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Abstract
Epigenetic mechanisms may contribute to the pathogenesis of complex diseases. Early or late
environmental influences such as intrauterine malnutrition or sedentary lifestyle have been shown
to lead to an increased risk of diabetes. Recently, epigenetic mechanisms were shown to be
involved in endocrine cell differentiation and islet function. Genomic profiling of pancreatic islets
in non-diabetic and diabetic states is needed in order to dissect the contribution of epigenetic
mechanisms to the declining proliferation potential of β cells that we see with aging or the β-cell
failure observed in diabetes. In-depth understanding of epigenetic landscapes can help to improve
protocols for in vitro differentiation towards the β-cell fate, enhance β-cell proliferation, and lead
to the discovery of novel therapeutic targets.

Tackling diabetes: where we are today
Diabetes mellitus is a chronic metabolic disease due to an insufficient insulin response to
elevated blood glucose levels, and is caused by autoimmune destruction of the insulin
producing pancreatic β cells in type 1 diabetes (T1DM - absolute insulin deficiency) [1], or
by impaired sensitivity to insulin of insulin-responsive tissues such as liver and skeletal
muscle, coupled with insufficient β-cell compensation in type 2 diabetes (T2DM) (relative
insulin deficiency) [2]. Insulin deficiency results in chronic hyperglycemia, which can lead
to many long-term complications, such as renal failure, heart attack, and stroke [3].

Increased family risk for developing T2DM has been recognized for a long time, with a
sibling having a risk for developing diabetes of about three times that of the risk in the
general population [4]. This has prompted decades of research into the genetic causes of
diabetes. Initially, the Maturity Onset Diabetes of the Young (MODY) families, which
exhibit a highly penetrant autosomal dominant pattern of inheritance [5], proved to be fertile
ground for gene discovery. Among the MODY genes is the enzyme glucokinase, which
catalyzes the initial step in utilization of glucose by the β-cell and liver and provides the set-
point for insulin secretion in response to glucose [6]. DNA binding proteins, or
transcriptional regulators, thought to function primarily in β cells are among the MODY
identified genes as well [6]. It should be noted, however, that while MODY mutations are
highly penetrant and thus of utmost importance for the affected families, they are also quite
rare, contributing to only about 2–5% of diabetes incidence [7].
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The increased incidence of diabetes and the concomitant increase of its long-term
complications call for the development of new therapeutic strategies. Currently, diabetes
treatment options include subcutaneous insulin injections for type 1 diabetics [1], and
different classes of oral anti-diabetic medication that increase insulin secretion or peripheral
insulin sensitivity, or decrease intestinal glucose absorption, for T2DM [8]. T1DM patients
have also benefited from the development of the so-called Edmonton protocol for islet
transplantation [9], in which cadaveric islets are transplanted into a recipient’s liver via the
portal vein, allowing for transient or even long-term normalization of blood glucose levels
and insulin independence. Unfortunately, the increasing demand of islet donor material far
outstrips the supply of available organs. Novel sources of functional insulin-secreting β cells
and glucagon-secreting α cells are the subject of major investigations. Along these lines,
many research groups focus on the development of protocols for the directed differentiation
of human embryonic stem cells (hESC). Another hotly pursued avenue is the
reprogramming of other cell types, such as exocrine cells, to functional β and α cells for
diabetes treatment. A third promising therapeutic approach, which might be achieved by the
manipulation of the epigenetic landscape, is the improvement of β-cell function in vivo, in
type 2 diabetic patients, or an increase in β-cell number in vitro prior to transplantation of
donor islets into a T1DM patient.

In another attempt to understand the genes linked to diabetes, investigators have recently
taken advantage of the relatively cheap and high coverage platforms used for the genotyping
of hundreds of thousands of common single nucleotide polymorphisms (SNP’s), and have
performed genome-wide association studies (GWAS) of large cohorts of cases and controls.
In rapid succession, several dozen new diabetes risk loci were identified [10], although in
most cases the cellular pathway affected or the causative mutation responsible for the altered
risk remain to be determined. Despite these breakthroughs and hundreds of millions of
dollars spent, all GWAS loci combined explain only about 10% of the familial risk for
T2DM [11]. Given that the incidence of T2DM has increased dramatically over the past
decades [12], a time period too short to allow for appreciable changes in the genetic makeup
of human populations, it is likely that environmental factors, such as diet and sedentary
lifestyle, and gene-environment interactions, might play a significant role in the
development of the disease. These environmental factors are thought to affect the epigenetic
state of the relevant metabolic organs and influence diabetes development [13].

The epigenome in phenotype transmission and development
The word ‘epi’ is of Greek origin (επι) and means ‘above, over’, thus defining that
epigenetic modifications regulate various biological processes, from gene transcription to
complex metabolic phenotypes, without changing the DNA sequence itself. Recently, this
definition was refined to “an operational definition of epigenetics”, to emphasize the impact
of environmental influences on epigenetic modifications and the dynamic aspect of the
epigenome [14]. This definition of epigenetics proposes three steps of epigenetic signaling;
an environmental signal which triggers a second intracellular signal to establish the exact
chromatin location where the modification will take place, and a third sustaining signal that
helps maintain this modification [14]. More specifically, epigenetics refers to the study of
DNA methylation, histone modifications and non-coding RNAs (ncRNAs), and the
mechanisms by which these modifications affect phenotype [15]. The functional
significance of epigenetic alterations became apparent with the discovery of epigenetic
silencing mechanisms of tumor suppressor genes, e.g. by DNA methylation, in cancer [16].
These breakthroughs have prompted epigenetic studies of many tissues in different disease
states and developmental processes, have led to the characterization of DNA methylation
patterns and the discovery of a diverse set of histone modifications. DNA methylation,
which refers to the methylation of cytosine at the 5 position to create 5-methylcytosine, is a
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highly dynamic process, which is found to be globally decreased during development, with
some tissue-specific exceptions. DNA methylation frequently leads to gene silencing and
decreased gene expression either by promoting binding of transcriptional repressors or by
preventing binding of other DNA-binding proteins [15].

Histones are subject to a wide variety of modifications including lysine (K) acetylation,
lysine and arginine (R) methylation, serine (S) and threonine (T) phosphorylation, and lysine
ubiquitination and sumoylation. These modifications, which occur primarily within the
amino-terminal tails of the histones, greatly affect their function [17]. For example, the
trimethylation of the fourth lysine on histone 3 (H3K4me3) is associated with active
promoters at genes enriched in CpG islands (genomic regions highly enriched in guanine
and cytosine nucleotides), whereas the trimethylation of the 27th lysine on histone 3
(H3K27me3) is linked to repression of transcription [18]. Due to their regulatory role in
transcription and their influence on cell fate determination, these two histone marks have
been the focus of multiple studies in different tissues and disease states. In embryonic stem
cells and early stages of development, both the “activating” H3K4me3 and the “repressive”
H3K27me3 mark can be present at the same gene promoter region [19]. The presence of
both modifications is referred to as a ‘bivalent’ mark. During the differentiation process,
either the H3K4me3 or the H3K27me3 mark is removed from most promoters, repressing or
activating the corresponding genes and defining the distinct epigenetic landscape of
differentiated cells.

This review will highlight the present and future impact of epigenetics on diabetes research,
give an overview of important epigenetic findings, and discuss how these data can be
utilized to identify targets for the development of new diabetes treatments.

Diabetes – why focus on epigenetics?
The epigenome can be thought of as an archive that stores information from exposure to
environmental influences during embryogenesis and early development, affecting health and
disease states in adulthood. At the same time, environmental influences such as increased
food intake that leads to obesity (body mass index (BMI) > 30), play a major role in the
pathogenesis several diseases, including T2DM [20]. Studies following the Dutch hunger
famine have demonstrated that maternal and therefore intrauterine malnutrition and low
birth weight followed by an increase of BMI during childhood, lead to an increased
likelihood for developing metabolic syndrome [21], a complex disease defined by a group of
factors that lead to an increased risk of cardiovascular artherosclerotic diseases and T2DM
[22]. This observation, also referred to as the “thrifty phenotype hypothesis”, has been
validated in multiple animal models, in which restriction of nutrient supply to the fetus has
been shown to lead to a T2DM phenotype in the offspring, which is discussed in more detail
below [23, 24]. These well-controlled studies clearly validate the importance of
environmental influences in the pathogenesis of T2DM [25], and not only suggest that
aberrant chromatin modifications play a role in the pathogenesis of T2DM, but also that
epigenetic studies can be used to explore new therapeutic avenues.

The effect of diet on the islet epigenome
As mentioned above, intrauterine malnutrition leads to an increased risk for developing
T2DM in adulthood. The environmental influence of malnutrition during embryonic
development and the adult phenotype suggest the involvement of epigenetic mechanisms in
T2DM pathogenesis. The use of different animal models of diet-induced manipulations of
the epigenome, such as (i) supplementation with methyl-donors resulting in increased DNA
methylation, (ii) restriction of protein intake in the diet, and (iii) limited nutrient supply by
bilateral uterine artery ligation, have confirmed that maternal diet and intrauterine nutrition
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affect the epigenome of the offspring [25]. Intrauterine growth retardation (IUGR) caused by
bilateral uteroplacental insufficiency results in animals with reduced β-cell mass, decreased
expression of the essential β-cell transcription factor pancreatic and duodenal homeobox 1
(Pdx1), and a T2DM phenotype, in adulthood [24]. To elucidate the contribution of
epigenetic mechanisms to the pathogenesis of T2DM, Park and colleagues analyzed the
epigenetic landscape of the Pdx1 gene locus using islets from the IUGR rat model [23].
Chromatin immunoprecipitation (ChIP) analysis revealed that acetylation of both histone H3
and H4 at the Pdx1 locus is reduced in fetal, juvenile (2 weeks), and adult (6 months) islets,
and this change is accompanied by progressively lower H3K4me3 levels at the Pdx1 locus
and decreased PDX1 expression. In addition, the transcription factor USF-1, which regulates
Pdx1 transcription [26], is no longer able to bind to the Pdx1 promoter in IUGR animals,
implying that the change in chromatin-composition prevents USF-1 binding. Treatment of
isolated 2 week-old islets with the histone deacetylase inhibitor Trichostatin A in vitro
results in increased H3 acetylation and H3K4me3 enrichment, and allows for partial
restoration of Pdx1 expression in the IUGR islets [23]. Together, these results suggest that
epigenetic changes of the Pdx1 locus could be indicative of development of T2DM later in
life and that reversal of epigenetic silencing at the Pdx1 locus, for example with a specific
histone deacetylase inhibitor, might prevent late onset of the disease.

The transcription factor hepatocyte nuclear factor 4-α (Hnf4α) is important for rodent β-cell
replication, in response to metabolic stress and glucose homeostasis, and mutations in
HNF4α cause MODY1 in human [27–29]. It has been observed that maternal low protein
diet and aging lead to epigenetic changes in the enhancer and the islet-specific P2 promoter
region of the Hnf4α gene and in decreased Hnf4α expression levels in the offspring [30].
ChIP analysis showed that maternal diet and/or age decrease the presence of the activating
H3Ac and H3K4me1 marks, and increase enrichment of the repressing H3K9me2 and
H3K27me3 marks, in the enhancer and P2 promoter regions. These findings suggest that
environmental influences lead to epigenetic changes that result in modified Hnf4α enhancer
and P2 promoter regions, in altered promoter-enhancer interactions and reduced gene
expression which might promote the development of T2DM [30]. In addition, Carone and
colleagues have shown in mice that paternal low-protein diet affects cytosine methylation
and metabolic gene expression in their offspring [31]. The study demonstrates the
transgenerational transmission of epigenetic traits and highlights the importance of
environmental influences on the epigenome in disease pathogenesis.

In summary, these studies show that the epigenetic landscape changes with age and in
response to altered fetal nutrient supply, and that epigenetic mechanisms can contribute to
the pathogenesis of T2DM. However, thus far these studies have been limited to specific
candidate loci such as Pdx1 and Hnf4α. Therefore, a genome-wide dissection of the
epigenetic landscape of the young, the old and the IUGR endocrine pancreas, and more
specifically of pancreatic α and β cells as important regulators of glucose homeostasis, is
needed. For example, ChIP-Seq analysis for the histone modification landscape and bisulfite
sequencing analysis for the DNA cytosine methylation profile will help to elucidate which
gene sets are affected by diet and aging. These investigations will establish if epigenetic
markers could serve as biomarkers for T2DM prior to disease onset, and if specific
epigenetic manipulation can be utilized for the prevention or treatment of the disease.

Epigenetic profiling of pancreatic islets
Over the past twenty years, developmental geneticists have made great strides in elucidating
the transcriptional regulators and signaling pathways that direct the differentiation of foregut
endoderm into pancreatic precursors and eventually in the mature endocrine cells [32]. This
detailed knowledge was instrumental for the development and improvement of in vitro
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protocols used for the differentiation of embryonic stem cells (ESCs) or induced pluripotent
stem cells (iPSCs) towards the β-cell fate [33, 34]. Despite these successes, the in vitro
differentiation protocols only succeed in generating polyhormonal cells that are not glucose-
responsive in vitro. At present, only pancreatic precursors derived in vitro which are
transplanted into mice for at least three months, to allow for “in vivo maturation”, can
differentiate to become more functional endocrine cells [34]. Most likely, some key
epigenetic modifications fail to be established in the current in vitro protocols, a serious
obstacle that needs to be overcome if cell replacement therapy with ESC or iPSC derived
endocrine cells is to become a reality. Epigenetic profiling of the islets of Langerhans and its
major cell types α and β cells promises to provide at least part of the missing clues.

Identification of targets for epigenetic therapy requires the detailed analysis of the
epigenome in the tissue of interest. The first genome-wide epigenetic studies of human
pancreatic islets utilized the techniques of formaldehyde-assisted isolation of regulatory
elements coupled with high-throughput sequencing (FAIRE-Seq analysis) and chromatin
immunoprecipitation followed by high-throughput sequencing (ChIP-Seq analysis). These
studies were able to characterize open chromatin sites [35], the mono-, di- and tri-
methylation profile of histone 3 (including the H3K4me1, H3K4me2, H3K4me3,
H3K27me3, and H3K79me2 marks), and the binding sites of CTCF (CCCTC-binding
factor), an important epigenetic regulator [36], in human islets [37, 38]. These first analyses
led to the notion that a small number of bivalent marks are still present in developmental
regulatory genes of differentiated human islets, and that histone 3 tri-methylation
(H3K4me3) enrichment levels do not correlate with gene expression levels in genes with
promoters that are poor in CpG islands [37, 38]. However, β cells represent only a fraction
(~35%) of the cells composing the human islet, and follow-up studies analyzing sorted cell
populations enriched for α and β cells specifically need to be pursued, in order to validate
the previous findings. In addition, this analysis will help assess the cell-type specific
differences in the epigenome, and will offer a precise definition of the epigenetic landscape
of human α and β cells. Interestingly, characterization of histone modification profiles of
murine neural tissues, pancreatic progenitor cells and differentiated β and acinar cells,
revealed the active H3K4me3 signature of β cells clusters with neural tissues, but not acinar
cells, while the repressive H3K27me3 profile of β cells shows high similarity to acinar cells
[39]. These results suggest that (i) the H3K4me3 mark reflects the functional state of the cell
type (e.g. stimulus-coupled secretion of vesicles, which is common to β cells and neurons),
(ii) indicate that the H3K27me3 mark is reflective of the developmental origin of the cell,
and (iii) emphasize the necessity of cell-type specific epigenetic analysis.

Epigenetic regulation of β-cell differentiation and proliferation
Epigenetic modifications play pivotal roles in the regulation of transcription and are
important for cell specification and proliferation [15]. Acetylation of histone residues is
associated with the regulation of gene expression and cell differentiation [40]. Many
enzymes such as histone acetyltransferases (HATs) and histone deacetylases (HDACs) are
involved in the process of adding or removing different histone modifications, thereby
establishing tissue- and cell- type specific histone modification patterns. The discovery of
different classes and subtypes of histone modifying enzymes, the evaluation of their
expression patterns, and the effect of their inhibition or deletion in cell function, provides
information about the importance of these enzymes and their effect on the development and/
or functional maintenance of different tissues.

The large family of HDACs is divided into the classes and subclasses I, IIa, IIb and III, all of
which can repress gene expression and regulate differentiation and proliferation [40]. The
effect of HDACs on cell proliferation and their potential use as drug targets in cancer
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therapy drove the recent development of histone deacetylase inhibitors, which are currently
in clinical trials, or have been approved for treatment of multiple cancer types [16, 41].
Treatment of cultured embryonic rat pancreata explanted at embryonic day 13.5 (E13.5)
with different histone deacetylase inhibitors, results in a decrease in exocrine and an
increase in endocrine cell types [42]. Inhibition of class I and class II HDACs with
trichostatin A, leads to an increase in endocrine progenitor cells and β cells, while inhibition
of class I HDACs with valproic acid enhances the endocrine progenitor and α-cell pool [42].
Collectively, these observations suggest that HDACs play an important role in the early
determination of pancreatic cell types.

Lenoir and colleagues determined the expression patterns of class IIa HDACs (HDAC-4, -5,
and -9) and the effect of their deletion and forced expression on pancreatic development in
mice [43]. Interestingly, expression of class IIa HDACs is only observed in β and δ cells,
but not α and acinar cells. The deletion of HDAC5- and -9 (Hdac5−/− and Hdac9−/−) results
in an increase in the number of β and δ cells, likely due to increased cell differentiation from
endocrine precursors towards these lineages. Treatment of pancreatic explants with
MC1568, a specific class IIa histone deacetylase inhibitor, which acts downstream of
‘neurogenin 3’ (Ngn3) and upstream of ‘paired box gene 4’ (Pax4), causes an increase of β
and δ-cells. Collectively, these results highlight the role of epigenetic regulation in
pancreatic cell fate determination and suggest a potential application of HDAC inhibitors in
directing in vitro differentiation towards the β-cell fate, which could be considered a form of
epigenetic therapy.

Histone modifying enzymes do not act in isolation, but are directed to their target genes by
specific DNA-binding transcription factors. A recent study discovered that the
homeodomain transcription factor Nkx2.2 regulates expression of the ‘aristaless homebox’
transcription factor Arx, by binding to its promoter in a repressive complex with HDAC1,
the de novo DNA methyltransferase 3a (Dnmt3a), and the co-repressor Groucho-3 (Grg3)
[44]. In β cells, this complex binds to the hypermethylated Arx promoter, thereby preserving
the β-cell specific state, and blocking β- to α-cell conversion. In addition, the
“maintenance” DNA methyltransferase 1 (Dnmt1) is important for preserving β-cell
identity. It achieves that by methylating the Arx locus and repressing this α-cell specific
transcription factor through binding of the methyl-binding protein MeCP2 and recruitment
of the enzyme ‘protein arginine methyltransferase 6′ (PRMT6) [45]. Indeed, deletion of
Dnmt1 in β cells leads to loss of Arx repression and gradual conversion of β to α cells [45].
These findings demonstrate that interactions between transcription factors and epigenetic
components are important for proper cell differentiation and for maintenance of the
differentiated cell state.

The two polycomb repressive complexes 1 and 2 (PRC1 and PRC2), formed by polycomb
group (PcG) proteins, are chromatin modifiers, they repress gene transcription, and are
critical for cell specification [46]. The PcG protein Bmi-1 is crucial for the function of
PRC1, which mono-ubiquitylates histone H2A on lysine 119. Also, ‘enhancer of zeste
homolog 2’ (Ezh2) is a histone methyltransferase and part of PRC2 that maintains the
repressive H3K27me3 mark [46]. Thus, Bmi-1 and Ezh2 influence the proliferative potential
of β cells in the mouse [47, 48]. Dhawan and colleagues reported that Bmi-1 regulates the
Ink4/Arf locus, that a decline in Bmi-1 results in reduced β-cell proliferation, and that Bmi-1
plays a role in β-cell regeneration after β-cell ablation by streptozocin treatment [48].
Conditional deletion of Ezh2 in β cells leads to reduced H3K27me3 levels and increased
mRNA levels of the two cell cycle inhibitors p16Ink4 and p19Arf, and reduced β-cell
proliferation [47]. Consequently, Ezh2-deficient mice exhibit impaired glucose tolerance
and an inability to recover from streptozocin-induced β-cell ablation [47]. These results
stress the importance of epigenetic mechanisms in the regulation of β-cell proliferation, and
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suggest that epigenetic manipulation of PcG proteins and their respective histone
modification marks in β cells might be a useful tool for promoting β-cell proliferation in
vitro and in vivo.

Concluding remarks
Epigenetic diabetes therapy – promises for the future?

Epigenetic modifications are implicated in the pathogenesis of complex diseases, such as
asthma, cancer, and T2DM [13, 49, 50]. The development of epigenetic drugs presents both
a major challenge and a promising opportunity. Epigenetic abnormalities are thought to
occur before disease onset and might contribute to disease pathogenesis [51]. Hence,
discovering markers that might be associated with increased risk for disease development is
of great importance. However, the major challenges of epigenetic research are to distinguish
between epigenetic modifications that cause the onset of disease and ones that do not, and to
evaluate the significant individual variability [51]. In order to determine diabetes-specific
epigenetic profiles, precise assessment of the epigenome of endocrine pancreatic cells, e.g.
of insulin-secreting β cells, in the non-diabetic state and at early and late diabetic states is
necessary, as this approach will help to distinguish between causal and consequential
epigenetic modifications. This genome-wide comparison might also uncover disease-
specific epigenetic modification patterns, and provide an opportunity for discovering
markers for disease onset, and new potential therapeutic targets for diabetes prevention and
treatment (Fig. 1). In addition, the profiling of different developmental stages and of
proliferative versus non-proliferative β cells will elucidate important epigenetic mechanisms
involved in the differentiation and proliferation of β cells, and will help improve the
currently used in vitro differentiation protocols (Fig. 2). Most histone modifying enzymes or
DNA methyltransferases have a broad target range and are expressed in multiple tissues.
This increases the likelihood of “off target” effects, and will present a significant challenge
for drug development. Therefore, it is likely that the first applications will be developed for
ex vivo use, such as improvement of in vitro protocols for directed differentiation of
embryonic stem cells towards the β-cell fate, and the enhancement of β-cell proliferation in
donor islets for cell replacement-based diabetes therapy.
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Figure 1. Application of epigenetic profiling for the development of novel diabetes treatment
strategies
Precise profiling of the epigenome of insulin-secreting β cells, in the non-diabetic state, and
at early and advanced stages of diabetes will lead to the better understanding of diabetes
pathogenesis. The discovery of epigenetic markers for disease onset can be used as future
targets for disease prevention, and comparison of the epigenetic landscapes of early and
advanced diabetic b cells will allow for disclosure of novel epigenetic targets for diabetes
treatment.
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Figure 2. Use of epigenetic profiling of progenitor cells and mature β cells in diabetes research
(A) In-depth understanding of the epigenetic landscape of undifferentiated progenitor cells
and differentiated β cells will help identify important epigenetic differentiation targets.
Comparison of the epigenetic make-up of proliferative, fetal β cells and non-proliferative,
adult β cells will elucidate the epigenetic mechanisms contributing to the proliferative
capacity of β cells.
(B) The knowledge of epigenetic differentiation markers and the development of epigenetic
drugs targeting these markers will provide the opportunity to improve in vitro differentiation
protocols of human embryonic stem cells (hESCs) towards the β-cell fate. Furthermore,
targeting of epigenetic proliferation markers can enhance in vitro proliferation of b cells for
cell replacement-based diabetes therapy.
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