
Epigenetics in β-cell adaptation and type 2 diabetes

Hyunki Kim1,2,3, Rohit N. Kulkarni1,2,3,*

1Islet Cell and Regenerative Biology, Joslin Diabetes Center, Boston, Massachusetts, USA.

2Department of Medicine, Brigham and Women's Hospital, Boston, Massachusetts, USA.

3Harvard Stem Cell Institute, Harvard Medical School, Boston, Massachusetts, USA.

Abstract

Healthy pancreatic β-cells well adapt to systemic insulin resistance to maintain normal blood 

glucose levels, and failure to this process develops type 2 diabetes in humans. Genome-wide 

association studies uncovered genetic variants that are associated with type 2 diabetes. However, it 

is still insufficient to explain the high prevalence of this disease. Epigenetics is the study of gene 

expression changes that do not involve DNA sequence alterations such as DNA methylation, 

histone modification, and non-coding RNAs. In recent decades, a large number of studies 

demonstrated the roles of epigenetics in β-cell biology. In this review, we summarize the 

epigenetic mechanisms in β-cell adaptation and type 2 diabetes, which include three-dimensional 

chromatin structure and RNA modification.
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Introduction

Type 2 diabetes (T2D) is a chronic disease that is characterized by insulin resistance and 

hyperglycemia [1]. Pancreatic β-cell is the unique cell-type that secretes physiological 

amounts of insulin to regulate blood glucose levels [2]. In response to systemic insulin 

resistance, β-cells adapt by expanding its mass, promoting its survival, increasing its 

function and maintaining its mature identity [3-5]. Collectively, this process so-called β-cell 

compensation is determined by a total amount of functional β-cell mass. Failure of β-cell 

compensation leads to the development of T2D in humans [6].

*Corresponding author Rohit N. Kulkarni, Islet Cell and Regenerative Biology, Joslin Diabetes Center, One Joslin Place, Boston, 
Massachusetts, 02215, USA, Phone: +1-617-309-3460, rohit.kulkarni@joslin.harvard.edu.
Credit Author Statement
Hyunki Kim: Writing - Original Draft; Visualization
Rohit N. Kulkarni: Writing - Review & Editing; Supervision; Funding acquisition

Conflict of interest statement
The authors declare no conflict of interest.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered 
which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Curr Opin Pharmacol. Author manuscript; available in PMC 2021 December 01.

Published in final edited form as:
Curr Opin Pharmacol. 2020 December ; 55: 125–131. doi:10.1016/j.coph.2020.10.008.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Recent improvements in next-generation sequencing (NGS), cell sorting, and singlecell 

technologies motivated researchers to identify target genes for β-cell dysfunction in T2D 

patients [7-9]. However, due to the limitation of human samples and complex nature of T2D, 

there is yet no unique or definite transcriptional signature that represents dysfunctional β-

cells in T2D [10].

Nevertheless, it is evident that proper regulation of multiple genes is essential for successful 

β-cell compensation [11]. Indeed, multiple β-cell transcriptional factors (e.g. PDX1, 

NKX6.1 and MAFA) are inactivated or reduced in the β-cells of T2D patients [12]. These 

genes cover not only essential β-cell genes that should be expressed during β-cell 

adaptation, but also β-cell disallowed genes that should be repressed in functional β-cells 

[13].

Genome-wide association studies (GWAS) have revealed genetic predisposition in T2D 

population [14]. However, genetic variant is still insufficient to explain the high prevalence 

and heritability of T2D [15,16]. Epigenetics is a field that studies heritable traits of cells, 

especially gene expression, without the changes in a DNA sequence. In this context, 

understanding epigenetics in metabolic tissues can be a promising way to find the 

environmental factors and a missing heritability in T2D population. Here, we highlight the 

current studies on the epigenetic regulation of β-cell adaptation (Figure 1) and epigenetic 

features of β-cells linked with T2D.

DNA methylation

DNA methylation at the C5 position of cytosines induces heterochromatin structure, thus 

decreases chromatin accessibility and gene expression.

Whole-genome bisulfite sequencing (WGBS) in the islets of control and T2D donors 

revealed that genes involved in β-cell function and development, such as PDX1 and TCF7L2 
are heavily methylated in the islets of T2D patients [17].

The Bhushan group reported the different roles of DNA methyltransferases (DNMTs) in β-

cell biology [18,19]. DNMT1 represses α-cell gene Arx during β-cell replication [18]. This 

provides an important explanation on how β-cell maintains its identity while it enters a cell-

cycle for an expansion. Somewhat different from DNMT1, DNMT3a is required for 

functional maturation of β-cells [19]. Genetic deletion of Dnmt3a in β-cells resulted in 

demethylation and upregulation of Hk1 and Ldha genes, which lead to impaired glucose-

stimulated insulin secretion (GSIS). Taken together, DNMTs play important role in 

expansion of functional β-cell mass. Aging is one of the significant drivers of insulin 

resistance. Genome-wide DNA methylome analysis from purified β-cells of young (5-week-

old) and old (18-month-old) mice indicated that the functional adaptation of β-cells in the 

aging process might be associated with DNA methylation [20]. In this study, authors showed 

that promoters of proliferation genes (e.g. Mki67, Plk1 and Ccnd3) become hypermethylated 

with aging, while enhancers of genes that are involved in β-cell function (e.g. Foxa2, Nkx6.1 
and Neurod1) become demethylated. Interestingly, these methylation changes in β-cell 

Kim and Kulkarni Page 2

Curr Opin Pharmacol. Author manuscript; available in PMC 2021 December 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



function genes were correlated with actual insulin secretory function, as islets of old mice 

showed increased GSIS compared to those of young mice.

Recently, Hall et al. reported that long term exposure to high glucose and palmitate levels 

significantly altered DNA methylation and correlative gene expression in human islets [21]. 

Among genes that were differentially methylated and expressed, FICD and TPX2 were 

shown to repress GSIS function in the human β-cell line, EndoC-βH1 cells. These results 

indicate that glucolipotoxicity-induced DNA methylation may be linked to impaired β-cell 

function in T2D patients.

Histone modification

Histones are highly basic proteins that package DNA into the nucleosome. N-terminal tails 

of histones are subject to various post-translational modifications including acetylation, 

citrullination and methylation that affect chromatin accessibility and gene expression.

Genome-wide profiling of histone modifications using chromatin immunoprecipitation with 

sequencing (ChIP-seq) in human islets revealed the islet-specific enrichment of active 

(H3K4me1, H3K4me2, H3K4me3 and H3K27ac) and repressive (H3K27me3) histone 

marks at different genomic regions [22,23]. Importantly, islet enhancers occupied by these 

active histone marks were associated with T2D susceptibility variants in humans [23].

Histone acetylation is one of the most studied histone modifications in β-cell adaptation. 

Active enhancer mark, histone H3 lysine 27 acetylation (H3K27ac) is increased in the 

promoter regions of fatty acid β-oxidation genes in the islets of diet-induced obesity (DIO) 

mice [24]. Meanwhile, both pharmacological and genetic inhibition of histone deacetylases 

(HDACs) increased the insulin secretory function in β-cells [25-27]. Several studies 

indicated that histone acetylation could be regulated by PDX1, a critical TF for β-cell 

compensation [28]. Interestingly, enzymes that act conversely toward histone acetylation are 

recruited to PDX1 in a glucose-dependent manner [29,30]. In low glucose concentration, 

PDX1 interacts with HDAC1 and HDAC2 to repress insulin gene expression [29]. On the 

other hand, PDX1 form complex with histone acetyltransferase p300 in high glucose 

condition and induces insulin gene expression [30].

Histone methylation also regulates β-cell function. Set7/9 is a histone lysine 

methyltransferase that is responsible for generating active histone mark, histone H3 lysine 4 

methylation (H3K4me). Deering et al. reported that Set7/9 is required for H3K4me 

formation within the promoters of important β-cell function genes, such as Pdx1 and Slc2a2 
[31]. Indeed, knocking out Set7/9 in mouse β-cells resulted in downregulation of these genes 

followed by impaired GSIS [32]. Protein arginine methyltransferase 1 (PRMT1) generates 

an active histone mark, histone H4 arginine 3 asymmetric dimethylation (H4R3me2a) in β-

cell. Knocking out PRMT1 in mature β-cells induced loss of mature identity and 

exacerbated glucose intolerance in DIO mice, suggesting that its activity is required for β-

cell adaptation in insulin resistance [33].
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Chromatin remodeling

Transcriptional regulation is a dynamic process which is mediated by multi-subunit 

chromatin remodeling complexes. Several studies reported the potential roles of these 

complexes in β-cell adaptation.

Switch/sucrose non-fermentable (SWI/SNF) complex is an ATP-dependent chromatin 

remodeler that has been extensively studied in the epigenetics research field. Similar to the 

action mechanism with histone acetylases (HATs) and HDACs, the SWI/SNF complex 

associates with PDX1 in a glucose-dependent manner [34]. The mammalian SWI/SNF 

complex contain either one of these two mutually exclusive ATPase subunits: BRG1 and 

BRM. In mouse β-cell, PDX1 interacts with BRG1 in a high glucose concentration and 

enhances its target genes (e.g. Ins1, Slc2a2 and Ucn3), while it associates with BRM in a 

low glucose concentration and represses these genes [34]. Indeed, knocking out BRG1 and 

BRM in β-cells induced glucose intolerance and impaired GSIS in mice [35]. Interestingly, a 

physical interaction between BRG1 and PDX1 was decreased in the islets of T2D patients 

[34]. Meanwhile, Wei et al. demonstrated that vitamin D switches SWI/SNF complex 

(BRD9-SWI/SNF to BRD7-SWI/SNF) and changes chromatin accessibility to induce pro-

survival gene expression and protect β-cells from metabolic stress condition [36]. 

Collectively, these data indicate that SWI/SNF complex play an important role in β-cell 

adaptation.

Polycomb repressive complex 2 (PRC2) generates histone H3 lysine 27 trimethylation 

(H3K27me3) mark, mediating the formation of bivalent chromatin regions. Lu et al. 

demonstrated that the loss of PRC2-dependent gene silencing may be a potential mechanism 

for β-cell dedifferentiation in T2D patients [37]. In this study, they performed a chromatin-

state segmentation analysis in mouse islets using ChIP-seq data for various histone marks, 

including H3K27ac, H3K4me1, and H2K27me3. Single-cell RNA-seq in the islets of normal 

chow- and high-fat diet (HFD)-fed mice revealed that HFD triggers β-cell population into 

the poorly differentiated states. Knocking out EED, a core subunit of PRC2, in β-cells 

induced upregulation of bivalent genes (e.g. Barx1, Hoxb7 and Pitx1) and progressive 

diabetes in mice due to β-cell dedifferentiation. Importantly, these bivalent genes were 

upregulated, and H3K27me3 signal was decreased in the β-cells of T2D patients.

Chromatin accessibility

Euchromatin, often called accessible chromatin regions, harbor binding sites for TFs, 

chromatin modifiers and RNA polymerase. Chromatin accessibility is largely dependent on 

DNA methylation and histone modifications, hence useful information for studying 

epigenetic mechanism in gene expression. With rapid advances in epigenetic technologies, 

including assay for transposase-accessible chromatin with sequencing (ATAC-seq) and 

chromatin conformation capture techniques, it became possible to reveal genome-wide 

chromatin accessibility and structure in a high-resolution.

Khetan et al. demonstrated that T2D-associated single-nucleotide polymorphisms (SNPs) 

are associated with chromatin accessibility in human β-cells [38]. Using chromatin 
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accessibility quantitative trait loci (caQTL) analysis, they identified 2,949 SNPs that are 

associated with cis-regulatory elements in human islets (n=19). Among the variants tested 

for enhancer activity using luciferase reporter assays in MIN6 β-cells, more than half 

exhibited consistent effects with in vivo chromatin accessibility changes in human islets. 

Importantly, this caQTL analysis proposed 13 T2D-associated GWAS SNPs that are 

predicted to affect chromatin accessibility in human islets.

T2D-associated variants are enriched in enhancer regions, but their actual target genes were 

not well known. Recently, researchers identified global enhancer looping and enhancer-

promoter interactions in human islets using chromatin conformation capture techniques 

[39,40]. Greenwald et al. performed genome-wide Hi-C assay in human islets to generate 

high-resolution map of three-dimensional (3D) chromatin architecture [39]. Using islet Hi-

C, RNA-seq, ATAC-seq and enhancer mark ChIP-seq data, they identified potential target 

genes for thousands of islet enhancers that were correlated with islet-specific gene 

expression. Furthermore, they fine-mapped T2D variant loci that affect chromatin looping 

and target gene expression, revealing that these regions are enriched for protein transport and 

secretion. Meanwhile, Miguel-Escalada et al. used a promoter capture Hi-C (pcHi-C) to 

make a genome-scale map of promoter-enhancer interactions in human islets [40]. The 

pcHi-C analysis uncovered more than 1,300 groups of islet enhancers that form clusters in 

3D space, in which they call islet hub. Interestingly, the islet hubs were enriched for T2D-

associated loci, and perturbation of these chromatin regions affected target gene expression 

in EndoC-βH3 cells. Importantly, they demonstrated that genetic variation in islet hubs 

impact insulin secretion. Thus, it can be used for polygenic risk scores to predict T2D 

susceptibility in humans.

Non-coding RNAs

Non-coding RNAs (ncRNAs) cover various nonprotein-coding RNAs including microRNAs 

(miRNAs), ribosomal RNAs (rRNAs), transfer RNA (tRNA), and long noncoding RNAs 

(lncRNAs). Mounting evidence demonstrate that ncRNAs play essential roles in diverse 

cellular processes.

Once cleaved by endonucleases Drosha and Dicer, miRNAs exert their function by blocking 

their target mRNA expression. Numerous cell line and mouse studies indicated that miRNAs 

regulate stress responses in β-cells [41]. More than 30 different types of miRNAs have been 

reported to mediate β-cell adaptation or be linked with T2D development [41,42].

As one of the most highly expressed miRNAs in mouse and human β-cells, miR-375 is 

required for β-cell mass expansion in vivo [43]. Knocking out miR-375 in mouse induced 

overt diabetes with reduced β-cell mass which was exacerbated in the background of ob/ob 
mouse [43]. Several targets including Pdpk1, Cav1, Cadmn1 and Id3 have been proposed to 

mediate the function of miR-375 in β-cell growth and proliferation [43,44]. Recently, 

Mziaut et al. reported that miR-132 promotes β-cell survival in vitro and in vivo [45]. 

Mechanistically, miR-132 downregulates Pten in β-cells, activating AKT (pro-proliferative) 

and inactivating Foxo3a (pro-apoptotic) signaling pathways.
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Meanwhile, Belgardt et al. reported that miRNA-200 is linked to β-cell death in vivo [46]. 

Overexpression of miR-200 in β-cells induced β-cell apoptosis and overt diabetes in wild-

type mice, while genetic ablation of miR-200 ameliorated β-cell death and diabetic 

phenotype in Akita mice. Quantitative PCR analysis in islets of these mice and luciferase 

activity assays in MIN6 β-cells identified multiple anti-apoptotic genes (e.g. Jazf1, Dnajc3 
and Xiap) as direct target of miR-200. Independent mouse studies demonstrated that miR-7 

is associated with decreased β-cell function and immature β-cell identity [47,48]. 

Overexpressing miR-7 in β-cells resulted in β-cell dedifferentiation, while miR-7 KO in β-

cells improved insulin secretion by enhancing insulin granule exocytosis [47,48]. 

Interestingly, plasma miR-7 levels were reduced in mouse models of successful β-cell 

compensation (ob/ob, C57BL/6; DIO mice) and were elevated in β-cell decompensation 

rodent models (db/db, BLKS; GK diabetic rats), suggesting that its plasma level is linked to 

the β-cell failure in T2D [47,49]. Other miRNAs, including miR-184 [50] and miR-802 [51], 

have also been reported to suppress insulin secretion in insulin-resistant mouse models.

LncRNA is broadly defined as a ncRNA that is larger than 200 nucleotides and takes most 

abundant portion among all ncRNAs [52]. Motterle et al. identified β-cell-enriched lncRNAs 

in mice: βlinc2 and βlinc3, which levels significantly alter in the islets of insulin-resistant 

conditions [53]. The expression level of βlinc2 increased while the βlinc3 level decreased in 

the islets of DIO and db/db mice. Although the action mechanisms remain elusive, these 

findings suggest that there may be specific functions of individual lncRNAs in β-cell 

response to insulin resistance.

LncRNA H19 has been reported to contribute to the β-cell mass expansion in rodents [54]. 

Overexpression of H19 in INS1 β-cells led to increased proliferation and reduced cytokine-

induced apoptosis. In parallel, the silencing of H19 in primary rat β-cells resulted in a robust 

decrease in proliferation. Moreover, the expression levels of H19 were increased in the islets 

of DIO and ob/ob mice, indicating that it may play an essential role in β-cell adaptation. 

Meanwhile, Akerman et al. demonstrated the function of lncRNA PLUTO in human β-cells 

[55]. PLUTO is enriched in human β-cells and its level is downregulated in the islets of T2D 

patients. Interestingly, it regulates β-cell-specific transcriptional networks by modifying 3D 

structure of β-cell chromatin. In particular, PLUTO facilitates promoter-enhancer 

interaction, thus enhancing the gene expression of PDX1, a critical TF for β-cell 

compensation.

RNA modification

Modification on tRNAs and mRNAs affects stability and translational efficiency of the 

transcript. CDK5 regulatory subunit associated protein 1-like 1 (CDKAL1), one of the 

important risk genes for T2D in humans, encodes methylthiotransferase (MTTase) that 

mediates methylthiolation of N6-threonylcarbmoyl adenosine (t6A) to produce 2-methylthio-

N6-threonylcarbmoyl adenosine (ms2t6A) at position 37 adenosine of lysine tRNA 

(anticodon: UUU) [56]. β-cell-specific Cdkal1 KO mice exhibited significantly reduced 

insulin biosynthesis and secretion due to the decreased lysine incorporation within the 

cleavage site of proinsulin [57].
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Recent studies reported the importance of mRNA methylation in β-cell adaptation [58,59]. 

De Jesus et al. performed N6-methyladenosine (m6A) sequencing in the islets from controls 

and T2D donors, demonstrating that gene transcripts that are essential for β-cell 

compensation (e.g. IGF1R, IRS2 and PDX1) are hypomethylated in T2D patients [58]. 

Knocking down m6A writers methyltransferase like 3 (METTL3) and/or methyltransferase 

like 14 (METTL14) in EndoC-βH1 cells resulted in decreased AKT phosphorylation and 

PDX1 level along with cell cycle arrest [58]. Moreover, Mettl14 KO in both fetal and adult 

β-cells resulted in β-cell dysfunction and overt glucose intolerance in mice, indicating that 

m6A modification is essential for β-cell adaptation in vivo [58,59].

Conclusions

Rapid advances in research technologies made epigenetics an exciting field to study the 

pathophysiology of T2D. However, several things may be considered when carrying out 

studies.

First, overinterpretation of the results should be avoided in the studies. As well known, the 

characteristics between cell-lines and primary cells, the condition between in vitro and in 
vivo, the meaning between association and causality are entirely different. Given that, a 

conclusion should be carefully addressed in each study, not to mislead the direction of the 

research field.

Another consideration may be a practical translation of epigenetic mechanisms into the 

diagnostics and therapeutics. Such examples can be 1) using a circulating methylated-DNAs 

as biomarkers for T2D diagnosis [60]; 2) developing an epigenetic manipulation technique 

for cell-based therapy [61]. Considering these points will advance epigenetics to develop 

novel approaches to prevent and cure T2D.
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Figure 1. 
Epigenetic regulation of β-cell adaptation

Schematic representation summarizing the epigenetic mechanisms in β-cell adaptation. In 

response to systemic insulin resistance such as aging and obesity, β-cells adapt to external 

conditions by self-duplication, enhancing insulin secretion, and maintaining its mature 

identity. The figure created with BioRender.com.
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