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Abstract
Purpose of Review Great strides have recently been made in elucidating the role of genetic sequence variation in diabetes
pathogenesis. Increasingly, studies are focusing on other factors that may contribute to the pathogenesis of diabetes, such as
epigenetics, a term “traditionally” encompassing changes to the DNA that do not alter sequence and are heritable (primary
methylation and histone modification) but often expanded to include microRNAs. This review summarizes latest findings on the
role of epigenetics in diabetes pathogenesis.
Recent Findings Recent studies illustrate roles for methylation changes, histone modification, imprinting, and microRNAs across
several diabetes types and complications. Notably, methylation changes in the human leukocyte antigen (HLA) region have been
found to precede the development of type 1 diabetes. In type 2 diabetes, lifestyle factors appear to interact with epigenetic
mechanisms in pathogenesis.
Summary Emerging technologies have allowed increasingly comprehensive descriptive analysis of the role of epigenetic mech-
anisms in diabetes pathogenesis which have yielded meaningful insights into effects on expression of relevant genes. These
findings have the potential to inform future development of predictive testing to enable primary prevention and further work to
uncover the complex pathogenesis of diabetes.
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Introduction

Diabetes has become amajor health problem in the USA. Recent
studies report that 9.5% of the US population has diabetes and
23.8% of people with diabetes are undiagnosed according to the
National Diabetes Statistics Reports, 2017. It is predicted that
there will be a 54% increase in diabetes prevalence in USA by

2030 [1]. Diabetes is a major cause of complications such as
renal failure and stroke. It also brings huge economic burdens
to families and the society. There is an urgent need for better
understanding of prevention and treatment of diabetes.

The two major types of diabetes are type 1 diabetes and type
2 diabetes. Type 1 diabetes (T1D) is an autoimmune disease, in
which β cells are destroyed. The human leukocyte antigen
(HLA) genotypes and more than 50 non-HLA loci have been
estimated to explainmore than 75% of the heritability [2]. From
the appearance of the first β cell autoantibody to the onset of
T1D, there is often an environmental trigger [3]. Type 2 diabe-
tes (T2D) is a complex disease, resulting from a combination of
increased insulin resistance and reduced insulin secretion. Until
now, more than 100 loci have been found to be associated with
T2D, accounting for less than 20% of the heritability [4]. Only
recently have epigenetic mechanisms begun to be explored.

Epigenetics is a group of mechanisms of gene expression
regulation, consisting of heritable changes in DNA that do not
alter the DNA sequence. Epigenetic changes are often specific
to developmental stages, which contributes to the regulation
of cell differentiation [5]. Similarly, they are often tissue spe-
cific, for example regulating expression of gene loci in specif-
ic cell types by modifying the histone methylation status [6].
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Since its discovery, epigenetics has attracted attention from
many research areas, including diabetes. An epigenome-
wide association study has found T1D-specific methylations
that occur before the first autoantibody appears [7]. The main-
tenance of β cell function also depends on epigenetic regula-
tions [8]. There are also methods developed to detect the
methylation level of circulating DNA from mouse peripheral
blood for monitoringβ cell death. Epigenetic changes are also
influenced by environmental factors including the metabolic
state of the organism [9]. Epigenetic mechanisms discussed
here include DNA methylation, histone modification, and
microRNA (miRNA) regulation. The latter does not create
heritable changes but is often grouped with epigenetic mech-
anisms because of its important regulatory role involving non-
protein coding regions of the genome.

Diabetes and DNA Methylation

DNA methylation is the process of adding a methyl group to
cytosine, and this process mostly happens in CpG islands, in
which a cytosine is followed by a guanine. DNA methylation
usually results in gene silencing. Many diabetes-related genes
have been found to be dysregulated by methylation in patients
with diabetes or model organisms, as reviewed byWang et al. in
T1D [10] and Drong et al. in T2D [11]. Comparing methylomes
in case-control cohorts or monozygotic twin pairs is a powerful
method for searching for epigenetic variations. Recent research
has also focused on the interaction between DNA methylation
and other factors such as lifestyle or environment.

Type 1 Diabetes and DNA Methylation

Comparing methylation profiling of peripheral blood within
monozygotic (MZ) twin pairs discordant for T1D enables the
elimination of the influence of DNA sequence heterogeneity
between individuals and enables the evaluation of the impact
of other factors such as epigenetic changes. Rakyan et al. per-
formed genome-wide DNA methylation profiling on CD14+

monocytes from 15 T1D-discordant MZ twin pairs and identi-
fied 132 T1D-methylation variable positions (T1D-MVPs).
These positions include the HLA class II gene HLA-DQB1,
the strongest known genetic risk factor for T1D, and GAD2,
which encodes the GAD65 autoantigen, which has well-
established involvement in T1D etiology. They also confirmed
most of the T1D-MVPs in singletons prior to T1D diagnosis and
after the appearance of the autoantibody as well as just after
diagnosis but before treatment initiation, providing evidence that
the methylation changes precede diagnosis and are not caused
by treatment [7]. Stefan et al. also found 88 MVPs in three MZ
discordant twin pairs. Through a combination of methylation
data and genome-wide association study (GWAS) data, they

found that the differentially methylated sites include HLA-E,
HLA-DOB, HLA-DQ2A, INS, IL-2RB, and CD226. These re-
sults also support the hypothesis that DNA methylation of rele-
vant genes contributes to T1D pathogenesis [12].

The INS VNTR polymorphism is an established risk factor
for T1D heritability [13], and methylation changes in INS of
islet cells have also been implicated. In the non-obese diabetic
(NOD) mouse model, with the progression of diabetes, in-
creased expression of cytokines induced changes in the meth-
ylation level and expression level of Ins1 and Ins2 [14].
Although the mechanism of INS methylation on the pathogen-
esis of T1D has not been fully established, a correlation be-
tween DNAmethylation and T1D has been observed in several
studies and may prove useful in disease detection. Several stud-
ies looked at the association of DNA methylation on the INS
gene and the progression of T1D or diabetic complications.
Because of the β cell destruction in T1D, the DNA specifically
released by the destroyed β cells shows detectable methylation
differences in the insulin genes responsible for transcriptional
regulation. Several groups have utilized these methylation dif-
ferences as a biomarker for T1D diagnosis. Akirav et al. found
an increased number of demethylated copies of the insulin gene
(Ins1) circulating in mice before the development of hypergly-
cemia and confirmed this finding in patients with T1D [15].
Husseiny et al. developed a quantitative method for monitoring
demethylated genes as a way to monitor disease progress and
confirmed this observation in the mouse Ins2 gene [16]. Fisher
et al. found that there were elevations of both unmethylated and
methylated INS genes in individuals with T1D at disease onset.
However, the unmethylated INS fell to control levels by 8weeks
after onset, and the methylated INS levels normalized by 1 year
after onset [17]. Fradin et al. found that four out of seven CpGs
located within the proximal INS promoter were differentially
methylated between individuals with T1D and controls [18].
These findings not only could inform promising methods for
early T1D diagnosis, but also highlight the importance of INS
gene methylation in T1D etiology, onset, and progression.

Type 2 Diabetes and DNA Methylation

With the availability of methylation arrays and large-scale
bisulfite sequencing, the whole-genome DNA methylation
landscape can now be studied. Recently, the first comprehen-
sive DNA methylation analysis of a T2D case-control cohort
in pancreatic islets was completed using whole-genome bisul-
fite sequencing (WGBS) [19••]. Among the 25,820 differen-
tially methylated regions (DMRs) discovered in islets from
patients with T2D compared to controls, some are confirmed
to have known islet functions, such as PDX1, TCF7L2, and
ADCY5. There are also novel loci mapped to islet-specific
transcription factor binding sites and enhancer regions.
When combining DMRs with RNA-seq data, NR4A3,
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PARK2, PID1, SLC2A2, and SOCS2 were found to have both
methylation and expression changes. Functional studies of
NR4A3, PID1, SOCS2, and PARK2 in rat β cells confirmed
that the altered expression impaired glucose-stimulated insulin
secretion. Jeon et al. performed WGBS on blood samples
from a population-based cohort and found another gene,
MSI2, associated with insulin secretion and β cell prolifera-
tion [20]. This finding was replicated in T2D case-control
studies in blood and pancreatic islet cells [21]. An
epigenome-wide association study (EWAS) on obesity traits
also foundMSI2 differential methylation to be associated with
body mass index (BMI) and waist circumference (WC) [22•].

DNAmethyltransferases are responsible for establishing and
maintaining DNAmethylation patterns. One of the DNAmeth-
yltransferases, encoded by DNMT3A, was found to mediate
insulin resistance in adipose tissue. Dnmt3a was shown to
negatively regulate FGF21, and elevated FGF21methylation
was shown to correlate with decreased expression [23].

DNA methylation has been evaluated as a biomarker for
T2D risk prediction. The ABCG1 locus cg06500161 methyl-
ation in blood was found to be associated with increased T2D
risk, while the PHOSPHO1 locus cg02650017 was associated
with decreased T2D risk. These findings may inform useful
tools for diabetes prevention and targets to study T2D mech-
anisms [24].

Several researchers have investigated the association be-
tween non-genetic factors such as diet and exercise with
DNAmethylation. When exposed to high glucose levels, pan-
creatic islets exhibited changes in expression and methylation
level in GLRA1, RASD1, VAC14, SLCO5A1, and CHRNA5.
These genes are involved with TGF-beta signaling, Notch
signaling and SNARE (Soluble NSF Attachment protein
Receptors) interactions in vesicular transport, relevant path-
ways to islet function. Also, CpG sites in islet PDX1 showed
increased methylation after glucose exposure [25]. Gillberg
et al. fed young men a high-fat diet for 5 days. Differential
methylation was observed in 53 sites in adipose tissue in low
birth weight men as compared to normal birth weight men.
However, no changes in gene expression were observed. In
the whole group, high-fat feeding altered the expression of
3276 genes and altered DNA methylation at 652 CpG sites;
this pattern did not differ between normal and low birth weight
men [26]. PGC1α, encoded by the gene PPARGC1A, is a major
regulator of energy metabolism [27]. Hypermethylation of
PPARGC1A at the nucleotide 260 nucleotides upstream of the
transcription start site (− 260 nt) was observed in skeletal mus-
cle of patients with T2D [28], and it was the result of epigenetic
changes due to exercise [28, 29]. Based on the level of hyper-
methylation at − 260 nt, participants were divided into high
responders and low responders. There is a significant associa-
tion between − 1 nucleosome repositioning and thePPARGC1A
mRNA expression level in the high responders but not in the
low responders [30]. The − 1 nucleosome repositioned itself

away from − 260 nt and toward the transcription start site.
This result may help explain the different responses to exercise
among different people.

Diabetes and Imprinting

Imprinting is a form of transcriptional regulation in which
only one parental allele of a specific gene is expressed, some-
times only in certain tissues and/or at certain developmental
stages. Establishing and maintaining gene imprinting rely on
DNA methylation and histone modification in the germline.
There are more than 100 imprinted genes and another 100
predicted to be imprinted in human in the gene imprint data-
base (www.geneimprint.com). Expression of imprinted genes
is controlled by imprinting control regions (ICRs), regions
that are contained within DMRs. Loss of imprinting (LOI) is
implicated in several disorders, including as transient neonatal
diabetes (TNDM), Silver-Russel syndrome, and Prader-Willi
syndrome. LOI results from four major causes: deletion of the
expressed copy, mutation of the expressed copy, uniparental
disomy (UPD; inheritance of both copies of the imprinted
gene or region from the same parent), and epimutation, i.e.,
changes imprinting control regions or disruption of histone
modifications [31].

Imprinting has been implicated in the pathogenesis of
many types of diabetes. Two thirds of TNDM cases are caused
by abnormalities at an imprinted locus on chromosome 6q24.
The imprinted genes PLAGL1 and HYMAI are located in this
region, and normally, only the paternal allele of both genes is
expressed. Duplication of the paternal allele, pUPD, and hy-
pomethylation of the maternal allele are the major causes of
overexpression ofPLAGL1 andHYMAI [32].HYMAI encodes
untranslated RNA and the function is still unknown. PLAGL1
regulates cell cycle arrest and apoptosis and presumably its
overexpression causes apoptosis, loss of β cell mass, and con-
sequently reduced insulin secretion. In addition, overexpres-
sion of PLAGL1 may also influence SOCS3 and thus lead to
dysregulation of insulin signaling [33].

Imprinted regions are also involved in T1D and T2D path-
ogenesis. The imprinted region on chromosome 14q32.2, con-
taining the genes DLK1 and MEG3, was found to be associ-
ated with paternally inherited T1D in a GWAS [34]. Later, the
methylation level of the MEG3 DMR in placenta was shown
to be negatively associated with gains in weight and length in
babies in the first postnatal year [35]. The genomic domain
DLK1-DIO3, containing MEG3, also contains the largest
miRNA cluster [36]. High-throughput sequencing of small
RNAs from patients with T2D and healthy donors demon-
strated that miRNAs from the DLK1-MEG3 domain are spe-
cifically expressed in β cells. However, individuals with T2D
exhibited significant downregulation of DLK1-MEG3
miRNAs [37]. These down-regulated miRNAs target T2D
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pathogenesis-related genes such as IAPP and TP53INP1. In
T2D, several genes in imprinted regions show evidence of
parent-of-origin-specific effects on disease susceptibility, in-
cluding KLF14, a transcription factor regulating multiple
genes involved in metabolic syndrome-related phenotypes
[38].

Diabetes and Histone Modification

The most common histone modifications include histone
methylation, acetylation, phosphorylation, and ubiquitination.
Histone methylation and acetylation are the most-well studied
types. Some work [39–43] has been done on genome-wide or
targeted region histone modification profiling on patients with
diabetes or controls, but limited to few modification types due
to the complexity of histone modification.

T1D-associated genes are the major targets of histone mod-
ification research. The level of acetylation of the lysine 9 of
the H3 histone protein (H3K9Ac) in the upstream regions of
major T1D susceptibility genes HLA-DRB1 and HLA-DQB1
was increased in patients with T1D relative to controls. This
increase was further confirmed in in vitro studies [39].CTLA4
encodes a T cell receptor that regulates apoptosis and is a non-
HLAT1D susceptibility gene [40]. The CTLA4 promoter was
shown to have increased demethylation of the lysine 9 of the
H3 histone protein (H3K9me2) in blood lymphocytes from
patients with T1D compared to controls [41].

Recent research on histone modification has focused more
on the manipulation of histone modification “writers”, such as
histone acetyltranferases (HATs), histone deactylases
(HDACs), and the histone methyltransferase SET7 in animal
models or cell lines. Many investigators have tried to under-
stand the involvement of histone modification in diabetic
complications as part of a further search for therapeutic tar-
gets. For example, SET7 expression was found to be increased
in patients with T2D. Methylation of lysine 4 of H3
(H3K4me1) of the transcription factor NF-κB promoter re-
gion was also increased in patients with T2D compared to
controls. Knocking down of Set7 in human endothelial cells
averted H3K4me1 in the NF-κB promoter region, reducing
expression of NF-κB-related oxidant and inflammatory genes
[42, 43].

Diabetes and microRNAs

microRNAs (miRNAs) are non-coding molecules ranging in
size from of 18 to 22 nucleotides. Through binding to target
mRNAs at 3′ untranslated regions (UTR), miRNAs cause
mRNA degradation or inhibition of translation decided by
the degree of complementarity [44]. While some would argue
that miRNA effects do not fall under the epigenetics umbrella

because the modifications they cause are not known to be
heritable, we include them here because the heritable compo-
nent of the epigenetics definition is debated [45], and they are
proving to be an important emerging component of diabetes
pathogenesis. Many studies have confirmed the involvement
of miRNA changes in the diabetes pathogenesis, both from
T1D and T2D. Altered miRNAs level could serve as marker
for diagnosis or prognosis; miRNAs and their targets could be
further developed for therapeutic targets.

Type 1 Diabetes and miRNAs

Recent studies implicate miRNAs in the formation of autoim-
munity and β cell dysfunction in T1D. MiR-150, miR-146a,
and miR-424 were found to be decreased in individuals with
T1D compared to controls and individuals with T2D. When
comparing them between GADA-autoantibody positive and
GADA-autoantibody negative patients, they were significant-
ly decreased in the positive group, indicating their participa-
tion in the autoimmune process [46]. A new perspective to
look at miRNAs and T1D is through the interaction of
miRNAs and genetic polymorphisms. The miR-146a
rs2910164 C allele and miR-155 rs767649 A allele are less
frequent in T1D [47]. MiR-375, the most abundant miRNA in
pancreatic islets [48], was found to be a biomarker of β cell
death: its increase in blood indicates decrease ofβ cell mass in
mice [49]. Treatment of mice with streptozotocin (STZ)-in-
duced diabetes with the β cell protective compound
phenylpropenoic acid glucoside (PPAG) reduced the STZ-
induced β cell mass loss induced by STZ and normalized
circulating miR-375 levels [50].

Diabetes-related complications such as cardiovascular dis-
ease (CVD), retinopathy, nephropathy, microalbuminuria, and
macroalbuminuria are of interest with respect to miRNA, giv-
en their possible role as a mediator in the pathological process
[51]. MiR-126 was associated with multiple vascular compli-
cations in a case-control study [52]. MiR-320a and miR-27b
were found to be associated with the onset of diabetic retinop-
athy and its progression [53]. Further studies are needed to
determine whether the miRNAs play a causal role in diabetic
pathogenesis or serve as a biomarker. In patients with T1D,
plasma levels of four miRNAs, miR-125b-5p, miR-365a-3p,
mir-5190, and miR-770-5p, were found to be highly signifi-
cantly associated with HbA1C and hypothesized to potentially
contribute to diabetes complications [54].

Type 2 Diabetes and miRNAs

A systematic literature review and in silico analysis integrat-
ing recent findings on dysregulated miRNAs of T2D provided
evidence that these miRNAs are involved in relevant process-
es including carbohydrate and lipid metabolism as well as
insulin and adipokine signaling [55]. Experiments applied to
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animal models of diabetes or cell lines support the important
role of miRNAs on insulin resistance. One pathway involved
in insulin resistance is stat-induced stat inhibitor family mem-
ber SOCS3-mediated insulin signaling. MiR-185 was shown
to inhibit β-cell dysfunction through binding to the SOCS3 3′-
UTR [56]. Later, Li et al. also found that miR-19a-3p also
protects β cells from dysfunction by inhibiting SOCS3 [57].
Although both experiments were done on cell lines, and fur-
ther animal model verification is needed, their results support-
ed the role of SOCS3 in insulin signaling.

In high-fat diet-induced obese mice, the expression of miR-
206 was down-regulated compared to normal mice. This ob-
servation was also seen in human hepatocytes treated with
oleic acids in comparison to untreated cells. MiR-206 binds
to protein tyrosine phosphatase, non-receptor type 1 (PTPN)
and thus promotes insulin signaling pathway by enhancing
insulin receptor (INSR) phosphorylation. It also inhibited
Srebp1c transcription and further lipogenesis in hepatocytes
[58]. Similarly, miR-96 upregulation in dietary obese mice
impaired hepatic insulin signaling and glycogen synthesis,
but by directly suppressing INSR and insulin receptor sub-
strate 1 (IRS-1) [59].

There is emerging understanding of how miRNA interacts
with non-genetic factors to influence T2D susceptibility. MiR-
29a and miR-29c showed increased expression in skeletal
muscle cells from patients with T2D compared to controls.
In healthy men and healthy female rats, endurance exercise
reduced miR-29a and miR-29c expression in skeletal muscle
cells. The significance of miR-29 family in skeletal metabo-
lism is that they connect with multiple proteins in related
pathways. Both miR-29a and miR-29c decreased expression
of IRS1, PIK3R3, and AKT2, which encode members of the
insulin signaling pathway. Consistent with the reduced glu-
cose uptake in human skeletal muscle cells, Glut4 expression
was also decreased after miR-29a and miR-29c were
overexpressed [60]. These findings support the role of exer-
cise in reducing insulin resistance in skeletal muscle and pro-
vide evidence for the role of miRNA in this relationship.
Further investigation is needed to fully understand the mech-
anism for this relationship.

Conclusion

There is emerging evidence of epigenetic abnormalities in
individuals with diabetes, often in genetic regions previously
implicated in diabetes pathogenesis. The ultimate goals of
diabetes research are to prevent diabetes before it starts, make
a correct diagnosis, and treat it properly after the diagnosis.
Toward this goal, epigenetics research has the potential to
inform prediction tools and drug targets. Additional research,
including longitudinal studies, is needed to determine the
causal relationship between epigenetic changes and disease

status, and the mechanistic details of the modifying effect of
environmental exposure.
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