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Abstract

Purpose of Review—The identification and characterization of essential islet transcription 

factors have improved our understanding of β cell development, provided insights into many of the 

cellular dysfunctions related to diabetes, and facilitated the successful generation of β cells from 

alternative cell sources. Recently, noncoding RNAs have emerged as a novel set of molecules that 

may represent missing components of the known islet regulatory pathways. The purpose of this 

review is to highlight studies that have implicated noncoding RNAs as important regulators of 

pancreas cell development and β cell function.

Recent Findings—Disruption of essential components of the microRNA processing machinery, 

in addition to misregulation of individual miRNAs, has revealed the importance of microRNAs in 

pancreas development and β cell function. Furthermore, over 1000 islet-specific long noncoding 

RNAs have been identified in mouse and human islets, suggesting that this class of noncoding 

molecules will also play important functional roles in the β cell.

Summary—The analysis of noncoding RNAs in the pancreas will provide important new 

insights into pancreatic regulatory processes that will improve our ability to understand and treat 

diabetes and may facilitate the generation of replacement β cells from alternative cell sources.
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INTRODUCTION

Significant research efforts are currently underway to understand and prevent diabetes 

mellitus. Towards this goal, studies in mice and humans have significantly advanced our 

understanding of the conserved signaling pathways and regulatory factors required for the 

development and maintenance of functional beta cells. However, it is evident from the 

current challenges associated with predicting and treating diabetes, in addition to generating 

alternative sources of endocrine cells, that we are still missing key molecular components of 

the regulatory pathways that are required to generate, mature and preserve fully functional 

beta cells. For decades, a principle tenet of molecular biology was that the primary function 

of RNA was to code for proteins. As a result, most cellular processes were studied in a 
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protein-centric manner. Recent advances in transcriptome biology have revolutionized this 

thinking by revealing that the mammalian genome encodes a vast number of functional non-

protein-coding RNAs (ncRNAs). Characterization of ncRNAs across species and in different 

tissues has revised how we think about the functions of RNA in a cell. As discussed in this 

review, several important studies have now implicated roles for ncRNAs in the pancreas. A 

greater appreciation of the RNA-based mechanisms of gene regulation in the β cell will 

enhance our understanding of β cell development, function, and disease, and perhaps 

identify novel molecular targets for the treatment of diabetes. (Table 1)

PANCREAS DEVELOPMENT, FUNCTION AND DISEASE

The pancreas is a multifunctional organ consisting of an exocrine compartment that aids in 

digestion and an endocrine compartment that maintains glucose homeostasis. Insulin-

producing β cells are the predominant cell type in the islets of Langerhans, and the loss or 

dysfunction of β cells is associated with the set of diseases known as diabetes mellitus. 

Specifically, Type 1 diabetes (T1D) is an autoimmune disorder in which targeted destruction 

of the β cells causes chronic hyperglycemia, whereas Type 2 diabetes (T2D) is characterized 

by a gradual dysfunction and/or loss of β cells over time due to physiological and metabolic 

overexertion [1]. Although many studies have clarified the complex genetic and molecular 

mechanisms contributing to the dysfunction and loss of β cells [2,3], we still do not fully 

understand the disease etiologies, nor have we developed satisfactory treatments. 

Intriguingly, genome-wide association studies (GWAS) have shown that a majority of 

diabetes susceptibility loci fall outside protein coding genes. This suggests a role for 

enhancer regions and/or ncRNAs in maintaining proper β cell function.

In addition to understanding the genetic regulation of islet function, there are considerable 

research efforts directed towards understanding how β cells naturally develop. This need is 

in large part due to a goal of regenerative medicine: to replace lost or damaged β cells from 

alternative cell sources. While much effort has been spent towards improving differentiation 

and transdifferentiation protocols, the end product still differs from a bona fide β cell and the 

long term potential of these cells to retain β cell identity and function remains unclear [4,5]. 

It is therefore likely that we are missing critical regulators of β cell differentiation, and there 

is evidence that ncRNAs may fulfill this role in the regulation of pancreas development and 

β cell function.

NONCODING RNAS

Currently, there are two major classes of ncRNAs: housekeeping and regulatory. 

Housekeeping ncRNAs, such as tRNAs and rRNAs, are expressed ubiquitously and are 

required for protein synthesis, while regulatory ncRNAs influence gene expression via 

transcriptional and post-transcriptional regulatory mechanisms [6]. Regulatory ncRNAs are 

further subdivided according to size: 1) short ncRNAs (~20 nucleotides), such as micro 

RNAs (miRNAs) and small interfering RNAs (siRNAs); and 2) long noncoding RNAs 

(lncRNAs) that are defined as transcripts longer than 200 nucleotides [6]. While 

categorization by size may seem arbitrary, there are also functional distinctions between the 

two groups: small ncRNAs alter mRNA stability whereas lncRNAs predominantly function 

Singer et al. Page 2

Curr Opin Endocrinol Diabetes Obes. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



at the level of transcription [6,7]. This review provides a general overview of miRNAs and 

lncRNAs and discusses some representative studies that have characterized their function in 

pancreatic β cells. A more comprehensive description of the specific miRNAs and their 

respective functions in pancreatic β cells is summarized in Table 2 and extensively described 

in a recent review by Özcan [32].

MICRORNAS IN β CELL DEVELOPMENT AND FUNCTION

MicroRNAs are the most well-characterized class of regulatory ncRNAs. MiRNAs are 

generally believed to negatively regulate gene expression through mRNA cleavage that is 

mediated by the Argonaute (Ago) family of proteins as part of the RNA-induced silencing 

complex (RISC) [33]. The finding that miRNAs only require short “seed” sequences in the 

5′ end of their transcript to direct Ago to target mRNAs implies that one miRNA can 

influence the expression of several target genes [34]. It is therefore not surprising that 

miRNAs play essential regulatory roles in diverse cellular processes, including proliferation, 

organogenesis, hormone secretion, and apoptosis [6]. Studies have also shown that the 

misexpression of miRNAs disrupts gene regulatory networks and contributes to disease 

states, such as cancer and diabetes [33]. In fact, several groups have identified essential roles 

for miRNAs in β cell development, function, and disease.

The requirement of miRNAs in β cell development was initially demonstrated by removal of 

Dicer function during different stages of pancreas development (Figure 1a). Given that Dicer 

is required for the formation of mature miRNAs, loss of Dicer ablates all miRNA function 

within a cell [35]. The pan-pancreatic loss of Dicer using the Pdx1:Cre allele resulted in 

severe pancreatic agenesis and neonatal death [8]. The mutant mice also displayed a 

dramatic loss of all endocrine cell types, which was attributed to a reduction in the number 

of Neurogenin3 (Ngn3) positive endocrine progenitor cells [8]. In a more recent study, 

Ngn3:Cre was used to ablate Dicer function specifically in the endocrine progenitor 

population. The mutant mice had normal embryonic pancreas development; however, 

shortly after birth the mice developed hyperglycemia due to progressive loss of β cells [9]. 

Surprisingly, the authors found that loss of miRNA function in endocrine progenitor cells 

caused upregulation of neuronal genes normally repressed by RE1-silencing transcription 

factor (REST) [9]. Thus, it appears that miRNAs maintain islet-cell identity by inhibiting 

expression of REST, thereby restricting expression of neuronal genes.

While disruption of Dicer function shows that miRNAs are generally required for proper 

pancreas development and islet cell specification, individual miRNAs have also been 

implicated in β cell specification (Figure 1b). Kredo-Russo et al. showed that miRNA-7 

(miR-7) is expressed during endocrine pancreas development where it directly targets and 

controls expression levels of the essential pancreatic transcription factor, Pax6 [20]. 

Additionally, the miR-30 family functions during the epithelial-to-mesenchymal transition 

by inhibiting mesenchymal mRNAs, such as Vimentin and Snail1, to favor pancreatic 

epithelial development [15]. Taken together, these studies define a requirement for miRNAs 

in several layers of β cell development.

Singer et al. Page 3

Curr Opin Endocrinol Diabetes Obes. Author manuscript; available in PMC 2016 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Following β cell specification, complex networks of regulatory factors, including miRNAs, 

are needed to maintain β cell function. Two groups have examined the role of Dicer 

specifically in the developing β cells by using the Rat Insulin Promoter (RIP):Cre [10,11]. 

Unlike mice with Dicer deleted throughout the whole pancreas, the β cell specific Dicer 

mutant mice survived postnatally, but developed a diabetic phenotype around 8 weeks of 

age due to an overall decrease of β cell number and reduced insulin production and secretion 

[10,11]. Ultrastructural analysis demonstrated that the Dicer mutant β cells had 50% fewer 

insulin granules than control β cells [10]. Intriguingly, mutant islets also had a dramatic 

reduction in insulin transcript levels, suggestive of a defect in insulin gene transcription [10]. 

Global miRNA function also appears to be required for maintenance of β cell identity. 

Ablation of Dicer in adult β cells [12] using tamoxifen inducible RIP:CreER;Dicerfl/fl mice, 

resulted in hyperglycemia, glucose intolerance and a drastic reduction in β cell number [12]. 

The authors concluded that the loss of miRNA function caused the upregulation of several 

transcriptional repressors, including Sox6 and Bhlhe22, which in turn triggered decreased 

insulin expression [12].

Individual miRNAs have also been shown to be essential for many aspects of β cell function 

(Figure 1b). The most highly expressed miRNA in mouse and human islets, miRNA-375, 

was first identified in a murine pancreatic β -cell line (Min6) where it was shown to 

negatively regulate glucose-stimulated insulin secretion [17]. Analyses in mice showed that 

genetic ablation of miR-375 resulted in hyperglycemia due to reduced β cell mass [18]. This 

defect was attributed to a significant reduction in β cell proliferation due to the upregulation 

of several genes that negatively regulate cell growth [18]. Several miRNAs including 

miR-24, miR-26, miR-148, and miR-182 were also shown in vitro to negatively regulate 

insulin expression [12]. However, the relatively minimal effect seen with individual miRNA 

knockdown suggests that a combination of multiple miRNAs maintain insulin expression 

[12]. Interestingly, the evolutionarily conserved miRNA, miR-7a, was shown to be a 

negative regulator of both insulin secretion and β cell proliferation through inhibition of 

mTOR signaling proteins, indicating that a single miRNA can also regulate multiple layers 

of β cell function [19,21].

Consistent with recent implications that miRNAs maintain tissue homeostasis during a 

cellular response to stress, several studies have implicated miRNAs in β cell stress and 

diabetes [33]. Recently, Latreille et al. elucidated the relationship between miR-7a 

expression levels and two well-known diabetes mouse models [19]. Specifically, they 

determined that mice with a β-cell specific miR-7a deletion had a similar phenotype to 

genetically obese (ob/ob) mice; mice had enhanced pancreatic β cell function due to 

compensatory mechanisms that allowed them overcome insulin resistance [19]. This finding 

was supported by a corresponding 50% reduction in miR-7a transcript levels in 

compensating islets from ob/ob mice [19]. Remarkably, they found the opposite defect when 

they overexpressed miR-7a in vivo: hyperglycemia, reduced plasma insulin levels, and 

impaired glucose-stimulated insulin secretion [19]. Overexpression of miR-7a also caused 

decreased Ins1 and Ins2 expression, with a correlating decline in expression of several 

mature β cell markers [19]. Of note, these phenotypes are strikingly similar to the metabolic 

phenotype of diabetic db/db mice, which develop hyperglycemia and have reduced plasma 
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insulin levels over time due to β cell dysfunction [19]. Mechanistically, miR-7a was shown 

to directly regulate genes that control late stages of insulin granule fusion with the plasma 

membrane, indicating a direct role for miRNAs in regulating β cell function during disease 

[19]. Similarly, the finding that miR-375 is upregulated in islets isolated from ob/ob mice, 

combined with an established role for miR-375 in β cell proliferation, suggests a mechanism 

whereby miR-375 enables β cell proliferation to compensate for metabolic stress [18]. 

Tattikota et al. further elucidated a mechanistic link between miR-375, Argonaute2 (Ago2), 

and another miRNA, miR-184 [14]. This study determined that the onset of insulin 

resistance caused the silencing of miR-184, which then released its constraint on Ago2, a 

major component of the RNA-induced silencing complex [14]. Ago2 is then able to 

orchestrate the suppressive function miR-375 thus enhancing β cell proliferation to 

accommodate the physiological demand for insulin [14]. Taken together, these studies have 

shown that miRNAs work to maintain β cell function during metabolic stress, and aberrant 

miRNA expression can be a marker for β cell dysfunction (Figure 1b).

Characterizing miRNAs that regulate β cell function may also reveal novel methods to treat 

diabetes. For example, the Let-7 miRNA family was shown to negatively regulate glucose-

stimulated insulin secretion [22]. A recent study sought to determine if global Let-7 

knockdown was sufficient to prevent or rescue impaired glucose intolerance in mice [23]. 

Researchers put mice on a high fat diet for 10 weeks and then initiated weekly injections 

with a locked nucleic acid (LNA) modified anti-miR that ablated Let-7 function [23]. After 

confirming strong reduction of Let-7 transcript in several tissues, researchers found that 

Let-7 knockdown was sufficient to prevent and treat impaired glucose tolerance brought on 

by a high fat diet [23]. Overall, miRNAs have been shown to be critical regulators of β cell 

development and function. Harnessing miRNA therapeutic capabilities will require a more 

comprehensive understanding of their mechanism of action in the pancreas.

LONG NONCODING RNAS IN β CELL DEVELOPMENT, FUNCTION AND 

DISEASE

Another abundant species of regulatory ncRNAs identified during the unbiased 

reconstruction of the transcriptome are the lncRNAs [36]. The grouping of lncRNAs simply 

by size (>200 nucleotides) and lack of protein-coding potential results in a category of 

RNAs with diverse properties and functions [37,38]. In general, lncRNAs are post-

transcriptionally modified, localized to the nucleus and/or cytoplasm, and often have low 

expression levels and poor sequence conservation between species [7,39–41]. Thousands of 

lncRNAs have been identified in numerous cell types and different model organisms; 

however, with a few important exceptions, their respective functions are largely unknown. 

LncRNAs that have been carefully analyzed have been shown to regulate processes as 

varied as imprinting, dosage compensation, pluripotency, and apoptosis [42–45]. These 

RNAs are predicted to form stable secondary and tertiary structures that are able to interact 

with proteins and regulate several levels of gene expression [46]. More specifically, 

lncRNAs can control the expression of genes in cis or in trans by direct binding to 

transcription factors or by recruiting chromatin-modifying complexes [47–49]. Additionally, 
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rare lncRNAs have been shown to function post-transcriptionally by altering splicing or 

mRNA stability [50,51].

The identification of several different lncRNA-mediated regulatory mechanisms suggests 

that we must reassess many biological processes in the context of a role for lncRNAs. This 

is true for β cell biology, which will benefit from a more comprehensive understanding of 

the regulatory mechanisms that give rise to a fully specified and functional pancreas. 

Although lncRNAs have not yet been studied in the embryonic pancreas, their highly 

specific temporal and spatial expression patterns and ability able to bind chromatin-

modifying complexes suggest a mechanism whereby a cell specific lncRNA promotes 

differentiation towards one lineage over another [48,52]. In fact, there is increasing evidence 

that lncRNAs are key regulators of differentiation in several cell types including adipocytes, 

myocytes, and neurons [53]. Deep sequencing combined with novel gene editing techniques, 

such as cluster regularly interspersed palindromic repeats (CRISPR) [54], will be critical for 

the identification and characterization of lncRNAs in the embryonic pancreas.

In addition to a putative role during pancreas development, studies suggest that lncRNAs 

promote β cell function through the regulation of imprinted loci. The lncRNA MEG3 is 

transcribed downstream of Dlk1, the non-canonical Notch ligand highly expressed in β cells 

[55,56]. MEG3 acts to silence the imprinted paternal Dlk1 locus by recruitment of polycomb 

repressive complex 2 (PRC2) [55]. Interestingly, MEG3 is down regulated in human islets 

from T2D donors, which correlates with hypermethylation and misregulation of the Dlk1 

locus [55]. A SNP associated with Type 1 diabetes was also mapped to the MEG3 locus, 

suggestive of dynamic lncRNA function [57]. Another lncRNA, Kcnq1ot1, is transcribed 

from an imprinted locus also containing the Kcnq1 gene, which encodes a voltage-gated 

potassium channel [58]. Interestingly, GWAS mapped a T2D-associated risk variant to the 

Kcnq1ot1 lncRNA [59]. Further analyses of human fetal samples homozygous for the SNP 

found increased methylation at the locus; however there was no concomitant change in gene 

expression of Kcnq1 or Kcnq1ot1 [60]. In contrast, a separate study found elevated 

Kcnq1ot1 transcript levels in T2D islets [61]. These contradicting results reflect the 

difficulty of examining complex loci and demonstrate the need for in depth in vivo analysis 

of lncRNAs.

While these findings are all suggestive of a role for lncRNAs in the β cell biology, 

characterization of lncRNA function requires tissue-specific analysis. Recently, several 

groups have catalogued lncRNAs in mouse and human islet cells [61–63]. A study from 

Moran et al. identified 1128 human islet lncRNAs, a majority of which adhered to 

previously established lncRNA properties of low expression compared to protein coding 

genes and a high degree of tissue specificity [7,61]. Remarkably, 55% of identified lncRNAs 

were islet specific, compared to only 9% of protein-coding genes. Genes in cis to the 

lncRNAs were also significantly more likely to be islet-specific, suggestive of co-regulation 

[61]. Additionally, the majority of islet lncRNAs were not expressed in human embryonic 

pancreas, indicative of an exclusive role in islet maturation and function [61]. Another study 

identified 1359 lncRNAs in β cells isolated from mouse islets that shared many properties 

with human islet-specific lncRNAs [61,62]. Interestingly, many of the lncRNAs harbored 

short spans of conserved sequences that might confer a conserved secondary structure across 
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species [62]. Lastly, Bramswig et al. evaluated the cell-specific epigenetic and 

transcriptional landscapes of human β and α-cells [63]. This analysis identified 12 β cell-

specific and 5 α cell-specific lncRNAs, suggesting that lncRNAs contribute to the unique 

regulatory environment found in different islet cell types [63]. While these studies lay 

important groundwork to implicate lncRNAs in β cell function, mechanistic conclusions will 

be dependent on functional interrogation of individual pancreatic lncRNAs.

CONCLUSIONS

Noncoding RNAs are beginning to be recognized as essential regulators of a wide range of 

biological processes. MicroRNAs are required for pancreas development and regulate β cell 

function by controlling expression levels of genes essential for β cell proliferation, insulin 

production and secretion, and maintenance of β cell identity. Long noncoding RNAs are the 

most abundant type of ncRNA and a large number of islet-specific lncRNAs have been 

identified; however, their functional characterization in the pancreas is lacking. Further 

characterization of pancreatic ncRNAs will extend our understanding of β cell biology and 

the factors leading to β cell dysfunction and diabetes.
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KEY POINTS

• Noncoding RNAs represent a novel set of regulatory molecules that influence 

pancreatic development and β cell function.

• Several miRNAs have been directly implicated in the regulation of β cell 

development, identity and function

• A large number of islet-specific lncRNAs have been identified and potentially 

represent a novel layer of gene regulation in the pancreatic islet.

• Noncoding RNAs could represent novel therapeutic targets for the treatment of 

diabetes
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Figure 1. The role of microRNAs in β cell development, function, and disease
1a) A pictorial summary of the studies that identified a role for global miRNA function 

during β cell development through temporal ablation of Dicer in the pancreas in vivo. Each 

major stage of pancreas development is represented along with the genotype of conditional 

Dicer ablation and corresponding phenotype. 1b) Summary of a subset of individual 

miRNAs that regulate β cell function. The indicated miRNAs regulate glucose-stimulated 

insulin secretion and/or play a role in compensatory mechanisms during β cell stress.
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Table 1

Key terminology

ncRNA (noncoding RNA) An RNA molecule which is not predicted to encode a protein.

miRNA (microRNA) An endogenously produced, small (~22 nucleotide) noncoding RNA that functions predominantly in 
RNA silencing through post-transcriptional regulation of gene expression.

siRNA (Small interfering RNA) A small (20–25 nucleotide) noncoding RNA that functions in the RNA interference pathway to 
promote post-transcriptional gene silencing.

lncRNA (Long noncoding RNA) An RNA molecule longer than 200 nucleotides which is not predicted to encode a protein.

Dicer An endoribonuclease essential for maturation and subsequent function of RNA molecules involved 
in the RNA interference pathway, such as miRNAs and siRNAs.

SNP (Single Nucleotide 
Polymorphism):

A DNA sequence variation occurring commonly within a population useful for identifying disease-
causing variants during GWAS.

GWAS (Genome Wide Association 
Studies)

The examination of genetic variants in different individuals to determine whether a specific DNA 
variant is associated with a particular trait or disease.

Cre Recombinase A tyrosine recombinase enzyme derived from the P1 bacteriophage. The Cre enzyme mediates a 
site-specific recombination event between two DNA recognition sites (called LoxP sites). Cre 
expression can be driven by any promoter enabling tissue specific Cre activity and targeted knockout 
or expression of a gene in a cell specific manner.

CRISPR/Cas9 (Clustered Regularly 
Interspaced Short Palindromic 
Repeats/Cas9)

A gene editing system that uses an RNA guide molecule in combination with a Cas9 endonuclease to 
target specific loci in the genome for gene disruption or replacement.
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Table 2

List of microRNAs that function in β cell biology

Gene/ncRNA Genotype/Misexpression Phenotype Target pathway References

Dicer Pdx1:Cre; Dicerfl/fl Pancreas agenesis Lynn et al., 2007 [8]

Ngn3:Cre; Dicerfl/fl Loss of beta cell identity REST Kanji et al., 2013 [9]

RIP:Cre; Dicerfl/fl β cell dysfunction Kalis et al., 2011 
[10]; Mandelbaum et 
al., 2012 [11]

RIP:CreER; Dicerfl/fl Defects in insulin production 
with no loss of β cell identity

Sox6, Bhlhe22 Melkman-Zehavi et 
al., 2011 [12]

Ago2 Ago2 KD in vitro Enhanced insulin secretion miR-375 Tattikota et al., 2013 
[13]

Ago2 KO in vivo Defective β cell expansion 
induced by insulin resistance

miR-375, Cadm1 Tattikota et al., 2014 
[14]

miR-30 miR-30 expression β cell differentiation Snail1, Vimentin Joglekar et al., 2009 
[15]

miR-30d OE in vitro Increased insulin transcription Tang et al., 2009 
[16]

miR-30d KD in vitro Decreased insulin transcription 
induced by glucose

Tang et al., 2009 
[16]

mir-375 miR-375 OE in vitro Suppressed glucose stimulated 
insulin secretion

Mtpn Poy et al., 2004 [17]

miR-375 KD in vitro Enhanced insulin secretion Mtpn Poy et al., 2004 [17]

miR-375 KO in vivo Increased α cell numbers, 
defective β cell proliferation, 
moderate hyperglycemia

Poy et al., 2009 [18]

miR-7 RIP:Cre; Mir7a2fl/fl Improved glucose tolerance 
due to enhanced insulin 
secretion

Vesicle exocytosis Latreille et al., 2014 
[19]

Pdx1:Cre; Rosa26:Mir7a1 OE Defects in endocrine 
differentiation

Pax6 Kredo-Russo et al., 
2012 [20]

miR-7 KD in vitro Promotes β cell proliferation mTOR Wang et al., 2013 
[21]

miR-24, miR-26, 
miR-148, miR-182

KD in vitro Down regulation of insulin 
expression

Sox6, Bhlhe22 Melkman-Zehavi et 
al., 2011 [12]

miR-184 miR-184 OE in ob/ob diabetic 
mice

β cell expansion mediated by 
insulin resistance

Ago2 Tattikota, 2014 [14]

Let-7 family Inducible Let-7 OE (iLet-7) Reduced body weight and size, 
impaired glucose intolerance, 
increased insulin production

Insulin-PI3K-mTOR Zhu et al., 2011 [22]

Global Let-7 OE in vivo Reduced body weight size, 
reduced fat mass, impaired 
glucose tolerance

InsR, Irs2 Frost and Olson, 
2011 [23]

Global Let-7 KD in vivo Improved blood glucose levels 
and insulin resistance in obese 
mice

InsR, Irs2 Frost and Olson, 
2011 [23]

miR-9 miR-9 KD and OE in vitro Aberrant glucose-stimulated 
insulin secretion

Sirt1, Onecut2, Slp4 Ramachandran et 
al., 2011 [24]; 
Plaisance et al., 
2006 [25]
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Gene/ncRNA Genotype/Misexpression Phenotype Target pathway References

miR-21, miR-34, miR-146 KD in vitro Prevents β cell dysfunction 
and death after cytokine 
treatment

Roggli et al., 2010 
[26]

miR-124 miR-124a OE in vitro Impaired glucose signaling 
and insulin secretion

Foxa2, Rab27a Baroukh, 2007 [27]; 
Lovis, Gattesco, and 
Regazzi, 2008 [28]

miR-29 miR-29 OE in vitro Impaired insulin secretion, 
increased apoptosis

Onecut2, Mcl1 Roggli et al., 2012 
[29]

miR-33 miR-33a OE in vitro Decreased glucose-stimulated 
insulin secretion

Abca1 Wijesekara et al., 
2012 [30]

miR-200 miR-200 OE in vitro Beta cell apoptosis Zeb1 Filios et al., 2014 
[31]

List of the known miRNAs that have been implicated in β cell development and function. Included are eight miRNAs (bottom 6 rows) that are not 
discussed in this review due to space restrictions, but are examined in detail in another review [8]. KD - knockdown, KO - knockout, OE- 
overexpression.
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