, miR-26, miR-148, and miR-182 have been
demonstrated to promote b-cell insulin content (65). After
finding that a global decrease of miRs by a tamoxifen-
inducible RIP-Cre Dicer knockout led to a diabetic pheno-
type and decreased insulin levels, the role of some miRs
found to be highly expressed in b-cells was investigated
further (65). Among them, knockdown of miR-24, miR-26,
miR-148, and miR-182 resulted in decreased insulin
mRNA levels in primary islets (65). This effect was found
to be at least partially mediated by a de-repression of two
transcriptional repressors of insulin, Sry-related HMG box 6
(Sox6) and basic helix-loop-helix family, member E22
(Bhlhe22). On the other hand, miR-24 also targets Neu-
roD1 and hepatic nuclear factor 1 homeobox A (Hnf1a),
genes related to maturity-onset diabetes of the young,
and inhibits insulin secretion and b-cell proliferation (66).
Furthermore, miR-24 expression has been shown to be in-
creased in db/db and high-fat diet–fed mice and in islets
exposed to oxidative stress (66).

MiR-15a overexpression has also been shown to increase
insulin biosynthesis in mouse islets, possibly by targeting
uncoupling protein 2 (UCP2), which, in turn, alters the ATP/
ADP ratio (64). Interestingly, high glucose increases miR-15a
levels in the short-term, whereas exposure to high glucose
downregulates miR-15a in the long-term (64), consistent
with the notion of chronic glucotoxicity.

Although it had no significant effect on total insulin
levels, miR-19b overexpression has been shown to inhibit
insulin mRNA expression in MIN6 cells. MiR-19 also
targets the 39UTR of NeuroD1 and has been found to be
increased in pancreatic progenitor cells (67).

During pregnancy, a low-protein diet for the mother can
cause harmful effects to the developing fetus, including an
increased susceptibility to type 2 diabetes (68). Offspring of
mice fed a low-protein diet were found to have insulin
secretory defects due to impaired insulin biosynthesis, re-
duced b-cell insulin content, decreased mammalian target of
rapamycin (mTOR), and increased expression of miR-152,
miR-199a-3p, miR-342, and miR-7 (33). Also, overexpres-
sion of miR-152 led to a decrease in GSIS. Furthermore,
inhibition of miR-342 and miR-199a-3p restored insulin
content and secretion back to normal (33). Interestingly,
miR-375 expression also has been reported to be increased
in offspring of low-protein diet–fed mothers, and normali-
zation of miR-375 levels restored b-cell insulin secretion in
rat models (69). Together, this suggests that multiple miRs
might be affected by and involved in this epigenetic phe-
nomenon caused by a maternal low-protein diet.

MiRs AND b-CELL PROLIFERATION AND
DIFFERENTIATION

Proliferation and Differentiation: Maintaining the
Balance
A considerable number of miRs have been associated with
pancreatic b-cell development by affecting proliferation or
differentiation (e.g., miR-375 [30], miR-7 [70], miR-124a

[50], miR-24 [71], let-7a [72], miR-26a [73], miR-184
[19], miR-195, miR-15, and miR-16 [74]) (Table 2). Not
surprisingly, many of them have also been associated with
mature b-cell function (Fig. 1). On the other hand, b-cell
de-differentiation has recently emerged as an important
contributing factor to the loss of functional b-cell mass
(75), and it is therefore conceivable that the downregula-
tion of miRs that promote b-cell differentiation may be
involved in this process. Indeed, de-differentiation of
b-cell–derived cells for in vitro expansion has been found
to be associated with a decrease in miR-375 expression (76).
In addition, miR-7a transgenic mice have been reported to
have diabetes and impaired insulin secretion and show signs
of b-cell de-differentiation (40). On the other hand, an ini-
tial study to identify miRs highly expressed during develop-
ment revealed miR-375 and miR-7 to be increased during
differentiation of human islets (77). Investigation of miRs
involved in human embryonic stem cell differentiation into
insulin-producing cells further confirmed the relevance of
miR-375 and miR-7 and implicated a number of others
(e.g., miR-146 and -34a) in this process (78).

Interestingly, miR-375 knockout mice develop hypergly-
cemia despite increased b-cell insulin exocytosis (30). Al-
though the hyperglycemia is primarily due to an increase
in glucagon levels (consistent with the relative high expres-
sion level of miR-375 in a-cells), pancreatic b-cell mass was
found to be severely decreased in miR-375–deficient mice.
In addition, miR-375 levels were increased in islets of leptin-
deficient ob/ob mice, which typically have a compensatory
increase in islet mass. On the other hand, double mutant
mice deficient in both leptin and miR-375 showed a more
than 70% reduction in b-cell mass compared with ob/ob
control mice, and further analysis determined that
miR-375 targets a number of growth-inhibiting genes
and thereby may enhance compensatory b-cell prolifera-
tion (30). In vitro experiments overexpressing miR-375
have also shown that miR-375 can induce mesenchymal
stem cells from human placenta to become insulin-producing
cells (79) and help differentiate induced pluripotent stem
cells into insulin-producing islet-like cell clusters (80).

In addition to its role in insulin secretion, miR-7 has
also been implicated in the control of b-cell proliferation.
Interestingly, miR-7 targets five unique mRNAs involved
in the signaling pathway of mTOR (70), a serine/threonine
protein kinase known to be involved in b-cell proliferation
(81). Inhibition of miR-7 in primary adult pancreatic islets
leads to the activation of mTOR signaling and b-cell pro-
liferation, suggesting that miR-7 acts as an inhibitor of
b-cell proliferation (70). However, no alteration in b-cell
mass was observed in b-cell–specific miR-7a-2 knockout
mice (40). MiR-7 loss- and gain-of-function experiments
in b-cells have also revealed a regulation of the transcrip-
tion factor paired box 6 (Pax6). Pax6 is crucial for the
development of endocrine cells and proper glucose homeo-
stasis (82). When knocked down in cultured pancreatic
rudiments of mouse embryos, an explant model of pancre-
atic development, the lack of miR-7 increased the number
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of insulin-positive cells, while the overexpression of miR-7
caused a decrease in Pax6 and insulin content (83). In
contrast, whole-body knockdown of miR-7 using intrauter-
ine morpholino injections during early embryonic develop-
ment has been shown to decrease total b-cell number and
insulin expression and to impair glucose tolerance postna-
tally (84). This suggests that the role of miR-7 expression
may be dependent on the developmental stage and the cell
distribution of its expression. MiR-7 has been reported to
be a highly abundant miR in endocrine cells (85,86), and its
expression increases throughout the progression of devel-
opment and differentiation of human islets (77) as well as
in the developing mouse pancreas (84). This is in alignment
with its high expression level observed in sorted human
b-cells (Table 1). Together, these findings implicate miR-7
as an important miR for maintaining fully differentiated
b-cells, while limiting their potential for proliferation.

MiR-124a expression is upregulated later in mouse
embryonic pancreatic development (e.g., embryonic day
18.5), indicating a possible role in differentiation (50). As
previously mentioned, miR-124a has been demonstrated
to target the transcription factor FoxA2 in MIN6 cells,
which, in addition to affecting insulin secretion, is also
known to play a role in differentiation via PDX1 (87).

Although miR-24 was mentioned above in regard to its
role in regulating insulin content, this miR has also been
demonstrated to target menin, a ubiquitously expressed
nuclear protein involved in cell cycle (88) and tumor sup-
pression (89) and the gene mutated in multiple endocrine
neoplasia 1 (MEN1). Menin has also been shown to be in-
volved in the control of pancreatic islet expansion (90) and
pancreatic tumorigenesis, as demonstrated by menin knock-
out mice, which develop islet hyperplasia and tumors (91).
In MIN6 and betalox5 cells, targeting of menin by miR-24
led to cellular proliferation and increased cell viability (71),
suggesting that miR-24 may play a role in b-cell growth.

Interestingly, menin has also been shown to affect arsenite-
resistant protein 2 (ARS2), which is part of the nuclear RNA
cap-binding complex. This complex is important for the
production of certain miRs, including the highly expressed
miR let-7a. Menin promotes the processing of let-7a from
primary miRs to precursor miRs (72), and let-7a targets
insulin receptor substrate 2 (IRS2), which is crucial for
compensatory b-cell proliferation (92). It is therefore hy-
pothesized that the negative effect of menin on b-cell mass
is mediated by an increase in let-7a and a subsequent de-
crease in IRS2 (72).

Pancreatic cell proliferation, endocrine differentiation,
and islet cell number have been found to be significantly
increased in miR-26a transgenic mice (73), and miR-26a
has been shown to target ten-eleven translocation (TET)
and thymine-DNA glycosylase (TDG) enzymes (73). TET
enzymes are oxidizers of DNA, whereas TDG plays a role
in base excision (93). Both of these miR-26a targets have
been implicated in development (94).

MiR-184 targets Ago2, one of the primary components
of RISC (19). Loss of miR-184 and increases in Ago2

result in increased b-cell proliferation in mice. Interest-
ingly, miR-184 has been found in abundance in normal
human islets but not in islets from glucose-intolerant
donors (95), and its expression was found to be silenced
in islets of humans with type 2 diabetes (96) and ob/ob
mice. When miR-184 was restored in ob/ob mice, compen-
satory b-cell expansion was prevented (19). Together,
these data from several independent studies implicate
miR-184 as a negative regulator of b-cell proliferation
and explain its decrease in diabetic models as an attempt
at compensation in response to increased metabolic de-
mand. They thereby support the role of this miR in the
control of compensatory b-cell mass expansion.

MiR-338-3p is also thought to play a major role in the
control of compensatory b-cell expansion associated with
pregnancy and obesity and was found to be significantly
downregulated in islets of rats at 14 days of gestation
(97). Knockdown of miR-338-3p in INS-1 cells or rat islets
increased b-cell proliferation. MiR-338-3p knockdown
also protected against cytokine- or palmitate-induced ap-
optosis, whereas overexpression of miR-338-3p led to in-
creased apoptosis in dispersed rat islets. Interestingly, the
G protein–coupled receptor GPR30 activation by 17b-
estradiol seemed to negatively regulate b-cell miR-338-3p
expression (97), which may explain the observed in vivo
downregulation of this miR during pregnancy.

During pancreas development, Neurogenin3 (Ngn3)
pushes precursor cells toward an endocrine fate (98), and
miR-15a/b, miR-16, and miR-195 were reported to be
higher in the regenerating pancreas of partially pancrea-
tectomized mice and to target Ngn3 (74). Inhibition of
each of these miRs in regenerating mouse pancreatic
tissue resulted in an increase in Ngn3, as well as in its
downstream factors, Nkx2.2 and NeuroD1. Conversely,
overexpression of these miRs in developing mouse pan-
creatic bud explants led to a reduction in the total number
of endocrine cells (74), suggesting that these miRs may
play an important role in the control of islet cell develop-
ment and differentiation.

MiRs AND b-CELL APOPTOSIS AND SURVIVAL

Apoptosis and Survival: Walking a Fine Line
b-Cell apoptosis is a critical factor in the pathogenesis and
progression of diabetes, and a number of miRs have been
shown to be involved, including miR-34a (32), miR-146
(99), miR-21 (32), miR-29 (58), and, most recently,
miR-200 (100) (Figs. 1 and 2 and Table 2). It is also
important to note that a subset of miRs has been dem-
onstrated to be upregulated by proinflammatory cyto-
kines (101). Cytokines are known to damage b-cell
function and contribute to b-cell apoptosis, but the exact
mechanisms are still not fully understood. Interestingly,
exposure of MIN6 cells or human islets to interleukin-1b
(IL-1b) and TNF-a was found to cause an increase in
miR-21, miR-34a, and miR-146a expression. These miRs
are also increased during prediabetic insulitis in the
NOD mouse model of type 1 diabetes and knockdown
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of miR-34a andmiR-146a protectedMIN6 cells from cytokine-
induced cell death (101), raising the possibility that these
miRs might be involved in b-cell cytokine toxicity.

Because of its regulation by the tumor suppressor p53
and its targeting of genes involved in development, differ-
entiation, cell cycle, and apoptosis, miR-34a has been studied
heavily in the context of cancer (102,103). In fact, a miR-34
mimic is currently in clinical trials for cancer (16,104). Recent
reports, however, have also found a connection between this
miR and b-cell apoptosis. MiR-34a was increased in islets of
diabetic db/db mice, and inhibition of miR-34a partially
protected palmitate-treated cells from apoptosis (99). The
knockdown of miR-34a in INS-1 cells also resulted in an
increase in the number of b-cells and reduced apoptosis in
the absence and presence of cytokines (32). It appears that
the mechanism by which miR-34a affects b-cell apoptosis
is by targeting the antiapoptotic molecule B-cell lymphoma
2 (Bcl-2). Overexpression of miR-34a in MIN6 cells reduced
Bcl-2 levels, whereas inhibition of miR-34a abolished the
palmitate-induced decrease in Bcl-2 (105). Combined, these
multiple independent b-cell studies and extensive cancer
literature make a strong case for miR-34a playing a role in
the regulation of b-cell death.

MiR-21 has also been positively associated with b-cell
apoptosis, and overexpression resulted in decreased num-
bers of INS-1 b-cells in culture and an increase in their
sensitivity to cytokine-induced apoptosis (32). Further-
more, miR-21 was increased alongside miR-34a and
miR-146 in response to IL-1b and TNF-a in MIN6 cells

and human pancreatic islets (101). Interestingly, miR-21,
miR-34a, and miR-146 have also been found to be upre-
gulated in the islets of prediabetic NOD mice (58). How-
ever, unlike miR-34a and miR-146, the knockdown of
miR-21 did not protect MIN6 cells from cytokine-induced
apoptosis (101).

Mentioned previously based on its ability to regulate
insulin secretion, miR-29 is also increased in NOD mice
with prediabetes and is upregulated in response to
cytokines (58). Overexpression of miR-29 led to increased
apoptosis in dispersed human islets and in MIN6 cells,
and miR-29 was found to confer these effects by targeting
the antiapoptotic protein and Bcl-2 family member, mye-
loid cell leukemia 1 (Mcl1) (58).

Most recently, two independent articles reported the
involvement of miR-200 in diabetic b-cell apoptosis
(100,106). A schematic summarizing the combined find-
ings is shown in Fig. 2. Initially, members of the miR-200
family (miR-200a/b/c/141/429) were discovered to be in-
creased in islets of diabetic ob/ob mice and in response to
overexpression of the glucose-induced proapoptotic pro-
tein, TXNIP (31,100). While TXNIP has previously been
shown to be highly upregulated in diabetes (107), it is not
clear at this point whether these increased TXNIP levels are
necessary to confer the miR-200 increase in response to
diabetes. In any case, miR-200b was then shown to induce
apoptosis in b-cells, as demonstrated by overexpression in
INS-1 cells as well as human islets (100). MiR-200b was also
found to target and decrease the expression of zinc finger
E-box binding homeobox 1 (Zeb1) and knockdown of Zeb1
recapitulated the effect of miR-200b on b-cell apoptosis,
indicating that targeting Zeb1 may be the mechanism con-
ferring the apoptotic effect of miR-200b. Furthermore, the
fact that Zeb1 is a crucial modulator of E-cadherin and
epithelial-mesenchymal transition (EMT) (108) raised the
possibility that miR-200b may also have an impact on
b-cell differentiation and development (100).

Consistent with these initial findings, members of the
miR-200 family that share the AAUACUG seed sequence
(i.e., miR-200b, -200c, and -429) have also been demon-
strated to play a crucial role in b-cell apoptosis in vivo
(106). These miRs were shown to be increased in the islets
of diabetic db/db mice, and overexpression of the most
abundant member of the miR-200 family, miR-200c, was
found to cause apoptosis in mouse islets and MIN6 cells.
Importantly, the lack of miR-200 protected mice from
streptozotocin-induced diabetes and from diabetes in
the Akita mouse model. The study also revealed multiple
miR-200c targets, the downregulation of which contrib-
uted to the b-cell apoptosis associated with the miR-200c
overexpression phenotype, including DnaJ homolog, sub-
family C, member 3 (Dnajc3); JAZF zinc finger 1 gene
(Jazf1); ribosomal protein S6 kinase, 70kDa, polypeptide
1 gene (Rps6kb1); and X-linked inhibitor of apoptosis, E3
ubiquitin protein ligase (Xiap). In addition, Belgardt et al.
(106) found that miR-200c upregulated the activity of the
tumor suppressor Trp53, further promoting apoptosis.

Figure 2—MiR-200 signaling and b-cell apoptosis. MiR-200 is
upregulated in diabetes and in response to glucose/diabetes-
induced TXNIP. It directly targets the 39UTR of the antiapoptotic
factors Dnajc3, Jazf1, Rps6kb1, and Xiap and the antiapoptotic
and EMT-related factor Zeb1. In addition, it indirectly leads to an
increase in proapoptotic Bax and tumor suppressor Trp53. To-
gether, this results in increased b-cell apoptosis and further wors-
ening of the diabetes. By inhibiting EMT, miR-200 may also alter the
state of b-cell differentiation, which, in turn, may affect diabetes
development by limiting b-cell expansion. Numbers in parentheses
refer to corresponding references.
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Interestingly, although the upregulation of miR-200 in
diabetes and the resulting increase in b-cell apoptosis
has been confirmed by both studies in various models,
a number of different downstream targets and pathways
have been implemented. However, this diversity is very
much in line with the notions that each miR regulates
multiple targets, each miR family member targets a dis-
tinct set of genes, and often a combination of different
pathways is necessary to elicit the full biological effect.

REVEALING A MiR-NeuroD1 SIGNALING
NETWORK

The transcription factor NeuroD1 plays a critical role in
b-cell development and function (109). It was striking
to recognize that a variety of different miRs regulate
NeuroD1 directly or indirectly, whereas others are being
regulated by NeuroD1, giving rise to an intricate signaling
network (Fig. 3). MiR-19b (67), miR-24 (66), miR-30a-5p
(38), and miR-124a (39) have been shown to directly tar-
get the 39UTR of NeuroD1 and thereby downregulate its
expression. In addition, NeuroD1 expression is under the
control of Ngn3, and miR-15a/b, miR-16, and miR-195
have been reported to target Ngn3 and thereby indirectly
regulate NeuroD1 (74). In turn, NeuroD1 has been shown
to bind to the promoter region of miR-375 (46) and to
activate the promoters of miR-7a-2 and miR-7b (48), rais-
ing the possibility that it might regulate the expression of
these miRs. While the physiological effects of some of the
miRs suggested to regulate NeuroD1 will still have to be
confirmed and the effects of NeuroD1 on miR-375 and
miR-7 expression remain to be determined, this emerging
miR-transcription factor network represents an example
of how different miRs can converge onto one important
pathway to provide tight regulation and an additional
level of control.

EMERGING CONCEPTS AND REMAINING
CHALLENGES

MiRs and Their Many Gene Targets
To date, a multitude of miRs have been linked to islet
b-cell biology (Table 1 and 2). They add an additional level
of control but also an enormous amount of complexity to
the regulation of b-cell function, development, and sur-
vival that often still remains underappreciated. MiRs are
very potent regulatory molecules, and even small changes
in their expression can have major effects that are further
multiplied by the fact that each miR typically has many
gene targets. Consistent with this notion, several miRs
were found to have multiple functions in the b-cell (Fig. 1).
The number of targets from one miR locus may further
increase due to slight variations in the miR sequence,
resulting in multiple isoforms (known as isomiRs) (110).
These variants typically involve a shift in the seed se-
quence of the miR due to processing or posttranscrip-
tional editing. Moreover, a number of noncanonical
pathways have recently been described for miR function,
including targeting complementary sequences outside of

the 39UTR, localizing to organelles rather than the cyto-
plasm and leading to translational activation rather than
repression of mitochondrial genes (16,17). At this point,
it is not clear whether these examples are isolated cases or
if they just represent the tip of the iceberg of an even
more complex miR regulatory network. In any case, the
potential role of such noncanonical pathways in the pan-
creatic b-cell still remains to be elucidated.

Among miRs and isomiRs highly expressed in b-cells,
miR-29 and let-7 were identified as the top two predicted
regulatory hubs in type 2 diabetes (26). This means that
these miRs scored highly on a bioinformatics analysis that
determined the number of conserved predicted targets for
each miR among genes in the human type 2 diabetes net-
work. These predicted targets included genes identified in
type 2 diabetes genome-wide association studies, such as
Camk1d, Glis3, Jazf1, and Slc16a1. Furthermore, isomiRs
of miR-375 were found to be likely hubs for type 2 diabetes
(26). Taking these findings into consideration, it is tempting
to speculate that miRs might play a significant role in the
genetics/epigenetics of diabetes, and it will be important for
future studies to keep this aspect in mind. In fact, a recent
study demonstrated that the expression of a cluster of miRs
in an imprinted locus was downregulated in islets of organ
donors with type 2 diabetes as compared with control sub-
jects without diabetes (111). While some of these cluster
miRs were predicted to target genes playing important roles
in b-cell biology (e.g., IAPP), the (patho)physiological role of
these miRs still remains to be proven experimentally.

MiR Expression and Upstream Regulation
Over the past 10 years since the initial discovery of miR-
375 regulating b-cell insulin secretion, a lot of advances

Figure 3—MiR-NeuroD1 signaling network. MiR-19b, miR-24, miR-
30a-5p, and miR-124a target the 39UTR of NeuroD1 and thereby
downregulate its expression. NeuroD1 is also under the transcrip-
tional control of Ngn3, and miR-15a/b, miR-16, and miR-195 target
the 39UTR of Ngn3 and thereby indirectly regulate NeuroD1. In turn,
NeuroD1, like PDX1, has been shown to bind to the miR-375 pro-
moter as well as to activate the miR-7 promoter. Together, the cross
talk of these miRs and transcription factors provides a multilevel
control of NeuroD1 signaling, b-cell development, differentiation,
and insulin production. Numbers in parentheses refer to correspond-
ing references.
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have been made in regard to miRs and their role in islet
b-cell function. However, some major challenges still re-
main. For one, classic transient loss- or gain-of-function
experiments are often not able to reveal changes in miR
expression and downstream function, and more chronic
alterations, such as the creation of stable cell lines and
complicated knockout or transgenic mouse models, are
necessary. In addition, while the tools and programs to
predict putative miR targets have improved dramatically,
clearly facilitating the analysis of any downstream effects,
identification of the specific upstream factors regulating
the expression of any given miR has remained notoriously
difficult. In addition, epigenetics such as DNA methylation
may play an important role in the regulation of some miRs
(111), consistent with their more chronic control pattern
and the often observed lack of an acute response. To date,
the responsible transcription factors conferring some of
the observed changes in miR expression are only known
for very few b-cell miRs, e.g., miR-375 (PDX1, NeuroD1),
miR-7 (NeuroD1) (46,48), and miR-204 (STAT3) (31).
It obviously will be important to identify the cis- and
trans-acting factors responsible for the regulation of miR
expression in order to recognize novel patterns and fully
characterize the physiological role of b-cell miRs.

MiR Cross Talk With Transcription Factors and Other
Noncoding RNAs
Aside from the well-accepted concept of one miR targeting
many different pathways, the example of the miR-NeuroD1
signaling network revealed that there might also be
convergence of different miRs onto one pathway (Fig. 3). It
also suggested that cross talk exists between miRs and key
transcription factors. While miRs act primarily as post-
transcriptional regulators of gene expression, their ability
to directly target different transcription factors (e.g.,
NeuroD1 [38,39,66,67], MafA [31], FoxA2 [50]) also allows
them to indirectly control gene transcription. On the
other hand, the function of miRs has been suggested to
be modulated by competitive endogenous RNAs acting as
sponges. These RNAs have been reported to be circular
RNAs (112), large noncoding RNAs (lncRNAs) (113), or
RNAs encoding pseudogenes (114). However, more recent
work has put this theory of RNAs acting as miR sponges
in question by demonstrating that the abundance of miR
targets does not significantly alter the miR effects on gene
expression, at least in the context of normal cell biology
(115).

In contrast, lncRNAs are gaining more and more
recognition as a biologically important class of noncoding
RNAs that is highly regulated and capable of controlling
gene expression. Recent studies have demonstrated a high
degree of tissue specificity for lncRNAs, revealing more
than 1,100 lncRNAs specific to islet cells (116). LncRNAs
are thought to be involved in b-cell differentiation, and
a subset was found to be dysregulated in the islets of
humans with type 2 diabetes. Some islet lncRNAs have
also been mapped to genomic loci associated with type 2

diabetes. As an example of their regulatory function,
knockdown of HI-LNC25 in cultured human b-cells causes
a decrease in the mRNA expression of GLIS3, a gene that
codes for an islet Kruppel-like zinc finger protein tran-
scription factor and is mutated in a form of monogenic
diabetes (116). On the basis of the findings in NOD islets
and MIN6 cells treated with proinflammatory cytokines,
lncRNAs have also recently been suggested to be differ-
entially regulated during the development of type 1 di-
abetes. Moreover, their overexpression has been shown to
make b-cells more susceptible to apoptosis (117). The
implications of lncRNAs for islet function and develop-
ment and in the context of imprinted genomic loci have
recently been reviewed (118,119). However, it is obvious
that this is just the beginning and a lot more work will be
necessary to elucidate the role of lncRNAs in b-cell bi-
ology and the pathophysiology of diabetes.

SUMMARY

MiRs are small but very powerful regulators of b-cell bi-
ology. Their effects are not limited to a certain pathway or
any particular set of functions, and their target genes in-
clude a variety of different proteins involved in all aspects
of cell biology. However, a common theme that seems to
emerge is that all genes targeted play important roles in
b-cell development, function, and/or survival and therefore
may have been deemed “worthy” of this extra level of
control. They also seem to share the distinctive feature
of being part of processes that leave very little room for
error and therefore require additional checks and balances.
In fact, it has been suggested that miRs help canalize gen-
eral genetic programs of development and thereby buffer
any random deviations to ensure stable phenotypes (120).
They are also thought to contribute to gene regulatory
networks that promote robustness and stability of physio-
logical processes such as glucose homeostasis (121). Thus,
continuing to peel off the different layers of these regula-
tory networks not only will provide insight into the various
roles of noncoding RNAs but also should help yield a better
understanding of b-cell biology and of the molecular pro-
cesses driving the development of diabetes.
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