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Abstract
Diabetes is one of the most common chronic diseases in the world. Multiple and complex factors
including various genetic and physiological changes can lead to Type 1 and Type 2 diabetes.
However, the major mechanisms underlying the pathogenesis of diabetes remain obscure. With the
recent discovery of MicroRNAs (miRNAs), these small ribonucleotides have been implicated as new
players in the pathogenesis of diabetes and diabetes-associated complications. MiRNAs have been
shown to regulate insulin production, insulin secretion, and insulin action. This review summarizes
the recent progress in the cutting-edge research of miRNAs involved diabetes and diabetes related
complications.
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Introduction
Diabetes is a serious chronic disease worldwide and is caused by defects in insulin production,
insulin secretion, and insulin signaling [1,2]. There are two types of diabetes: Type 1 diabetes
(T1D) is due to self-destruction of the insulin producing beta cells in the pancreas, and Type
2 diabetes (T2D) is caused by defects in insulin action and insulin production [1]. In both types
of diabetes, the patients develop serious secondary complications associated with diabetes,
such as microvascular complications [3,4], oxidative stress and endothelial dysfunction (ED)
[5], neonatal complications [6], foot complications related to peripheral neuropathy (PN) and
peripheral vascular disease (PVD) [7], cardiovascular disease and kidney failure [8].

The recent breakthrough discovery of a family of endogenous small RNAs termed microRNAs
(miRNAs) [9,10] has shed light on their roles in control of glucose homeostasis [11,12].
MiRNAs are a novel class of non-coding RNAs that are widely expressed in plants and animals
to regulate gene expression post-transcriptionally by cleavage or translational repression of
their specific target mRNAs [13]. The expression of miRNAs is often tissue-specific or
developmental-specific, and thus miRNAs play an important role in repression of gene
expression at specific stages in various biological processes.
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Recent data suggest that miRNAs play a direct role in insulin secretion [14], pancreatic islet
development [15], beta cell differentiation [16], and indirectly control glucose and lipid
metabolism [17] and are involved in secondary complications associated with diabetes [18,
19]. It is therefore not surprising that a conditional knockout of Dicer 1, the sole Dicer enzyme
responsible for the biogenesis of miRNAs in humans and mice, led to gross defects in all
pancreatic lineages in mice [20]. In this mini-review, we will discuss the potential roles of
miRNAs in insulin production and secretion from pancreatic beta cells, their role in insulin
signaling in insulin sensitive tissues such as muscle, fat and liver, and provide insights into
their function in diabetic complications. The miRNAs of interest and their specific roles in
glucose homeostasis are summarized in Table 1 and will be discussed in more detail in this
review.

MiRNAs and Production and Secretion of Insulin from Pancreatic Beta Cells
The implication that miRNAs can regulate insulin secretion came with the cloning of miR-375,
which is one of the abundant miRNAs in pancreatic islets and beta cells [14]. MiR-375 has
been shown to regulate glucose-stimulated insulin secretion in a negative manner, since
overexpression of miR-375 inhibits insulin secretion. Consistent with this, inhibition of
endogenous miR-375 function using antagomiRs enhances insulin secretion [14]. One of the
target genes of miR-375 was identified as Myotrophin (Mtpn), which has been shown to control
the release of the neurotransmitter catecholamine. Similar to overexpression of miR-375,
knockdown of Mtpn by siRNA also results in decreased insulin secretion [14]. Furthermore,
it has been shown that miR-375 can directly bind to the 3’UTR of Mtpn and overexpression
of miR-375 causes down regulation of Mtpn, suggesting the idea that Mtpn is a direct target
of miR-375 [14].

Myotrophin (Mtpn) has been shown to interact with the actin-capping protein CapZ, which
inhibits the assembly of F-actin. It is possible that myotrophin leads to changes in the actin
network and thereby affects granule docking and fusion [11,21]. Interestingly, miR-375-
regulated insulin secretion appears to be calcium-independent, since miR-375 does not cause
changes in intracellular calcium levels [14]. Mice with homozygous deletion of miR-375
appear to have hyperglycemia due to decreased total pancreatic beta cell mass and insulin levels
[17]. This suggests that in addition to regulating insulin secretion, miR-375 may also play an
important role in pancreatic beta-cell development.

It has been recently suggested that the effects of miR-375 on Mtpn expression and insulin
secretion may be via the transcription factor nuclear factor-kappaB (NF-kappaB) [11].
Activation of NF-kappaB is associated with improved glucose-stimulated insulin secretion
[22], while inactivation of NF-kappaB results in decreased insulin secretion from beta cells
[11]. Myotrophin has been shown to function as a transcriptional activator of NF-kappaB in
cardiomyocytes, suggesting the idea that regulation of myotrophin levels by miR-375 may lead
to changes in NF-kappaB activity [23]. Furthermore, it has been suggested that in addition to
Mtpn, miR-375 may also play a role in regulating the expression of the ubiquitin specific
protease 1 (Usp1), Janus Kinase 2 (Jak2), a non-receptor tyrosine kinase involved in cytokine
signaling, and adiponectin receptor 2 (Adipor2) [11,24]. Considering the prediction that each
miRNA can regulate more than 200 different transcripts, it is not surprising that miRNA-375
has several other targets besides Mtpn.

In addition to miR-375, several other miRNAs, including miR-124a and let-7b have been
predicted to bind to the 3’ UTR of Mtpn using a computational prediction approach called
PicTar [24]. MiR-375 followed by miR-124 and let-7b are the most abundant miRNAs in the
mouse insulinoma cell line MIN6 [25]. While let-7b appears to be in general ubiquitously
expressed in most mouse tissues [26], miR-375 and miR-124a seem to have a more tissue- or
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cell-specific expression. Consistent with the idea that the same target can be regulated by
multiple miRNAs, miR-375, miR-124 and let-7b appear to regulate Mtpn expression in a
coordinated manner [24].

MiR-124a, which was originally found to be highly expressed in brain and neurons, is also
abundant in the pancreatic beta cells [25,27,28]. In a recent study, the levels of miR-124a have
been shown to be low at E14.5 in the developing pancreas and significantly increased at
gestational age E18.5 [16]. This indicates that miR-124a may be important in regulation of
pancreatic beta cell development. One of the established target genes for miR-124a is FoxA2
(forkhead box protein A2, also known as HNF3 beta), a transcription factor important for beta-
cell differentiation, pancreatic development, glucose metabolism and insulin secretion [16,
29–32]. Overexpression and silencing of miR-124a in MIN6 beta cells causes changes in
FoxA2 levels and of its downstream target genes Pdx-1 (pancreatic and duodenal homeobox
1), Kir6.2 (inwardly-rectifying potassium channel), and Sur-1 (sulfonylurea receptor) [16].
FoxA2 plays an important role in endocrine pancreas development and has been shown to
regulate the expression of the beta-cell specific transcription factor Pdx-1 and the two subunits
of the KATP channel, Kir6.2 and Sur1. Overexpression or downregulation of miR-124a had
not affect insulin secretion, although it caused changes in intracellular free calcium levels
[16].

However, a recent study suggests that overexpression of miR-124a in the pancreatic beta cell
line MIN6 increases insulin secretion under basal conditions, but decreases insulin secretion
mediated by high concentrations of glucose [33]. The effect of miR-124a on insulin secretion
seems to be mediated via increased levels of SNAP25, Rab3A and Synapsin-1A and decreased
levels of Rab27A and Noc2 [33]. Only Rab27A appears to be a direct target for miR-124a and
the effect of miR-124a on the expression of the other genes involved in insulin secretion seems
to be indirect via changes in their mRNA levels [33].

It is tempting to speculate that a common set of miRNAs may play a positive or negative role
in control of glucose metabolism in both neuronal tissues and pancreatic beta cells. Indeed,
miR-9, another miRNA that has been previously considered to be brain-specific [26], is
expressed in both brain and pancreatic beta cells. Overexpression of miR-9 causes a decrease
in glucose-stimulated insulin exocytosis via targeting the transcription factor Onecut2 [34].
Onecut2 represses the expression of Granuphilin/Slp4, by directly binding to its promoter.
Granuphilin is a Rab GTPase effector, that is associated with the secretory granules and
negatively regulates insulin release [34]. These data suggest that miR-9 inhibits insulin
secretion by repressing the expression of Onecut2 transcription factor and thereby increasing
the levels of Granuphilin, which downregulates insulin secretion. Another microRNA that has
been shown to modulate Granuphilin levels is miR-96 [33]. MiR-96 has been shown to
downregulate insulin secretion via upregulation of Granuphilin mRNA and protein levels. In
addition, miR-96 also decreases Noc2 expression, a Rab effector protein involved in secretion
[33].

Several miRNAs have been shown to be differentially expressed in the insulin producing
pancreatic beta cells [14,20,25,35]. A recent report suggests that miR-7 is the most abundant
miRNA in rat and human pancreatic islets compared to acinar cells, while miR-375 appears to
be more abundant in intra-islets [35]. Although, several miRNAs including miR-375 and
miR-124a have been implicated in regulation of insulin secretion and pancreatic beta-cell
development, the exact role for most of the miRNAs identified from pancreatic islets remains
to be determined.
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MiRNAs and Insulin Action
MiRNAs are not only involved in insulin production and secretion, but also control insulin
signaling in target tissues of insulin action. Studies on miRNA expression in skeletal muscles
of Goto-Kakizaki (GK) rats, a non-obese model of type 2 diabetes, identified two miR-29
family members including miR-29a and miR-29b, but not miR-29c to be upregulated in these
diabetic animals compared to control animals [36]. Further analysis using Northern blots
revealed that members of the miR-29 family were up regulated in all three insulin-responsive
tissues, such as muscle, fat, and liver of diabetic rats. Overexpression of miR-29a/b/c in 3T3-
L1 adipocytes, a murine insulin-responsive fat cell line, inhibited insulin-stimulated glucose
uptake. High levels of miR-29 led to insulin resistance mimicking the insulin resistance in cells
incubated with high glucose and high insulin [36]. MiR-29a and miR-29b levels were
upregulated in the presence of high glucose (hyperglycemia) and high insulin
(hyperinsulinemia) in 3T3-L1 adipocytes [36]. Two candidate genes Insig1 (insulin-induced
gene 1), an ER membrane protein that is involved in control of cholesterol biosynthesis and
Cav2 (caveolin 2) have been validated as targets of miR-29a/b/c using luciferase reporter assays
and by Western blotting. Overexpression of miR-29 caused a decrease in the levels of Insig1
and Cav2 proteins [36].

MiR-143 has been shown to be up-regulated during adipocyte differentiation [37]. Reduction
of miR-143 by transfecting 2'-O-methoxyethyl phosphorothioate-modified antisense RNA
oligonucleotides inhibited the expression of adipocyte-specific genes (insulin-sensitive
glucose transporter GLUT4, hormone sensitive lipase HSL, fatty acid-binding protein aP2 and
peroxisome proliferator-activated receptor PPAR-2), and the accumulation of triglycerides
[37]. Interestingly, knockdown of miR-143 led to upregulation of one of the predicted targets,
the mitogen-activated protein kinase ERK5/BMK1/MAPK7 suggesting that miR-143 may act
through the target gene ERK5. In addition to miR-143, other miRNAs important for regulation
of human and mouse adipocyte differentiation have been identified using various screens
[37,38]. In Drosophila, miR-14 was found to regulate adipocyte droplet size and triacylglycerol
levels [39] and miR-278 appears to control insulin sensitivity in adipose tissue [40]. However,
miR-14 and miR-278 have been found so far only in insects and there are no known homologues
of these miRNAs in mammals. Taken together, these findings suggest that miRNAs play
important roles in fat metabolism in both flies and humans.

Insulin receptor substrate (IRS) proteins are important components of the insulin signaling
pathway. There are at least three IRS proteins in humans and mice, including IRS1 and IRS2,
which are widely expressed, and IRS-4, which is limited to the thymus, brain, kidney and beta
cells [41]. IRS3 is only present in mice and is largely restricted to adipose tissue fulfilling a
similar function to IRS1. IRS1 knockout mice are small and insulin resistant, whereas IRS2
deficient mice are infertile and develop diabetes, but have a normal size [42,43]. Both IRS1
and IRS2 are tissue specific with no redundancy in most cases. In adipocytes, both IRS1 and
IRS2 are expressed and have synergistic effects. Although IRS2 is central to the development
of type 2 diabetes and its associated complications, only IRS1 has recently been identified to
be a target of miRNAs, specifically miR-145 [44]. Overexpression of miR-145 in human colon
cancer cells caused a decrease in IRS-1 protein levels without affecting IRS-1 mRNA levels.
IRS-1 appears to be a direct target of miR-145, since the IRS-1 3’-UTR contains binding sites
for miR-145 and binding of miR-145 to these sites was confirmed by Luciferase reporter assays
[44]. Furthermore, overexpression of miR-145 in colon cancer cells led to growth arrest, similar
to the treatment with IRS-1 siRNA [44].
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MiRNAs and Diabetic Complications
MiRNAs appear to play a role also in the establishment of diabetes complications. Data from
our laboratories and others indicate that diabetic complications are often associated with
changes in the levels of certain miRNAs in various tissues, including brain, heart, liver and
kidney.

The first miRNA that was shown to change its levels in diabetic hearts was miR-133. The
changes of miR-133 levels in heart were associated with two types of consequences: (1) a long
QT syndrome (LQTS) [18], and (2) cardiac hypertrophy [45]. QT is a measure of the time
between the start of the Q wave (representing depolarization of the interventricular septum)
and the end of the T wave (representing repolarization or recovery of the ventricles) in the
heart's electrical cycle. LQTS is a life-threatening disorder that affects the heart's electrical
system and may lead to fainting, cardiac arrest and possibly sudden death [46]. Human ether-
a-go-go-related gene (HERG) was identified as a LQTS gene encoding a cardiac potassium
channel responsible for rapid delayed rectifier K+ current (IKr) [47]. Interestingly, the down
regulation of HERG in diabetic hearts is mainly at the post-transcriptional level. In diabetic
hearts, the HERG protein was reduced by about 60% while the mRNA levels remained
essentially unaltered [18,48]. MiR-133 has been demonstrated to repress HERG expression
and miR-133 expression levels itself appears to be regulated by the serum response factor SRF
[18].

A recent report indicates a remarkable overexpression of miR-133 in diabetic rabbit hearts
[18] and db/db mouse hearts (Tang et al., unpublished data). The up-regulation of miR-133 in
diabetic rabbit hearts was induced by the serum response factor (SRF), which was robustly
activated in the diabetic heart [18]. Delivery of exogenous miR-133 into the rabbit myocytes
and cell lines led to post-transcriptional repression of ERG, down-regulating ERG protein level
without altering its transcript level and caused substantial depression of I(Kr), an effect
abrogated by the miR-133 antisense inhibitor (antagomiR). Functional inhibition or gene
silencing of SRF down regulated miR-133 expression and increased I(Kr) density. Repression
of ERG by miR-133 is likely reflected by the differential changes of ERG protein and transcript,
and thereby depresses I(Kr), which contributes to repolarization, slowing QT prolongation and
the associated arrhythmias, in diabetic hearts.

In addition to its role in the induction of LQTS by repressing ERG, miR-133 also controls
cardiac hypertrophy [45]. Cardiac hypertrophy is characterized by thickening of the heart
muscle (myocardium) that causes a decrease in size of the heart chamber, including the left
and right ventricles. A common cause of cardiac hypertrophy is high blood pressure
(hypertension) and heart valve stenosis, typical symptoms of long-term complications due to
diabetes. Interestingly, the function of miR-133 in cardiac hypertrophy seems to be the opposite
of its function in LQTS. While over-expression of miR-133 induces LQTS, downregulation
of miR-133 levels lead to cardiac hypertrophy. In vitro over-expression of miR-133 or miR-1
(both miRNAs come from the same transcriptional unit) inhibits cardiac hypertrophy. In
contrast, suppression of miR-133 by antagomiRs induces a more pronounced hypertrophy than
that with conventional hypertrophy inducers [45]. Blocking of miR-133 function in vivo using
an antagomiR causes marked and sustained cardiac hypertrophy. In this case, miR-133 has
been shown to target a set of different genes: RhoA, a GDP-GTP exchange protein that
regulates cardiac hypertrophy, Cdc42, a signal transduction kinase implicated in hypertrophy,
and Nelf-A/WHSC2, a nuclear factor involved in cardiogenesis [45]. The significance of
miR-133 dual functions with opposite roles in the control of LQTS and cardiac hypertrophy
remains to be determined. The fact that diabetic hearts express higher levels of miR-133
suggests that miR-133 induced LQTS may play a more influential role in diabetic
complications. Interestingly, miR-1, another muscle-specific miRNA that shares the same
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transcriptional unit with miR-133, is expressed in the heart to a lesser extent. MiR-1 was shown
to regulate cardiac arrhythmogenic potential through targeting KCNJ2, encoding the K+

channel subunit Kir2.1 and GJA1, encoding connexin 43 [49]. It remains to be established
whether the expression of miR-1 is similarly altered as miR-133 in diabetic hearts.

Diabetic nephropathy (DN), also known as Kimmelstiel-Wilson syndrome and intercapillary
glomerulonephritis, is a progressive kidney disease that causes kidney failure in patients with
longstanding diabetes mellitus. Of many genes that are involved in diabetic DN, one gene,
Smad-interacting protein 1 (SIP1), has recently been identified to be a target of miR-192, a
miRNA highly expressed in the kidney [19]. It is suggested that TGF-β (transforming growth
factor beta), SIP1, δEF1 (δ-crystallin enhancer binding protein), Col1a2 (collagen type I alpha
2) and miR-192 constitute a regulatory loop that is important in the control of kidney function.
TGF-β upregulates miR192 levels, which then causes downregulation of SIP1 through
translational repression. TGF-β also down regulates the transcription factor δEF1, through
unknown mechanisms. Consequently, down regulation of SIP1 and δEF1 collectively enhances
the expression of Col1a2 by de-repressing the E-box elements located on the Col1a2 promoter.
Up-regulation of TGF-β or miR-192 was observed in glomeruli isolated from streptozotocin-
induced diabetic mice as well as diabetic db/db mice compared to corresponding nondiabetic
controls. These findings suggest a role for miR-192 in kidney and DN development [19].

MiRNAs and Endocrine Pancreas Development
A recent report on conditional deletion of Dicer in pancreatic progenitor cells using the Pdx-1-
Cre expression construct indicates that Dicer is required for the development of β δ exocrine
and duct cells [20]. The same group identified also 107 different miRNAs in the developing
mouse pancreas at gestational stage E14.5. At embryonic day E9.5 the developing pancreas
expresses the transcription factors FoxA2, Hes1 (hairy and enhancer of split 1) and Pdx-1,
which are crucial for early pancreas development. FoxA2 (HNF3 beta) and its target genes
Pdx-1, Kir6.2 and Sur1 have recently been shown to be regulated by miR-124a [16].
Neurogenin 3 (NGN3), a transcription factor essential for pancreatic endocrine differentiation
is also regulated by several miRNAs, including miR-15a, miR-15b, miR-16 and miR-195
[50]. Furthermore, miRNA-216 and miR-217 have been shown to be specifically enriched in
pancreatic tissue [51] and are thus predicted to be important for pancreas development.

In addition to its role in insulin secretion, miR-375 has been recently reported to play a role in
pancreatic islet development in zebrafish [15]. Knockdown of miR-375 using morpholino
oligonucleotides caused defects in the morphology of the pancreatic islets, which became
dispersed after 36 hours post fertilization. Moreover, in situ hybridization studies suggest that
miR-375 is expressed in the endocrine progenitor cells in E14.5 pancreas and co-localizes with
Pdx-1. These data suggest that miR-375 has dual functions: mediating insulin secretion and
pancreatic islet development. However, the specific target genes of miR-375 involved in
pancreatic islet development remain still to be identified.

Conclusions and Perspectives
It is predicted that over 30% of human genes are regulated by miRNAs [52–55]. Although, the
majority of human miRNAs have been identified using various screens, the major challenge
currently is to define the function of miRNAs in various tissues by identifying and validating
their targets. The functional analysis of individual miRNAs is complicated by the fact that
miRNAs have normally a large number of target genes and each gene can also be regulated by
several different miRNAs [55]. Furthermore, recent data suggest that miRNAs can also
stimulate the translation of mRNAs [56] or bind to the promoter regions of genes and activate
transcription [57]. Moreover, there is also evidence that miRNAs can regulate the levels of
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other miRNAs [58] and the abundance of specific miRNAs may be regulated by various stimuli
[59–61]. Most of the loss of function studies on miRNAs to date have used the conditional
Dicer knock-out mice [20,62–64]. However, since miRNAs can have both positive and
negative roles in gene expression, it is important to carry out loss of function studies with
individual miRNAs. In fact, several tools have been developed to overexpress miRNAs in
specific tissues [65] or to block the function of individual miRNAs in vivo using miRNA sponge
or target mimicry techniques [66,67], which will help to reveal the tissue-specific roles of
individual miRNAs.

Emerging evidence suggests that miRNAs play an important in insulin production, secretion
and action. Diabetes or chronic hyperglycemia leads to changes in miRNA expression profiles
in many tissues, such as muscle, liver, pancreas, heart and kidney. The roles of miRNAs in
diabetes are rather complex: changes in miRNA levels can lead to diabetes at early stages or
be a consequence of longstanding diabetes at late stages. miRNAs present a new class of
biomarkers for various diseases, such as cancer and miRNAs will also be useful as biomarkers
for both type 1 and type 2 diabetes. Furthermore, recent progress in the development and use
of miRNA antagomiRs to target miRNAs in vivo may provide novel therapeutic tools for the
treatment of diabetes and its complications in future.

Acknowledgements
X.T. is supported by a K01 award DK078648 from the NIH/NIDDK. G. T. is in part supported by KTRDC, USDA-
NRI (2006-35301-17115 and 2006-35100-17433), NSF (MCB-0718029 with Sub award No. S-00000260), and NIH
(5 R03 AI 068934). S.Ö. is supported by grants R01DK067581 from NIH/NIDDK, P20 RR20171 from NCRR and
1-05-CD-15 from American Diabetes Association.

References
1. Cohen A, Horton ES. Progress in the treatment of type 2 diabetes: new pharmacologic approaches to

improve glycemic control. Curr Med Res Opin 2007;23:905–917. [PubMed: 17407648]
2. Skyler JS. Prediction and prevention of type 1 diabetes: progress, problems, and prospects. Clin

Pharmacol Ther 2007;81:768–771. [PubMed: 17392722]
3. Avogaro A, Giorda C, Maggini M, Mannucci E, Raschetti R, Lombardo F, Spila-Alegiani S, Turco S,

Velussi M, Ferrannini E. Incidence of coronary heart disease in type 2 diabetic men and women: impact
of microvascular complications, treatment, and geographic location. Diabetes Care 2007;30:1241–
1247. [PubMed: 17290034]

4. Happich M, Breitscheidel L, Meisinger C, Ulbig M, Falkenstein P, Benter U, Watkins J. Cross-sectional
analysis of adult diabetes type 1 and type 2 patients with diabetic microvascular complications from
a German retrospective observational study. Curr Med Res Opin 2007;23:1367–1374. [PubMed:
17559744]

5. De Mattia G, Bravi MC, Laurenti O, Moretti A, Cipriani R, Gatti A, Mandosi E, Morano S. Endothelial
dysfunction and oxidative stress in type 1 and type 2 diabetic patients without clinical macrovascular
complications. Diabetes Res Clin Pract 2008;79:337–342. [PubMed: 17949845]

6. Haquani A. Neonatal complications in infants born to diabetic mothers. J Coll Physicians Surg Pak
2007;17:648–649. [PubMed: 17999866]

7. Al-Maskari F, El-Sadig M. Prevalence of risk factors for diabetic foot complications. BMC Fam Pract
2007;8:59. [PubMed: 17927826]

8. Connelly K, Kelly D, Gilbert R. Clinically relevant models of diabetic cardiac complications. Circ Res
2007;101:e78. [PubMed: 17872468]

9. Ambros V. microRNAs: tiny regulators with great potential. Cell 2001;107:823–826. [PubMed:
11779458]

10. Smallridge R. A small fortune. Nat Rev Mol Cell Biol 2001;2:867. [PubMed: 11733752]
11. Gauthier BR, Wollheim CB. MicroRNAs: 'ribo-regulators' of glucose homeostasis. Nat Med

2006;12:36–38. [PubMed: 16397558]

Tang et al. Page 7

Biochim Biophys Acta. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



12. Cuellar TL, McManus MT. MicroRNAs and endocrine biology. J Endocrinol 2005;187:327–332.
[PubMed: 16423811]

13. Bartel DP. MicroRNAs: genomics, biogenesis, mechanism, and function. Cell 2004;116:281–297.
[PubMed: 14744438]

14. Poy MN, Eliasson L, Krutzfeldt J, Kuwajima S, Ma X, Macdonald PE, Pfeffer S, Tuschl T, Rajewsky
N, Rorsman P, Stoffel M. A pancreatic islet-specific microRNA regulates insulin secretion. Nature
2004;432:226–230. [PubMed: 15538371]

15. Kloosterman WP, Lagendijk AK, Ketting RF, Moulton JD, Plasterk RH. Targeted inhibition of
miRNA maturation with morpholinos reveals a role for miR-375 in pancreatic islet development.
PLoS Biol 2007;5:e203. [PubMed: 17676975]

16. Baroukh N, Ravier MA, Loder MK, Hill EV, Bounacer A, Scharfmann R, Rutter GA, Van Obberghen
E. MicroRNA-124a regulates Foxa2 expression and intracellular signaling in pancreatic beta-cell
lines. J Biol Chem 2007;282:19575–19588. [PubMed: 17462994]

17. Poy MN, Spranger M, Stoffel M. microRNAs and the regulation of glucose and lipid metabolism.
Diabetes Obes Metab 2007;9:67–73. [PubMed: 17919180]

18. Xiao J, Luo X, Lin H, Zhang Y, Lu Y, Wang N, Yang B, Wang Z. MicroRNA miR-133 represses
HERG K+ channel expression contributing to QT prolongation in diabetic hearts. J Biol Chem
2007;282:12363–12367. [PubMed: 17344217]

19. Kato M, Zhang J, Wang M, Lanting L, Yuan H, Rossi JJ, Natarajan R. MicroRNA-192 in diabetic
kidney glomeruli and its function in TGF-beta-induced collagen expression via inhibition of E-box
repressors. Proc Natl Acad Sci U S A 2007;104:3432–3437. [PubMed: 17360662]

20. 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;56:2938–2945. [PubMed:
17804764]

21. Taoka M, Ichimura T, Wakamiya-Tsuruta A, Kubota Y, Araki T, Obinata T, Isobe T. V-1, a protein
expressed transiently during murine cerebellar development, regulates actin polymerization via
interaction with capping protein. J Biol Chem 2003;278:5864–5870. [PubMed: 12488317]

22. Norlin S, Ahlgren U, Edlund H. Nuclear factor-{kappa}B activity in {beta}-cells is required for
glucose-stimulated insulin secretion. Diabetes 54;2005:125–132.

23. Gupta S, Sen S. Myotrophin-kappaB DNA interaction in the initiation process of cardiac hypertrophy.
Biochim Biophys Acta 2002;1589:247–260. [PubMed: 12031792]

24. Krek A, Grun D, Poy MN, Wolf R, Rosenberg L, Epstein EJ, MacMenamin P, da Piedade I, Gunsalus
KC, Stoffel M, Rajewsky N. Combinatorial microRNA target predictions. Nat Genet 2005;37:495–
500. [PubMed: 15806104]

25. Tang X, Muniappan L, Tang G, Özcan S. 2008Unpbublished data
26. Tang X, Gal J, Zhuang X, Wang W, Zhu H, Tang G. A simple array platform for microRNA analysis

and its application in mouse tissues. RNA 2007;13:1803–1822. [PubMed: 17675362]
27. Krichevsky AM, Sonntag KC, Isacson O, Kosik KS. Specific microRNAs modulate embryonic stem

cell-derived neurogenesis. Stem Cells 2006;24:857–864. [PubMed: 16357340]
28. Conaco C, Otto S, Han JJ, Mandel G. Reciprocal actions of REST and a microRNA promote neuronal

identity. Proc Natl Acad Sci U S A 2006;103:2422–2427. [PubMed: 16461918]
29. Wang H, Gauthier BR, Hagenfeldt-Johansson KA, Iezzi M, Wollheim CB. Foxa2 (HNF3beta )

controls multiple genes implicated in metabolism-secretion coupling of glucose-induced insulin
release. J Biol Chem 2002;277:17564–17570. [PubMed: 11875061]

30. Puigserver P, Rodgers JT. Foxa2, a novel transcriptional regulator of insulin sensitivity. Nat Med
2006;12:38–39. [PubMed: 16397559]

31. Lantz KA, Vatamaniuk MZ, Brestelli JE, Friedman JR, Matschinsky FM, Kaestner KH. Foxa2
regulates multiple pathways of insulin secretion. J Clin Invest 2004;114:512–520. [PubMed:
15314688]

32. Gao N, White P, Doliba N, Golson ML, Matschinsky FM, Kaestner KH. Foxa2 controls vesicle
docking and insulin secretion in mature Beta cells. Cell Metab 2007;6:267–279. [PubMed: 17908556]

33. 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;389:305–312. [PubMed:
18177263]

Tang et al. Page 8

Biochim Biophys Acta. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



34. Plaisance V, Abderrahmani A, Perret-Menoud V, Jacquemin P, Lemaigre F, Regazzi R. MicroRNA-9
controls the expression of Granuphilin/Slp4 and the secretory response of insulin-producing cells. J
Biol Chem 2006;281:26932–26942. [PubMed: 16831872]

35. Bravo-Egana V, Rosero S, Molano RD, Pileggi A, Ricordi C, Dominguez-Bendala J, Pastori RL.
Quantitative differential expression analysis reveals miR-7 as major islet microRNA. Biochem
Biophys Res Commun 2008;366:922–926. [PubMed: 18086561]

36. He A, Zhu L, Gupta N, Chang Y, Fang F. Overexpression of micro ribonucleic acid 29, highly up-
regulated in diabetic rats, leads to insulin resistance in 3T3-L1 adipocytes. Mol Endocrinol
2007;21:2785–2794. [PubMed: 17652184]

37. Esau C, Kang X, Peralta E, Hanson E, Marcusson EG, Ravichandran LV, Sun Y, Koo S, Perera RJ,
Jain R, Dean NM, Freier SM, Bennett CF, Lollo B, Griffey R. MicroRNA-143 regulates adipocyte
differentiation. J Biol Chem 2004;279:52361–52365. [PubMed: 15504739]

38. Kajimoto K, Naraba H, Iwai N. MicroRNA and 3T3-L1 pre-adipocyte differentiation. RNA
2006;12:1626–1632. [PubMed: 16870994]

39. Xu P, Vernooy SY, Guo M, Hay BA. The Drosophila microRNA Mir-14 suppresses cell death and
is required for normal fat metabolism. Curr Biol 2003;13:790–795. [PubMed: 12725740]

40. Teleman AA, Maitra S, Cohen SM. Drosophila lacking microRNA miR-278 are defective in energy
homeostasis. Genes Dev 2006;20:417–422. [PubMed: 16481470]

41. Uchida T, Myers MG Jr, White MF. IRS-4 mediates protein kinase B signaling during insulin
stimulation without promoting antiapoptosis. Mol Cell Biol 2000;20:126–138. [PubMed: 10594015]

42. White MF. Regulating insulin signaling and beta-cell function through IRS proteins. Canadian journal
of physiology and pharmacology 2006;84:725–737. [PubMed: 16998536]

43. White MF. IRS proteins and the common path to diabetes. Am J Physiol Endocrinol Metab
2002;283:E413–E422. [PubMed: 12169433]

44. Shi B, Sepp-Lorenzino L, Prisco M, Linsley P, deAngelis T, Baserga R. Micro RNA 145 targets the
insulin receptor substrate-1 and inhibits the growth of colon cancer cells. J Biol Chem
2007;282:32582–32590. [PubMed: 17827156]

45. Care A, Catalucci D, Felicetti F, Bonci D, Addario A, Gallo P, Bang ML, Segnalini P, Gu Y, Dalton
ND, Elia L, Latronico MV, Hoydal M, Autore C, Russo MA, Dorn GW 2nd, Ellingsen O, Ruiz-
Lozano P, Peterson KL, Croce CM, Peschle C, Condorelli G. MicroRNA-133 controls cardiac
hypertrophy. Nat Med 2007;13:613–618. [PubMed: 17468766]

46. Collins KK, Van Hare GF. Advances in congenital long QT syndrome. Curr Opin Pediatr
2006;18:497–502. [PubMed: 16969163]

47. Paulussen A, Yang P, Pangalos M, Verhasselt P, Marrannes R, Verfaille C, Vandenberk I, Crabbe R,
Konings F, Luyten W, Armstrong M. Analysis of the human KCNH2(HERG) gene: identification
and characterization of a novel mutation Y667X associated with long QT syndrome and a non-
pathological 9 bp insertion. Hum Mutat 2000;15:483. [PubMed: 10790218]

48. Brundel BJ, Van Gelder IC, Henning RH, Tuinenburg AE, Wietses M, Grandjean JG, Wilde AA,
Van Gilst WH, Crijns HJ. Alterations in potassium channel gene expression in atria of patients with
persistent and paroxysmal atrial fibrillation: differential regulation of protein and mRNA levels for
K+ channels. J Am Coll Cardiol 2001;37:926–932. [PubMed: 11693772]

49. Yang B, Lin H, Xiao J, Lu Y, Luo X, Li B, Zhang Y, Xu C, Bai Y, Wang H, Chen G, Wang Z. The
muscle-specific microRNA miR-1 regulates cardiac arrhythmogenic potential by targeting GJA1 and
KCNJ2. Nat Med 2007;13:486–491. [PubMed: 17401374]

50. Joglekar MV, Parekh VS, Mehta S, Bhonde RR, Hardikar AA. MicroRNA profiling of developing
and regenerating pancreas reveal post-transcriptional regulation of neurogenin3. Dev Biol
2007;311:603–612. [PubMed: 17936263]

51. Szafranska AE, Davison TS, John J, Cannon T, Sipos B, Maghnouj A, Labourier E, Hahn SA.
MicroRNA expression alterations are linked to tumorigenesis and non-neoplastic processes in
pancreatic ductal adenocarcinoma. Oncogene 2007;26:4442–4452. [PubMed: 17237814]

52. Petersen CP, Bordeleau ME, Pelletier J, Sharp PA. Short RNAs repress translation after initiation in
mammalian cells. Molecular cell 2006;21:533–542. [PubMed: 16483934]

53. Zhang B, Farwell MA. microRNAs: a new emerging class of players for disease diagnostics and gene
therapy. J Cell Mol Med. 2007

Tang et al. Page 9

Biochim Biophys Acta. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



54. Filipowicz W, Bhattacharyya SN, Sonenberg N. Mechanisms of post-transcriptional regulation by
microRNAs: are the answers in sight? Nat Rev Genet 2008;9:102–114. [PubMed: 18197166]

55. Miranda KC, Huynh T, Tay Y, Ang YS, Tam WL, Thomson AM, Lim B, Rigoutsos I. A pattern-
based method for the identification of MicroRNA binding sites and their corresponding
heteroduplexes. Cell 2006;126:1203–1217. [PubMed: 16990141]

56. Vasudevan S, Tong Y, Steitz JA. Switching from repression to activation: microRNAs can up-regulate
translation. Science 2007;318:1931–1934. [PubMed: 18048652]

57. Place RF, Li LC, Pookot D, Noonan EJ, Dahiya R. MicroRNA-373 induces expression of genes with
complementary promoter sequences. Proc Natl Acad Sci U S A 2008;105:1608–1613. [PubMed:
18227514]

58. Zhao Y, He S, Liu C, Ru S, Zhao H, Yang Z, Yang P, Yuan X, Sun S, Bu D, Huang J, Skogerbo G,
Chen R. MicroRNA regulation of messenger-like noncoding RNAs: a network of mutual microRNA
control. Trends Genet. 2008

59. Pulkkinen K, Malm T, Turunen M, Koistinaho J, Yla-Herttuala S. Hypoxia induces microRNA
miR-210 in vitro and in vivo Ephrin-A3 and neuronal pentraxin 1 are potentially regulated by
miR-210. FEBS Lett. 2008

60. Niu Z, Li A, Zhang SX, Schwartz RJ. Serum response factor micromanaging cardiogenesis. Curr
Opin Cell Biol 2007;19:618–627. [PubMed: 18023168]

61. Lukiw WJ, Pogue AI. Induction of specific micro RNA (miRNA) species by ROS-generating metal
sulfates in primary human brain cells. J Inorg Biochem 2007;101:1265–1269. [PubMed: 17629564]

62. Murchison EP, Stein P, Xuan Z, Pan H, Zhang MQ, Schultz RM, Hannon GJ. Critical roles for Dicer
in the female germline. Genes Dev 2007;21:682–693. [PubMed: 17369401]

63. Chen JF, Murchison EP, Tang R, Callis TE, Tatsuguchi M, Deng Z, Rojas M, Hammond SM,
Schneider MD, Selzman CH, Meissner G, Patterson C, Hannon GJ, Wang DZ. Targeted deletion of
Dicer in the heart leads to dilated cardiomyopathy and heart failure. Proc Natl Acad Sci U S A
2008;105:2111–2116. [PubMed: 18256189]

64. O'Rourke JR, Georges SA, Seay HR, Tapscott SJ, McManus MT, Goldhamer DJ, Swanson MS, Harfe
BD. Essential role for Dicer during skeletal muscle development. Dev Biol 2007;311:359–368.
[PubMed: 17936265]

65. Liu N, Williams AH, Kim Y, McAnally J, Bezprozvannaya S, Sutherland LB, Richardson JA, Bassel-
Duby R, Olson EN. An intragenic MEF2-dependent enhancer directs muscle-specific expression of
microRNAs 1 and 133. Proc Natl Acad Sci U S A 2007;104:20844–20849. [PubMed: 18093911]

66. Franco-Zorrilla JM, Valli A, Todesco M, Mateos I, Puga MI, Rubio-Somoza I, Leyva A, Weigel D,
Garcia JA, Paz-Ares J. Target mimicry provides a new mechanism for regulation of microRNA
activity. Nat Genet 2007;39:1033–1037. [PubMed: 17643101]

67. Ebert MS, Neilson JR, Sharp PA. MicroRNA sponges: competitive inhibitors of small RNAs in
mammalian cells. Nat Methods 2007;4:721–726. [PubMed: 17694064]

Tang et al. Page 10

Biochim Biophys Acta. Author manuscript; available in PMC 2009 November 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Tang et al. Page 11

Table 1
MiRNAs and their target genes with roles in glucose homeostasis

miRNA Target Tissue Function Target Genes References

miR-375 pancreas insulin secretion, pancreatic islet
development

Mtpn, Usp1, Jak2,
Adipor2

[14], [11], [24]

miR-124a pancreas pancreatic islet development FoxA2, Rab27A [16], [33]

MiR-9 pancreas insulin secretion Onecut2 [34]

miR-29a, b muscle, adipose, liver glucose transport Insig1, Cav2 [36]

miR-143 adipose tissue adipocyte differentiation ERK5/BMK1/MAPK7 [37]

miR-145 colon cell proliferation IRS1 [44]

miR-133 heart a long QT syndrome, cardiac
hypertrophy

HERG, RhoA, Cdc42,
Nelf-A/WHSC2

[18], [45]

miR-1 heart heart development and
physiology

KCNJ2, GJA1 [49]

miR-192 kidney kidney and diabetic nephropathy
development

SIP1 [19]
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