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Abstract The development of the endocrine pancreas is
controlled by a hierarchical network of transcriptional regu-
lators. It is increasingly evident that this requires a tightly
interconnected epigenetic “programme” to drive endocrine
cell differentiation and maintain islet function. Epigenetic
regulators such as DNA and histone-modifying enzymes are
now known to contribute to determination of pancreatic cell
lineage, maintenance of cellular differentiation states, and
normal functioning of adult pancreatic endocrine cells. Per-
sistent effects of an early suboptimal environment, known
to increase risk of type 2 diabetes in later life, can alter the
epigenetic control of transcriptional master regulators, such
as Hnf4a and Pdx1. Recent genome-wide analyses also
suggest that an altered epigenetic landscape is associated
with the p cell failure observed in type 2 diabetes and aging.
At the cellular level, epigenetic mechanisms may provide a
mechanistic link between energy metabolism and stable pat-
terns of gene expression. Key energy metabolites influence
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the activity of epigenetic regulators, which in turn alter tran-
scription to maintain cellular homeostasis. The challenge is
now to understand the detailed molecular mechanisms that
underlie these diverse roles of epigenetics, and the extent to
which they contribute to the pathogenesis of type 2 diabetes.
In-depth understanding of the developmental and environ-
mental epigenetic programming of the endocrine pancreas
has the potential to lead to novel therapeutic approaches in
diabetes.
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Introduction

Diabetes mellitus is a chronic metabolic disease of “epi-
demic” proportions; its global prevalence was estimated as
285 million adults (6.4 %) in 2010 and is expected to further
rise to approximately 439 million (7.7 %) by 2030 [1]. Type
2 diabetes (T2D), sometimes termed non-insulin-dependent
diabetes mellitus, is the predominant form and accounts for
more than 90 % of all cases. The disease is characterized
by insulin secretory dysfunction of the pancreatic p cells
combined with insulin resistance [2], but the primary mech-
anisms are still debated. Current therapeutic regimens are
often unable to stop the progression of the disease towards
the development of microvascular and macrovascular com-
plications [3], which together put a huge economic burden
on public health care systems.

T2D is a multifactorial disorder influenced by interac-
tions between multiple susceptibility genetic loci and the
environment. Strong familial clustering is indicative of
a major role for genetic factors, estimated to account for
30-70 % of the total risk for T2D [4]. Studies performed
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over the past two decades led initially to the identification
of genes responsible for rare, monogenic forms of diabe-
tes such as maturity onset diabetes of the young (MODY),
neonatal diabetes, mitochondrial diabetes, and lipoatrophic
forms of diabetes [5]. Although mutations in these genes
account for only 2-5 % of all cases of diabetes, their dis-
covery provided novel insights into the pathways that regu-
late glucose homeostasis. Genome-wide association studies
(GWAS) in T2D have also contributed significantly to our
understanding of the genetics of this disease. So far, more
than 40 loci have been identified that increase the risk for
T2D [6]. Interestingly, most of the associated genes appear
to be enriched in the P cell and to have the potential to regu-
late B cell mass and/or function [7]. Although the combined
effects of these genetic variants only explain around 10 % of
T2D heritability, they point towards a major role for pancre-
atic § cell dysfunction in the etiology of this disease.

The environment acting across the life-course plays an
important role in T2D pathogenesis. Risk factors include
reduced physical activity, obesity, low birth weight, and
advancing age [8, 9]. Epigenetics has attracted particu-
lar attention in the last few years mainly because it plays
a central role at the interface between the genome and
the environment. It has been proposed that the environ-
ment increases the risk of T2D by affecting gene expres-
sion through epigenetic modifications [10, 11]. Epigenetics
refers to “the structural adaptation of chromosomal regions
S0 as to register, signal or perpetuate altered activity states”,
caused by mechanisms other than changes in the underly-
ing DNA sequence [12]. These structural adaptations are
brought about by reversible epigenetic marks that modulate
genome function. Epigenetic marks include DNA modifica-
tions (such as 5-methylcytosine [13], 5-hydroxymethylcy-
tosine [14], 5-formylcytosine and 5-carboxylcytosine [15]),
post-translational modifications of histones (methylation,
acetylation, phosphorylation, ubiquitination, sumoyla-
tion, ADP ribosylation, deimination, proline isomerization,
O-GlcNAcylation [O-linked p-D-N-acetylglucosamine] and
tail clipping) [16], histone variants [17], and alternative
nucleosome positioning [18]. These modifications are laid
on the chromatin by a variety of chromatin and DNA-binding
proteins with enzymatic activities [19-21], as well as non-
coding RNAs [22], all of which act as epigenetic initiators
that translate environmental cues (epigenators) into spe-
cific epigenetic states [23]. Importantly, epigenetic systems
must ensure both stability and flexibility of chromatin states
[24]. The regulation of transcription requires the remode-
ling of chromatin via DNA and histone modifications, the
alteration of nucleosomal distribution and the adjustment of
higher-order chromatin structure. A key question is how epi-
genetic systems can show at the same time robust epigenetic
memory that is central to maintenance of cell differentia-
tion states, and flexibility to adapt and respond to various
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environmental challenges. The response to an initiating
signal may result in chromatin events that are transient,
with a return to “basal” levels as the signal fades, whereas
others persist long term and are even transmitted through
generations. A full understanding of how short-term signals
can induce long-term heritable changes in gene expression
will provide new insights on how growth and developmen-
tal adaptations influence postnatal phenotypes, leading to
increased risk of disease and the onset of age-related dis-
eases like type 2 diabetes [10, 25].

In this review, we discuss recent advances in the epige-
netics of the endocrine pancreas, from roles in cell lineage
specification and maintenance of differentiated states, to the
transduction of environmental signals that impact genome
function. We start by summarizing the evidence in sup-
port of key roles for epigenetic mechanisms in the devel-
opment and function of the endocrine pancreas. We then
discuss examples of environmental challenges that induce
epigenetic changes in the endocrine pancreas in early life
and during aging. Finally, we review evidence that links
abnormal epigenetic marking of genes to the development
of diabetes, with a focus on T2D, and discuss the molecu-
lar mechanisms that may underpin environmentally induced
epigenetic metabolic programming.

The epigenetic control of endocrine pancreatic
development and function

Overview of the pancreatic developmental program

The pancreas consists of several distinct cell populations
arising from multipotent endodermal cells that will give rise
to ductal, exocrine, and endocrine cells [26]. The exocrine
compartment accounts for more than 95 % of the pancre-
atic tissue in adult animals and is composed of acinar cells,
which synthesize digestive enzymes, and ductal cells that
line the channels that transport these secretions into the gas-
trointestinal tract. The endocrine compartment is comprised
of five different hormone-secreting cell types (glucagon-
secreting o cells, insulin-secreting B cells, somatostatin-
releasing 8§ cells, ghrelin-producing ¢ cells, and pancreatic
polypeptide-secreting PP cells) that aggregate to form the
islets of Langerhans [26].

The pancreas develops from the embryonic foregut and is
therefore of endodermal origin [26-29]. In mouse, pancre-
atic development begins around embryonic day E8.5 with
the formation of two pancreatic primordial buds (dorsal and
ventral), which contain multipotent progenitor cells that
express the transcription factor Pdx1 (pancreatic and duo-
denal homeobox 1). Pdx1 also plays important roles later
in development, being required for prenatal pancreas mor-
phology, postnatal maintenance of insulin production and
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glucose-sensing, and control of the balance between endo-
crine and exocrine pancreatic components. Gut rotation at
E11.5 leads to the fusion of the dorsal and the ventral buds,
followed by their expansion into the surrounding mesen-
chyme. Between E12 and E14, the duct Pdx1% progenitor
cells located in a central position of the developing pan-
creas and in close apposition to the vasculature, follow an
endocrine specification path, which is initially marked by
the expression of the transcription factor Ngn3 (neurogenin
3) [30]. Several transcription factors, which act downstream
of Ngn3, regulate the formation of various cell types within
the islets. Two of these transcription factors, Pax4 (paired
box gene 4) and Arx (aristaless-related homeobox), play
crucial and antagonistic roles in the distribution of the endo-
crine subtype lineages: Pax4 supports p/8 cell fate, while
Arx promotes the development of o and PP cells. By E15.5,
fate specification of all endocrine cell types is completed.
The migration of the differentiated endocrine cells and the
formation of the islets of Langerhans take place between
E16.5 and birth. After birth, there are two waves of § cell
neogenesis in rodents, one immediately after birth and the
other 2-3 weeks after birth, which are separated by a tran-
sient period of increased apoptosis [31, 32]. Adult mouse
islets comprise ~75 % @ cells, ~20 % « cells, and ~5 % other
endocrine cells, while adult human islets contain ~50 % B
cells, ~40 % o cells, ~10 % b cells and very few PP and ¢
cells [26-30].

Epigenetic mechanisms and cell-fate decisions during the
development of the endocrine pancreas

Epigenetic mechanisms play important roles during the cell-
fate decisions that mark the development of the pancreas
(summarized in Fig. 1). Early pluripotent cells of the embryo
develop into multipotent mesoderm, ectoderm, and endo-
derm germ cell layers. In pluripotent embryonic stem (ES)
cells, the CpG-rich promoters (genomic regions with high
frequency of CpG dinucleotides, also called “CpG islands™)
of a large fraction of genes are marked concomitantly with
trimethylation of histone H3 lysine 4 (H3K4me3—histone
mark enriched in differentiated cells at transcriptional start
sites of genes activated by the Trithorax [TrxG] complex),
and H3K27me3 (found in differentiated cells at genes tran-
scriptionally repressed by Polycomb group [PcG] proteins),
status known as bivalent [33]. It has been proposed that the
function of bivalency in pluripotent cells is to silence devel-
opmental genes while keeping them “poised” for activation,
thus constituting a chromatin-based mechanism for main-
taining pluripotency. Lineage-specific transcriptional com-
petence can be associated with a resolution of this bivalent
state, with loss of either H3K27me3 or H3K4me3 and con-
sequent activation or repression of lineage-specific genes,
respectively [33, 34]. In the mouse, the epigenetic status
of the PdxI gene fits the above model: the bivalent state is
still present in the ventral foregut endoderm cells, before
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the appearance of the ventral pancreas progenitor cells [35],
and H3K27me3 is then lost in E10.5 Pdx1™ multipotent
progenitor cells [36]. Loss of H3K27me3 is also observed
in E10.5 Pdx1™ progenitor cells at other loci with bivalent
domains, including transcription factors that regulate the
development of the nascent pancreas (e.g., Foxa2, Gata4,
Gata6, and Hnflb) [36]. However, many genes retain the
bivalent chromatin status in E10.5 Pdx17 cells in order to
suppress alternative developmental programs, as well as the
premature expression of the genes that characterize termi-
nally differentiated pancreatic cells [36].

The observation that a subset of genes marked by
H3K27me3 in E10.5 Pdx1" progenitor cells are no longer
repressed in adult § cells, has led to the proposal that the core
B cell gene activity program remains largely suppressed by
H3K27me3 in pancreatic progenitors and is selectively de-
repressed in the pancreatic endocrine lineage during later
stages of differentiation [36]. A wave of de novo H3K27
tri-methylation also occurs in the § cell lineage after the
pancreatic progenitor stage, affecting predominantly CpG-
poor genes. These events are likely to be important for the
repression of alternative cell fates (e.g., repression in pan-
creatic § cells of Cpa2, an acinar-specific gene that encodes
carboxypeptidase A2) [36]. In the context of the complex
roles played by H3K27me3 during pancreatic development,
it is interesting to note that a specific deletion in the foregut
endoderm of the histone methyltransferase Ezh2 (enhancer
of zeste homolog 2—a component of the PcG complex
PRC2, which mediates the addition of this epigenetic mark)
leads to a marked expansion of Pdx1T-positive cells in the
ventral bud at E10, at the expense of liver bud development
[35]. The increase in number of Pdx1*-positive cells cannot
be explained by cell proliferation, demonstrating that Ezh2
is a modulator of the choice between liver and pancreatic
programs [35]. Ezh2 is proposed to indirectly promote the
liver program by restraining the extent of ventral pancreatic
specification in the endoderm [35].

Acetylation and deacetylation of histones, which affect
gene transcription via condensation—decondensation of
chromatin, also play modulator roles in cell-fate decisions
during pancreatic development. In E10 embryos with a het-
erozygous deletion of the histone acetyltransferase P300
(which acetylates lysine residues H3K9, H3K14, H2BKS,
and H4K5), more Pdx1" cells are formed at the ventral pan-
creatic bud, while the liver bud is smaller [35]. Thus, P300
seems to promote the choice for liver over ventral pancreas
fate. Histone deacetylases (HDACS) are also emerging as
important modulators of the timing and determination of
pancreatic cell fates. HDAC class I (HDAC1-3 and 8) seem
to promote the endocrine lineage development at several
key steps [37]. Indeed, treatments with HDAC-I inhibitors
(such as valproic acid or MS275) in an in vitro model, in
which endocrine and exocrine cells develop from E13.5
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rat pancreata, lead to a dramatic decrease in acinar line-
age differentiation, whereas ductal lineage differentiation
is strongly enhanced. Moreover, the expression of the pro-
endocrine transcription factor Ngn3 is strongly enhanced
and maintained by the HDAC-I inhibitors, leading to an
increased pool of Ngn3" endocrine progenitor cells [37].
Later during development, HDAC-I inhibit Arx activity,
restricting the pool of a cells and PP cells [37]. In contrast,
HDAC class Ila (HDACH4, 5, 7, and 9) limit the final steps
in § and 3 cells differentiation pathways by restricting the
expression of Pax4 [38]. In Hdac5" and Hdac9”" mice there
is an increased number of p cells, while Hdac4” and Hdac5”
mice have more 3 cells [38]. Moreover, MC1568, a specific
HDAC-IIa inhibitor activates Pax4 expression in E13.5 rat
pancreatic explants and increases the frequencies of § and
d cells [38].

The role of DNA methylation during early pancreas
development is less understood. However, in mutant
zebrafish with loss of DNA methyltransferase 1 (Dnmtl)
catalytic activity, the pancreas forms normally but begins to
degenerate 84 h post-fertilization through extensive apopto-
sis of the acinar cells, while the endocrine cells and the ducts
are largely spared [39, 40]. Interestingly, these mutants also
show an increased capacity for f cell regeneration in an
inducible model of pancreatic B cell ablation, suggesting
that DNA methylation plays important roles in the differen-
tiation of pancreatic progenitors towards the § cell fate [40].

Epigenetic mechanisms and the long-term stability
of differentiated cell states in the endocrine pancreas

As shown in the previous section, epigenetic mechanisms
are important modulators of cell-fate decisions in the devel-
opment of the endocrine pancreas (Fig. 1). Moreover, epige-
netic mechanisms are also thought to be important players in
the maintenance of lineage identity of somatic tissues, thus
safeguarding from de-differentiation and reprogramming
processes (also summarized in Fig. 1). Several recent stud-
ies based on genetic approaches (conditional deletions in
mouse or siRNA knockdowns), pharmacologic approaches
(small molecules targeting chromatin-modifying enzymes),
epigenome mapping, and characterization of chromatin
interactions have started to shed light on the role of epige-
netic mechanisms in the maintenance of cellular identity of
the endocrine cell during development and postnatal life. In
the section that follows, we will give examples of the contri-
bution of epigenetic mechanisms to long-term maintenance
of identity of the endocrine cell.

Genetic and pharmacologic approaches

In mouse B cells, the promoter of the a cell fate regulator
Arx is methylated and bound by the methyl-binding protein
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MeCP2, which in turn recruits the histone methyltrans-
ferase PRMT6, an enzyme that methylates H3R2 (histone
H3 arginine 2) [41]. The Arx promoter also binds a repres-
sor complex comprised of the homeodomain transcription
factors Nkx2.2 and Nkx6.1, the corepressor Grg3 (Grou-
cho-3) and the de novo DNA methyltransferase Dnmt3a,
which in turn recruits HDACI to the locus [42]. Together,
these mechanisms lead to the transcriptional silencing of
Arx in B cells. Deletion of the maintenance DNA methyl-
transferase Dnmtl in differentiated § cells leads to gradual
loss of DNA methylation and activation of the Arx gene
and these events are associated with a conversion of § into
a cells [41]. Interestingly, this cell identity change is only
observed in older mice (over 8 months), even though the
Dnmtl gene is deleted as early as P cells are specified dur-
ing embryogenesis. This delay is thought to be explained,
at least in part, by the amount of time needed for the slow
rate of p cell proliferation to dilute the levels of DNA meth-
ylation established at the Arx locus prior to deletion [41].
However, there is also evidence that during the early stages
of post-f cell specification, Arx repression involves active
de novo DNA methylation at this locus, mediated by a large
repression complex that includes Dnmt3a, Nkx2.2, Grg3,
and HDACI1. Accordingly, deletion of Dnmt3a in B cells
results in Arx-dependent B-to-a cell reprogramming as
early as 3 months of age [42].

When the histone methyltransferase Ezh2 is deleted in
mouse P cells, the level of the repressive mark H3K27me3
falls significantly at the Cdkn2a locus (which encodes two
cell-cycle repressors: pl6™K4 and p19AT) and results
in increased expression of pl16 and pl9 [43]. As a conse-
quence, Ezh2 mutant mice have reduced postnatal § cell
proliferation, leading to reduced  cell mass, hypoinsuline-
mia, and mild diabetes. Unlike wild-type mice, they also
fail to regenerate P cells after their destruction with strep-
tozotocin (STZ), resulting in lethal diabetes. Furthermore,
homozygous inactivation of the Cdkn2a locus restores nor-
moglycemia and P cell proliferation capacity in mice with
B cell-specific deletion of the Ezh2 gene [43]. Therefore,
the suppression of Cdkn2a locus by H3K27me3 seems to
be essential for the control of early postnatal proliferative
capacity of pancreatic p cells. Notably, the CDKN2A locus
is one of the GWAS genes linked with susceptibility to T2D
in humans [6]. In addition to Ezh2, § cells also express
another H3K27 methyltransferase—Ezh1 [43], and there-
fore a complete understanding of the role of H3K27me3
will require a full abrogation of this repressive marking
system.

Another epigenetic regulator that plays an important role
in the maintenance of euchromatin structure and the tran-
scriptional programme at islet-specific genes is the histone
methyltransferase Set7/9, which mediates the methyla-
tion of H3K4 to H3K4me2, a mark associated with active

transcription. Within the pancreas, the gene encoding Set7/9
(Setd?7) is specifically expressed in islets (both in o and B
cells), due to an upstream, islet-specific enhancer, that binds
Pdx1. Depletion of Set7/9 by siRNA in insulinoma cells and
in primary mouse islets leads to repression of many genes
involved in glucose-stimulated insulin secretion, including
Insi, Ins2, Slc2a2 (Glut2), and MafA, in parallel with loss of
H3K4me?2 at these loci [44]. Interestingly, Setd7 is not only
controlled by Pdx1 at the transcriptional level but Setd7 pro-
tein also interacts physically with Pdx1 and together they
promote the transcription of Pdx1 target genes [45].

Additional evidence supporting the crosstalk between
transcription factors and the epigenetic machinery in main-
taining the normal function of the endocrine pancreas is pro-
vided by studies performed in islets isolated from Hnfla”
mice. Hnfla encodes a transcription factor (Hnfla) that is
dispensable for the normal development of the endocrine
pancreas; however, when mutated it causes the most com-
mon form of MODY (MODY3). Hnfla is essential for the
normal expression of several target genes in differentiated
pancreatic f cells (such as Slc2a2 and Pklr, encoding the
L-type pyruvate kinase) and this control is achieved by
directing nucleosomal hyperacetylation at these loci [46].
In islets collected from Hnfla” mice, the direct target genes
are not only hypoacetylated but also enriched in H3K27me3
and depleted in H3K4me?2 [47]. Furthermore, the position
of these target genes is modified from central domains of
the nucleus, which are transcriptionally active and enriched
in H3K4me2 and RNA polymerase II, towards the more
peripheral subnuclear domains, enriched in H3K27me3 and
with reduced access to transcriptional factories [47]. These
results raise the possibility that local changes in chromatin
structure induced by key transcription factors such as Hnfla
may play important roles in regulating the cell-specific spa-
tial organization of the genome.

In contrast to the genetic approaches presented above,
small molecules that target chromatin-modifying enzymes
allow the study of time- and dose-dependent effects of
altered histone modification levels on transcription, without
changing protein complexes. Importantly, these approaches
have the potential to lead to novel therapies for diabetes.
A recent study measured the genome-wide transcriptional
effects of 28 compounds targeting HDACs (n = 22),
DNMTs (n = 3) and histone lysine methyltransferases,
HKMTs (n = 3) in pancreatic o (¢TC1) and § (BTC3) cell
lines [48]. a cells exposed to most of the HDAC inhibitors
switch on insulin and other B cell-specific markers, implying
partial loss of cell identity. Similarly to HDACsS, a positive
regulation of expression of B cell factors and repression of
many o cell factors was observed for one HKMT inhibitor
(chaetocin, that inhibits Su(var)3-9 and G9a). In B cells, a
complex effect of HDAC inhibitors on insulin-secretion was
observed, with some essential components of the pathway
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up-regulated and others down-regulated. Moreover, § cells
treated with HDAC-I inhibitors from the orthoamino ani-
lide class (activity restricted to HDACI, 2 and 3) upregu-
lated o cell markers MafB and Arx and increased glucagon
expression, without significant alteration of f cell markers,
suggesting that HDAC-I are important for maintenance of
B cell identity [48]. One of the most interesting outcomes
of this study was the finding that selective compounds can
be harnessed to modulate the expression of restricted gene
sets in distinct cell types. For example, the G9a/GLP his-
tone methyltransferase inhibitors BIX-01294 and UNC0638
were found to up-regulate the cholesterol biosynthesis path-
way in pancreatic (both o and ), but not hepatic cells. This
effect was associated with loss of H3K9me?2 at the promot-
ers of key genes involved in this pathway, such as Hmgcs!
and Hmgcr, suggesting direct G9a/GLP-dependent regula-
tion [48].

Epigenomic maps

The distribution of several epigenetic marks including
histone modifications, nucleosome positioning, and DNA
methylation has been characterized recently across the
genome (or in defined chromosomal regions) in adult human
and rodent islets, and in purified  cells.

In adult human islets, the distribution of H3K4me3 and
H3K27me3 is mutually exclusive for most genes and only
few loci (such as HOX genes and genes encoding neuronal
transcription factors) have a bivalent pattern [49]. Interest-
ingly, the correlation between the distribution of H3K4me3
at promoter regions and gene expression seems to be depend-
ent on the promoter’s CpG content. Promoters contain-
ing CpG islands are often marked by peaks of H3K4me3,
regardless of their transcriptional activity (as assessed by
the presence or absence of high levels of the transcriptional
elongation histone mark H3K79me?2 on either side of the
H3K4me3 peak) [50]. However, many promoters without
CpG islands (including those of genes encoding insulin,
glucagon, somatostatin, islet amyloid polypeptide, pan-
creatic polypeptide preprotein and transthyretin) are not
marked with, or show only modest levels of, H3K4me3 and
H3K79me?2, suggesting that alternative histone modifica-
tions or regulatory mechanisms must be responsible for the
activation of these hormone-encoding genes in human islets
[49-51].

A recent study has analyzed a defined class of so-called
“disallowed genes”, which are defined as those genes with
specific repression in one tissue only, but expressed every-
where else. Cell selective repression of disallowed genes has
been proposed to ensure correct tissue function [52]. Exam-
ples of disallowed genes in mouse islets include Sicl6al,
which encodes the monocarboxylate transporter MCT1 that
mediates the transport of lactate and pyruvate across the cell
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membranes, and Ldha, which encodes lactic dehydrogenase
A that catalyzes the conversion of lactate to pyruvate. These
genes have important roles in ATP production when oxygen
supply is low, via anaerobic glycolysis. In p cells, glycolysis
is exclusively aerobic, and therefore the expression of these
genes is negligible. Mechanistically, the repression of these
genes takes place early postnatally and is achieved, at least
in part, by gain in H3K27me3 and loss of H3K9ac at these
loci [52].

In purified B cells collected from adult mice, H3K27me3
also represses regulators of inappropriate developmental
fates (e.g., skeletal, neural, and heart development), as well
as genes whose repression is critical for their normal func-
tion or survival (for example Fas, a mediator of cell death
that is inactive in healthy p cells but is induced during auto-
immune destruction in type 1 diabetes) [36]. In contrast,
adult B cell-specific genes (such as Pdxl, Neurodl, Pax6,
Isll, etc.) lack H3K27me3 and are marked instead with
H3K4me3. Surprisingly, although at a global level the pat-
tern of H3K27me3 distribution is similar with that observed
in other pancreatic cell types, p cells differ by a selective
absence of PcG repression at a core of genes related to neu-
ral development. This absence of H3K27me3 allows the
activity in B cells of a set of genes that are characteristically
expressed in neural cells [36].

Global epigenetic analyses have also allowed to map epi-
genetic marks at putative long-distance cis-acting regulatory
elements and to study their associations with gene activity.
FAIRE-seq (formaldehyde-assisted isolation of regula-
tory elements coupled with high-throughput sequencing)
is a technology that enables the mapping of open
chromatin sites marked by absence of nucleosomes—an
evolutionary conserved indicator of regulatory activity (i.e.,
promoters or enhancers). When applied to purified human
islets, this method led to the identification of approximately
80,000 open chromatin sites and over 3,300 islet-specific
clusters of open regulatory elements (COREs) (i.e., three
or more open chromatin sites separated by less than 20 kb,
which are found in islets but are absent in five non-islet cell
lines) [53]. Supporting their potential role in gene regula-
tion, most COREs were associated with only one gene and
these genes tended to have higher expression in islets when
compared to other primary tissues [53]. Additionally, islet-
selective COREs are enriched in long noncoding RNAs
(IncRNAs), many of which are highly islet-specific (com-
pared with 16 other human tissues) and important for the
cell differentiation and maturation program [54]. Another
study used global distribution mapping of H3K4mel in
human islets (a histone modification that has been found to
mark active enhancers and promoters [55]), and reported on
approximately 35,000 intergenic peaks [49]. Genome-wide
mapping of DNasel hypersensitive sites (DHS, which mark
open chromatin regions), combined with the mapping of
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CTCF binding sites (an insulator protein) and H3K4mel
peaks [50] identified over 100,000 DHS in human islets, of
which approximately 34,000 are distal to transcription start
sites (TSS) and 47 % are islet-“specific” (i.e., not found
in four different human cell lines). CTCF binds to about
a fifth of these DHS. H3K4mel is depleted at many DHS
located near TSS, but is enriched at distal DHS, suggesting
that the combination DHS-H3K4mel enrichment is a good
predictor for active enhancers [50]. Importantly, all of these
studies have shown that many SNPs that have recently been
associated with T2D through GWAS studies are located at
putative regulatory elements (as identified by the criteria
used in the above studies), and enhancer activities have
been experimentally validated for several of these elements
[50, 53, 55].

Methods that are able to identify functionally active TF
binding events are essential for interpretation of genome-
wide TF binding data, in particular because most transcrip-
tion factors have the potential to bind thousands of loci at
the sequence level, and many may bind without a functional
correlate (i.e., gene targets are inactive). A recent study
performed on isolated adult pancreatic islets has tested the
hypothesis that Foxa2 and Pdx1-bound loci that are tran-
scriptionally active may exhibit local enrichment in H3K4
methylation, as well as the characteristic patterns of nucleo-
some positioning [56]. This combined analysis found that
TF-bound loci can be distinguished into three classes. The
first class corresponds to transcriptionally active genes
and is characterized by enrichment in H3K4me3 and a
bimodal distribution of H3K4mel, with peaks on each side
of the nucleosome-depleted transcription binding site. The
bimodal loci that bind concomitantly Foxa2 and Pdx1 have
higher levels of transcription and are more often expressed
in islets. The second class of loci corresponds to genes
poised for activation and are characterized by a single peak
of H3K4mel (monomodal distribution), due to the pres-
ence of H3K4mel-marked nucleosomes at the transcrip-
tion binding site. The third class of loci show low levels
of H3K4mel, despite the binding of Foxa2 and Pdx1 and
are transcriptionally inactive. These loci reflect perhaps the
ability of the TFs or that of their interacting partners, to
bind to compacted chromatin (so-called “pioneer TF”) [56].
Consistent with this possibility, Foxa2 is a well-established
“pioneer TF” [57].

So far, there are only two published studies that analyzed
the DNA methylome of the endocrine pancreas. The first
study, performed in adult rat islets, was based on the HELP
assay (Hpall tiny fragment enrichment by ligation-mediated
PCR), followed by microarray hybridization [58]. Consist-
ent with studies performed in other tissues and species, this
analysis found that hypomethylated loci are often located at
CpG islands and gene promoters and, more rarely, in gene
bodies and at conserved intergenic regulatory elements. In

contrast, repetitive sequences tended to be constitutively
hypermethylated, a pattern that is typical to all eutherian
mammals [58]. The second study performed on human
islets used the recently developed Infinium Methylation
BeadChip arrays that allow the interrogation of the meth-
ylation status of 27,578 CpG sites corresponding to 14,475
gene promoters [59]. This analysis, performed on diabetic
and non-diabetic samples, led to the identification of T2D-
related differentially methylated genes (presented in a later
section of this review) [59].

Chromatin interactions

The genome is highly organized inside the nucleus into a
compact chromatin structure that facilitates many direct
interactions between otherwise distal sites. Many of these
interactions are thought to be essential for tissue-specific
promoter-enhancer interactions and the coordinate tran-
scription between genes. Two recent studies have started to
map out some of these long-range interactions in pancreatic
islets. In human islets, the /NS gene interacts with a large
number of loci, the majority located within 1-Mb. One of
these genes is SY7T8 (which encodes synaptognamin 8),
located over 300 kb away from INS [60]. Interestingly, this
interaction is attenuated when the insulator protein CTCF is
depleted by siRNA and, consequently, SYT§ transcription
is reduced. Conversely, the SYTS-INS interaction is more
pronounced when islets are exposed to increased concen-
trations of glucose, by yet unknown mechanisms [60]. In
support of the functional importance of this interaction for
the normal function of the pancreatic § cell, siRNAs that
target the /NS promoter and induce transcriptional silenc-
ing of INS gene also lead to decreased SY78 mRNA expres-
sion, but not of other neighboring loci. Furthermore, siRNA
depletion of SYTS protein reduces glucose- and arginine-
stimulated insulin secretion [60]. Therefore, this study dem-
onstrates that, in human islets, the INS promoter not only
controls insulin transcription but also orchestrates key steps
in insulin secretion through long-range interactions with the
SYTS locus.

In rats and humans, the Hnf4a gene (which encodes
hepatocyte growth factor 4 alpha, required for pancreatic
B cell differentiation and glucose homeostasis) has two
alternative promoters, proximal P1 and distal P2, and an
enhancer region located in between. Transcriptional activ-
ity of Hnf4a in islets is restricted to the distal P2 promoter,
which is enriched in H3 acetylation (H3Ac) and H3K4me3.
The intragenic enhancer region also has an open chroma-
tin pattern (enriched for H3Ac and H3K4mel) in both spe-
cies. The Hnf4a enhancer region interacts with P2 promoter
specifically in rat pancreatic islets and this interaction is
important for the normal transcriptional activity of the P2
promoter [61].
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Epigenetic reprogramming of cellular memory directed
towards endocrine cell function

A major goal in the treatment of diabetes is to regenerate the
capacity of the p cell to produce insulin. The search for § cell
replacement therapies is currently focused on the expansion
of B cell mass in vivo and generation of f cells in vitro for
transplantation. With our increasing knowledge of the basic
mechanisms that govern the development of the endocrine
pancreas, including that of the “epigenetic programme”,
new potential therapies for diabetes are emerging. Strategies
that are based on principles of reprogramming differentiated
cells types towards insulin-producing cells are of particular
promise in the context of regenerative medicine and clinical
practice of diabetes.

Human-induced pluripotent stem cells (iPSCs) have
recently been obtained from cultured human B cells
transduced in vitro with retroviral vectors encoding the
four pluripotency- iPS-inducing factors OCT4, SOX2,
KLF4, and cMYC [62]. The efficiency of human p cell
reprogramming was found to be about 25 times lower
compared to that of fibroblast cells, which could be
attributed to a more differentiated state of the § cells [61].
B cell-derived iPSCs (BiPSCs) maintain a partially open
chromatin structure at the promoter region of INS and
PDX]1 genes, with high levels of H3Ac as well as low lev-
els of DNA methylation at the PDX/ promoter, patterns
that contrast with those observed in regular ES cells, or
in iPSC derived from fibroblasts. BiPSCs also have an
increased ability to differentiate into insulin-producing
cells, both in vivo and in vitro, compared to ES cells and
isogenic non-f iPSCs [62]. All together, these results sug-
gest that BiPSCs maintain an epigenetic memory at key
B cell genes. The maintenance of the epigenetic memory
inherited from the donor cells may explain, at least in
part, the skewed differentiation potential towards insulin-
producing cells. These findings may be very useful when
considering replacement therapy using reprogrammed
cells.

An alternative method for generating insulin-produc-
ing cells is to differentiate multipotent or pluripotent cells
under appropriate in vivo or in vitro conditions. Various
cell types have been reported to differentiate into insulin-
producing cells, including hepatic oval cells [63], spleno-
cytes [64], ES cells [65, 66], and bone marrow-derived stem
cells (BMSC) [66]. Human ES cells treated with the HDAC
inhibitor sodium butyrate and with activin A generate defin-
itive endoderm cells, which then can be further differenti-
ated into insulin-producing islet-like clusters with the aid
of specific growth factors [66]. Moreover, BMSC treated
with the HDAC inhibitor TSA (trichostatin A) and cultured
subsequently in media containing GLP1 (glucagon-like
peptide 1) and high concentrations of glucose are efficiently
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differentiated into insulin-producing cells and other endo-
crine pancreas cell types [67].

In vivo reprogramming of pancreatic cell types has also
been documented in a number of studies involving manipu-
lations in mice: adult pancreatic acinar cells were shown to
convert into B cells upon viral-mediated re-expression of
Pdx1, Ngn3, and Mafa [68], endocrine precursor cells, as
well as mature o cells, adopt a §§ cell destiny upon ectopic
expression of Pax4 [69], a into § cell conversion is observed
after severe ablation of B cells using diphtheria toxin [70],
B into a cell conversion was found upon deletion of Dnmt1
or Dnmt3a in f cells [41, 42] and postnatal « to B cell repro-
gramming was described to occur upon enforced Pdxl
expression in Ngn3 + endocrine precursor cells [71].

Epigenetic mechanisms are likely to play essential roles
in these trans-differentiation processes in vivo. However,
supporting evidence is currently rather limited. Direct evi-
dence comes from the studies mentioned above that show
that loss of DNA methylation allows  cells to spontane-
ously reprogramme and re-direct into o cells [41, 42]. Less
clear is how pancreatic lineage-specific transcription factors
interact with the epigenetic programme to drive cellular
reprogramming. The transcription factor Pdx1 acts as an
autonomous reprogramming factor of a to f cell conversion
[71], while being implicated in epigenetic modifications,
via interaction with the histone methyltransferase Set7/9, a
Pdx1-responsive factor that enhances chromatin accessibil-
ity and transcription of § cell genes. It has been proposed
that exogenous Pdx1 acts as an initiator of the epigenetic
reconfiguration from « to B by influencing the recruitment
of Set7/9 to specific p cell-specific loci. Learning how tran-
scription factors influence the epigenetic landscape of islet
genes will be essential to fully understand cellular repro-
gramming in vivo and in vitro, with important implications
for regenerative medicine protocols.

Environmental epigenetic programming
of the endocrine pancreas

Epigenetic alterations induced during early development

Epidemiological studies have revealed strong relation-
ships between patterns of early growth and subsequent risk
of T2D development in adulthood (reviewed in [72, 73]).
The first study to link birth weight to T2D was carried out
on a group of men living in Hertfordshire in the UK, who
at the time of study had a mean age of 64 years but for
whom birth-weight records were available [74]. This study
revealed that those men who had the lowest birth weight
were six times more likely to have either impaired glucose
tolerance or T2D, than those men who were heaviest at birth
[74]. Additionally, individuals who were exposed in utero to
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the Dutch famine (which occurred in the western part of the
Netherlands at the end of World War II) and were born as
thin babies, were more likely to have become glucose intol-
erant when studied in their fifties [75]. These observations
identified the phenomena of developmental programming
of T2D, without explaining the mechanisms involved [73].
To provide mechanistic insights, several animal models of
early programming have been established, ranging from
rodents to sheep and non-human primates. In these mod-
els, different types of in utero insults, including maternal
sub-optimal nutrition occurring during different periods of
early development were established, from protein restriction
and calorie restriction to uterine artery ligation, gestational
diabetes, and a high-fat diet [76]. The studies performed in
animal models have highlighted a common principle: the
offspring demonstrate B cell dysfunction, irrespective of the
type of suboptimal nutrition. The cellular and molecular
mechanisms that explain intrauterine programming of the
endocrine pancreas remain unclear, although dysregulation
of gene expression through epigenetic modifications is gain-
ing momentum [11, 25] and will be discussed in detail in the
section below.

In the rat, uteroplacental insufficiency induced by
maternal uterine artery ligation at day 18 of gestation,
leads to chromatin remodeling at the promoter of PdxI
gene in the pancreatic islets, as early as fetal day 21 [77].
The first epigenetic alterations found at the Pdx/ promoter
are a significant loss of H3Ac and H4Ac due to local
enrichment of the histone deacetylase HDACI, associated
with enrichment of the co-repressor protein Sin3A and
decreased binding of the transcriptional activator USF1.
Together, these epigenetic changes lead to reduced PdxI
transcription. After birth, the initial epigenetic changes are
followed by a progressive decrease in the active histone
mark H3K4me3 and a significant increase in the repressive
mark H3K9me?2. After the onset of diabetes in adulthood,
at 6 months of age, the CpG island at the Pdx/ promoter
becomes methylated, likely due to increased local recruit-
ment of the DNA methyltransferases Dnmt1 and Dnmt3a,
leading to permanent silencing of the locus [77]. Using the
same experimental model, a genome-wide DNA methyla-
tion analysis was performed in 7-week-old rat pancreatic
islets, which led to the identification of significant changes
at ~1,400 loci. No overall tendency towards decreased or
increased methylation was found between offspring of
ligated mothers compared to non-ligated controls [58].
Interestingly, most DNA methylation alterations were
located at conserved non-coding intergenic sequences,
which may represent important cis-regulatory sites influ-
encing local gene expression. Importantly, these epige-
netic changes precede the appearance of T2D and, thus,
the affected loci may represent novel candidates for medi-
ating programming effects [58].

Rats exposed to an isocaloric low-protein (LP) diet con-
taining 8 % protein (instead of 20 % for the control—C diet)
during pregnancy and lactation, give birth to smaller off-
spring that have normal glucose tolerance as young adults.
However, the male LP offspring undergo an age-dependent
loss of glucose tolerance and develop a phenotype similar to
human T2D by 17 months of age [78]. The development of
diabetes in LP rat offspring is associated with progressive
silencing of the Hnf4a gene [61]. Remarkably, the transcrip-
tional repression of the Hnf4a gene in LP islets is brought
about by the specific epigenetic silencing of an intragenic
enhancer element, which loses active histone marks such as
H3Ac and H3K4mel and gains repressive marks such as
H3K9me?2, without significant DNA methylation changes.
This epigenetic silencing of the enhancer element leads in
turn to a weaker interaction with the upstream P2 promoter,
determining a permanent reduction in Hnf4a expression
[61]. Exposure to the LP diet during early development also
influences the dynamics of age-related epigenetic changes
for several histone marks, most remarkably the rate at which
H3K27me3 is enriched at the P2 promoter and the enhancer
region [61].

Recent studies suggest that epigenetic alterations in the
offspring’s endocrine pancreas can also be induced by sub-
optimal paternal nutrition. Chronic paternal exposure to
a high-fat diet (HFD) in rats leads to early impairment of
glucose tolerance in F1 female offspring that worsens with
time [79]. Moreover, these F1 females have reduced p cell
mass and altered islet expression of many genes involved in
glucose metabolism. Importantly, the gene that has the high-
est level of transcriptional upregulation in F1 HFD females
(I113ra2) also had reduced DNA methylation at a CpG dinu-
cleotide located in the promoter area, which overlaps a puta-
tive binding site for the transcriptional repressor NF-X, a
protein that binds specifically to methylated DNA [79].

The studies presented in this section provide evidence
that epigenetic alterations occurring during developmen-
tal programming of the endocrine pancreas are induced,
directly or indirectly, by sub-optimal environmental condi-
tions. Together with similar epigenetic analyses in organs
such as liver [80—82], adipose tissue [83], and brain [84, 85],
these studies suggest that histone marking systems are more
often altered by environmental cues, while changes in DNA
methylation (an epigenetic mark considered more stable)
are less pronounced. Current studies also suggest that envi-
ronmentally induced epigenetic alterations affect not only
promoters of protein-coding genes [reviewed in 10, 11]
but also transposable elements such as the IAP element
at the A" locus [86], and regulatory elements such as the
enhancer region located downstream the Avp (arginine vaso-
pressin) gene [85], the intragenic Hnf4a enhancer [61, 87],
or the intergenic CpG island located upstream the Ppara
gene [82].
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Age-associated epigenetic alterations

Aging is a major determining risk factor for glucose intoler-
ance and T2D in humans [88, 89]. A progressive decline in
cell function in the elderly is a key contributing factor to the
pathophysiology of T2D, in addition to other widely recog-
nized aging-associated changes such as decreased physical
fitness and increased abdominal adiposity [90, 91]. Similar
age-associated impairment of § cell function has been dem-
onstrated in rodents [92, 93]. The mechanisms that underlie
the association between aging and increased risk of T2D are
unknown. Cellular senescence (the phenomenon by which
normal diploid cells lose the ability to divide) is known to
contribute significantly to the aging phenotype, and this will
be discussed in detail in the context of diabetes risk in the
sections that follow. Molecular hallmarks of cellular senes-
cence include upregulation of the cyclin-dependent kinase
inhibitor p16™¥42 accumulation of oxidative damage and
telomere shortening [94].

Several studies are suggestive of a higher propensity
of pancreatic isles to cellular senescence when compared
with other tissues [95-97]. The expression of the cell-cycle
repressor p1 6™ &4 increases 14-fold in the pancreatic islets
of 64 to 80-week-old mice compared with 12 to 14-week-
old mice, and this upregulation constrains p cell prolifera-
tion with aging. However, p16'™NK4? expression remains
unchanged in the exocrine pancreas [95]. Additionally,
CENPA, a protein member of the histone family found in
the nucleosomes of active centromeres and required for
the correct chromosome segregation during cell division,
also declines with age in islets, but not in acinar cells.
The decline of CENPA protein levels is more striking in
islets collected from humans than from mice. Interestingly,
mRNA levels in human islets are not correlated with the
age of the donors, suggesting that the decline observed
at the protein level is the result of post-translational
mechanisms [96]. Another line of evidence that supports
a higher propensity to cellular senescence is the observa-
tion that pancreatic B cells have very low expression levels
of antioxidant enzymes such as catalase and glutathione
peroxidase compared with other cell types [97]. This ren-
ders them more sensitive to the action of reactive oxygen
species (ROS). Finally, telomere length seems to have a
stronger phenotypic impact on pancreatic islets compared
with other tissues, such as fat. Accordingly, mice deficient
for the Terc gene (encoding the RNA component of the
telomerase complex), which have shorter telomeres and
reduced viability with age, are glucose intolerant because
of reduced islet size and exhibit altered glucose-stimulated
insulin secretion from the p cells. However, the body fat
content, the energy expenditure and the insulin sensitiv-
ity remain unaltered [98]. This high susceptibility of the
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endocrine pancreas to cellular senescence may be an
important contributing factor for development of T2D in
elderly individuals. In this context, it is important to men-
tion that pancreatic islets of rats exposed to an LP diet dur-
ing gestation, show accelerated telomere shortening and
increased markers of cell senescence, alterations that are
associated with an increased risk for T2D [99].

Recent studies have found ample evidence for epige-
netic perturbations associated with aging in a variety of
mammalian tissues. These include loss or gain of DNA
methylation in a sequence-specific manner [100-106],
gain or loss of 5-hydroxymethylcytosine in specific gene
bodies and repetitive DNA sequences [107, 108], altera-
tions in many histone marks [100, 109-111], accumula-
tion of specialized domains of facultative heterochromatin
called senescence-associated heterochromatin foci (SAHF)
[112, 113], and loss of core histones [114, 115]. Despite
the increasing catalogue of epigenetic alterations with
aging, the involvement of such mechanisms in the decline
of the function of the endocrine pancreas has not been
thoroughly studied. In mouse islets, the expression of the
histone methyltransferase Ezh2 declines rapidly in juve-
nile life, and then slowly in adulthood, similar to the tempo
of the age-dependent decline of H3K27me3 repression at
the Cdkn2a locus [43]. Importantly, the expression of the
EZH?2 gene is also downregulated with aging in human
islets [43] and this decline is controlled in the two species
by a conserved pathway regulated by PDGF-PDGFR-«a
(platelet-derived growth factor receptor alpha), whose
activity also weakens with aging in pancreatic §§ cells due
to an age-dependent § cell PDGFR-a loss [116]. In rat
islets, expression of the Hnf4a gene is downregulated with
age and this expression change is associated with a mod-
est increase in DNA methylation at the P2 promoter and,
more notably, with substantial changes in levels of spe-
cific histone marks. These alterations include loss of active
histone marks at P2 promoter (H3Ac and H3K4me3) and
the intragenic enhancer region (H3Ac and H3K4mel) and
accumulation of repressive histone marks (H3K9me?2) at
both regulatory regions. The most striking histone altera-
tion is however the accumulation of H3K27me3 through-
out the locus [61]. The accumulation of H3K27me3 at the
Hnf4a locus in old rat islets is likely to be mediated by the
Ezhl histone methyltransferase, whose activity remains
high with age [117]. In further support for the potential
involvement of epigenetic alterations in the age-related
loss of plasticity, a recent study in mouse islets identified
differential expression of mRNAs encoding for chroma-
tin remodeling components, such as downregulation of
Smarcal with aging [118]. Smarcal is a member of the
SWI/SNF family of proteins that have been strongly impli-
cated in the aging process [118].
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Epigenetic alterations in the endocrine pancreas of diabetic
patients

Although epigenetic mechanisms have clear roles in regu-
lating normal development and function of the endocrine
pancreas, the evidence for a direct link between epigenetic
alterations in these cells and the pathogenesis of human
diabetes is still fairly limited. One of the earliest examples
that strongly suggested such a possibility was provided by
the study of patients with transient neonatal diabetes melli-
tus (TNDM), a disease associated with intrauterine growth
failure, dehydration, hyperglycemia, and failure to thrive,
which usually resolves spontaneously by 6 months of age
[119]. Genetic evidence demonstrated that TNDM is often
associated with increased expression of the imprinted gene
ZAC/PLAGLI (which encodes a zinc finger protein that
promotes apoptosis and cell-cycle arrest) located on human
chromosome 6q24 and is expressed from the paternal allele
only [119, 120]. In some TNDM patients, uniparental disomy
of the paternal 6q24 chromosomal region results in double
dosage of PLAGLI. However, many patients with normal
karyotype exhibit loss of DNA methylation at a CpG island
that partially overlaps PLAGLI and is thought to control the
imprinted expression in this chromosomal region [121, 122].
Importantly, PLAGLI is expressed in developing human pan-
creatic § cells and declines drastically after the second trimes-
ter [123]. Furthermore, transgenic mice expressing multiple
copies of the human TNDM imprinted locus (i.e., PLAGLI
and HYMAI genes), exhibit impaired development of the
endocrine pancreas and altered glucose homeostasis [124].

Recent gene candidate studies led to the identifica-
tion of several epigenetic alterations in pancreatic islets
of T2D patients. The expression of the PPARGCIA gene,
a transcriptional coactivator that regulates genes involved
in energy metabolism, is decreased in pancreatic islets of
patients with T2D and this altered expression is associated
with increased levels of DNA methylation at the promoter
region [125]. DNA methylation is also increased at the INS
promoter and at the distal PDX/ promoter and enhancer in
islets of T2D patients compared with non-diabetic controls,
and is inversely correlated with mRNA levels [126, 127].
Interestingly, DNA methylation at the INS promoter and
distal PDXI promoter correlates positively with levels of
glycosylated hemoglobin (HbA 1c—a marker of poor glyce-
mic control) in patients with T2D and the in vitro exposure
of rat INS1 cells to high concentrations of glucose for 72 h
also increases DNA methylation at the INSI and PDXI pro-
moters [126, 127]. However, it remains unclear whether the
altered DNA methylation at the /NS and PDX! promoters in
patients with T2D are causative of the disease or secondary
effects to chronic hyperglycemia.

The most comprehensive study so far that addresses the
role of epigenetic alterations in the pathogenesis of T2D in

humans has recently uncovered 254 genes with differen-
tial DNA methylation in diabetic islets compared to con-
trols [59]. Strikingly, the vast majority of these genes show
decreased DNA methylation in T2D islets, have promot-
ers with low or intermediary CpG density, and a subset of
them also have significant and opposite differential mRNA
expression between control and diabetic islets. Of signifi-
cance, none of the DNA methylation alterations identified
in islets were found in blood cells of diabetic patients or
in non-diabetic islets exposed to high glucose in vitro, sug-
gesting that they may play a role in the pathogenesis of the
disease by acting specifically in islets. Accordingly, RNAi
knockdown of eight selected differentially methylated genes
in INS-1E rat insulin-secreting cells modified their function
or survival [59].

Recent evidence suggests that the occurrence of epi-
genetic alterations in the endocrine pancreas might be
influenced by underlying DNA sequence variants. In this
context, some of the recently identified GWAS alleles that
increase T2D risk and are located at putative islet-specific
enhancer elements seem to associate local chromatin altera-
tions. For example, human islet samples heterozygous
for the C/T SNP rs7903146 (a TCF7L2 intronic variant
strongly associated with T2D) show allelic imbalance in
FAIRE-Seq signals and abnormal enhancer activity, indi-
cating that this genetic variation alters in cis the organiza-
tion of the local chromatin [50, 53]. The impact of genetic
variants on levels of DNA methylation and diabetes risk has
also been evaluated in peripheral blood obtained from T2D
patients and healthy controls. For example, the C/T SNP
1s2334499 located in the imprinted region of human chro-
mosome 11pl5 associates with an increased risk for T2D
only when the risk allele (T) is paternally inherited and is
protective when maternally transmitted [128]. Importantly,
1s2334499 is located within a parent-specific differentially
methylated CTCF-binding site and the risk allele associates
with decreased DNA methylation in the peripheral blood
[128]. Another recent genome-wide DNA methylation sur-
vey identified several other differentially methylated sites
in the vicinity of SNPs associated with the disease in pre-
vious GWAS studies, such as THADA, JAZF1, SLC30AS,
TCF7L2, KCNQI, and FTO [128]. The top-ranking associa-
tion was for a CpG site located in the first intron of the FTO
gene that showed a small (3.35 %) but highly significant
hypomethylation in cases relative to controls [129]. Impor-
tantly, although the T2D-associated SNP in the F70 region
influences the levels of DNA methylation, the hypometh-
ylation in the T2D group is independent of the sequence
polymorphism and persists in individuals that carry the risk
alleles. Furthermore, a prospective study in an independent
population cohort showed that young individuals (30 years
old) that develop impaired glucose metabolism by the age
of 43 have already significant hypomethylation relative to
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those that stay healthy, suggesting that the epigenetic altera-
tion precedes the metabolic changes [129]. The identifica-
tion of diabetes-associated DNA methylation alterations in
a tissue (e.g., blood) that is not directly involved in insu-
lin secretion or action further suggests their occurrence in
early stages of development. In summary, together these
studies provide evidence for both sequence-influenced and
sequence-independent DNA methylation variations at loci
that predispose to T2D.

Molecular mechanisms of environmentally induced
epigenetic states

An emerging “quest” in epigenetics research is to under-
stand how the environment shapes the epigenome through
signaling pathways from the cell surface to the DNA organ-
ized into chromatin. While it is clear that environmen-
tal stimuli and the metabolic status of a cell influence the
epigenome and hence the transcriptional programme, the
molecular pathways remain largely elusive. In broad terms,
epigenetic states will be directly influenced by alterations
in the abundance or efficacy of the “writers” and “erasers”
of epigenetic information (i.e., enzymes and co-factors that
add or remove epigenetic marks, respectively) or by alter-
ing the availability of their direct substrates (i.e., levels of
methyl, acetlyl, phosphate or UDP-GIcNAc [uridine diphos-
phate N-acetylglucosamine] groups) [130, 131]. Therefore,
changes in the levels of cellular metabolites will influence
the epigenome and induce heritable effects. Moreover, many
enzymatic reactions that are involved in the establishment or
the erasure of epigenetic marks are dependent on metabolic
coenzymes such as S-adenosylmethionine (SAM), nico-
tinamide adenine dinucleotide (NAD), acetyl-coenzyme
A (acetyl-CoA), flavin adenine dinucleotide (FAD), and
a-ketoglutarate («KG) (reviewed in [130]). Furthermore,
the biosynthesis of these coenzymes requires adenosine-5’-
triphosphate (ATP) [132—134], with ATP production being
tightly linked with the metabolic state of the cell. In this
section, we summarize recent advances that link cellular
metabolism and oxidative stress to epigenetic signaling and
discuss their relevance to endocrine pancreatic function.

SAM and the methylation of DNA and histones

One-carbon metabolism controls the amount of avail-
able SAM, which is the major biological methyl donor
in cells (Fig. 2a). To generate SAM, homocysteine is first
methylated to methionine by transferring a methyl group
from 5-methyl-tetrahydrofolate or betaine. Methionine is
activated enzymatically to SAM, which is then converted
to S-adenosylhomocysteine (SAH) upon donating the
methyl group to methyltransferases such as DNMTs (DNA
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Fig. 2 Potential molecular mechanisms for environmentally induced »
epigenetic states (adapted from [130-136]; see also text for details).
For all panels, the environmental factors (diet, drugs, etc.) are
labeled in red. a Alterations of the one-carbon metabolism. SHMT
serine hydroxymethyl-transferase, MTHFR methylene-tetrahydrofolate
reductase, MTR 5-methyl-tetrahydrofolate-homocysteine methyl-
transferase, BHMT betaine-homocysteine methyltransferase, SAHH
S-adenosyl-homocysteine hydrolase, MAT methionine-adenosyl meth-
yltransferase, DHF dihydrofolate, THF tetrahydrofolate, SAM S-aden-
osyl-methionine, SAH S-adenosyl-homocysteine, ATP adenosine-
5'-triphosphate, DNMTs DNA methyltransferases, HMTs histone
methyltransferases, Me methylation. b Alterations of the histone dea-
cetylase SIRT1 (sirtuin 1) and histone acetyltransferase (HAT) activi-
ties induced by factors that change the intracellular NADT/NADH and
Acetyl-CoA/CoA ratios: a high NAD"/NADH ratio enhances SIRT1
activity, with consequent histone deacetylation, while high levels of
acetyl-CoA (Ac-CoA) stimulate HAT activity, leading to histone acet-
ylation (Ac). ¢ Epigenetic alterations induced in response to nutrient
changes via the hexosamine biosynthetic pathway and O-GlcNAcylation
of histones and histone modifiers. UDP-GIcNAc uridine diphosphate
N-acetylglucosamine, OGT O-GlcNAc transferase, OGA O-GIcN-
Acase, G-O-GlcNAcylation, PCR2 PcG complex 2, TrxG Trithorax
group proteins, Me methylation. d Epigenetic alterations induced by
increased oxidative stress. MBD methyl binding proteins (such as
MeCP2 and Mbd3), 5mC 5-methylcytosine, ShmC 5-hydroxymethyl-
cytosine, «KG o-ketoglutarate, FAD flavin adenine dinucleotide, TET
ten-eleven translocation (a DNA demethylase), JmjC Jumonji domain-
containing (histone demethylases), LSD/ lysergic acid diethylamide
(histone demethylase), Pol II polymerase 11

methyltransferases) and HMTs (histone methyltransferases)
that then use the methyl group to methylate DNA and his-
tones, respectively. SAH is hydrolyzed to homocysteine,
which can then be reused to form methionine or undergoes
the transsulfuration pathway to form cysteine. Cysteine is
ultimately transformed into a variety of sulfur-containing
molecules, including glutathione (GSH), an important
antioxidant that prevents the damage to important cellular
components caused by ROS (Fig. 2a) [132, 135, 136]. The
major external sources of methyl groups are dietary folate,
methionine, and choline, while vitamins B6 and B12 are
required as cofactors for key enzymes that participate in the
one-carbon metabolism (Fig. 2a) [132, 135]. Alcohol intake
can reduce SAM production by altering the conversion of
homocysteine to methionine and that of homocysteine to
cysteine (Fig. 2a) [136].

The impact of dietary manipulations of methyl donors
on the epigenome of the endocrine pancreas has not been
reported so far, although the consequences of methyl-
deficient diets on glucose homeostasis in rats have been
described recently. Accordingly, a maternal diet deficient
in methyl donors (90 % reduction in levels of methionine,
folate, and choline) led to increased neonatal lethality, low
birth weight, and a 46 % reduction in the offspring’s endo-
crine pancreas mass relative to controls, which was asso-
ciated with a mild impairment of glucose tolerance and
insulin secretion [137]. When the methyl-deficient diet was
fed post-weaning only, a reduction in body weight and in
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pancreatic endocrine mass (—40 %) was also observed,
however this was associated with improved glucose toler-
ance despite decreased insulin secretion [137]. Whether
these observed phenotypes are causally linked to an altered
epigenome of the endocrine pancreas is unknown. However,
altered epigenetic states resulting from methyl-enriched or
methyl-deficient diets are well documented in rodent mod-
els [86, 138] and humans [139].

Acetyl-CoA/CoA and NAD/NADH ratios and histone
acetylation

An exciting hypothesis that has recently been put forward
proposes that histone-modifying enzymes act as sensors of
metabolic changes within a cell and convert those changes
into stable patterns of gene expression. A central role for his-
tone acetylation and methylation in modulating metabolic
circuits has been clearly demonstrated, at the level of whole
body physiology, in studies of knock-out mice deficient for
specific histone-modifying enzymes, which develop a range
of metabolic phenotypes from lethal hypoglycemia to obe-
sity [134, 140]. At the cellular level, important inroads were
made with the finding of novel mechanisms that link glu-
cose metabolism to chromatin modification and global tran-
scriptional control via the enzyme ATP-citrate lyase (ACL)
and production of acetyl-CoA [141]. Accordingly, it has
been shown that ACL-generated acetyl-CoA is an essential
co-factor for HATs by serving as the acetyl group donor. Of
note, this pathway is up-regulated by glucose and insulin
signaling via phosphorylation by AKT, leading to increases
in acetyl-CoA [141].

Another significant advance in our understanding of the
relationship between cellular metabolism and the epigenetic
programme relates to the discovery that chromatin regula-
tors, such as the sirtuins, are able to “sense” intracellular
NAD™/NADH ratios (Fig. 2b). Sirtuins belong to class III
HDAC:S that are dependent on local concentrations of the
coenzyme nicotinamide adenine dinucleotide (NAD).
NAD™ accepts electrons from other molecules, as it is
reduced to NADH. This change in the redox status, particu-
larly in the mitochondria, is essential for ATP production.
NADT/NADH ratios are thought to be “sensed” by sirtuins
to regulate their HDAC activity. Interestingly, glucose, in
addition to increasing acetyl-CoA and HAT activity, is also
thought to decrease NAD™ (relative to NADH). When glu-
cose is abundant, Sirtl activity is relatively low, whereas
low glucose and periods of prolonged fasting and energy
limitation trigger NAD"-induced Sirtl, which deacetylates
histones and down-regulates protein synthesis [142, 143]
(Fig. 2b). Therefore, glucose seems to induce global histone
acetylation in a dual mechanism involving acetyl-CoA and
NADT intracellular levels (Fig. 2b). There is also cross-talk
between the NAD"-induced sirtuins and the acetyl-CoA
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pathways, as sirtuins have been shown to regulate acetyl-
CoA synthetases [144]. Moreover, the relative activity
of SIRTs, as mentioned above, may themselves modulate
intracellular levels of NAD™, hence establishing a dynamic
metabolic state [145].

The enzymatic activity of specific chromatin remodel-
ers, such as SIRTS, must also be seen in the context of their
recruitment to specific chromosomal domains via their inter-
action with DNA binding domains [146]. Recently, Katada
et al. [146] proposed a hypothetical model whereby the con-
centration of metabolites and chromatin remodeler enzymes
may vary within chromatin microdomains or “niches”. A
niche with high levels of NAD" would lead to the activation
of HDAC:s of the sirtuin class, resulting in deacetylation of
substrates and transcriptional repression (a so-called inac-
tive “niche”). On the other hand, high levels of acetyl-CoA
would facilitate acetylation of histones and nonhistone pro-
teins in transcriptional “hubs”, leading to activation of gene
expression (or active “niche”) [146]. These local differences
would be dictated by local trapping of essential metabolic
enzymes and would require immediate replenishment of the
key metabolites after their usage in modifying chromatin.
This attractive model predicts that specific domains would
be insulated against spikes of metabolic changes, but also
that constitutive heterochromatin is much less sensitive to
metabolic alterations than euchromatic regions [146].

Metabolic changes in the cell are ultimately dictated by
the cellular environment and the extracellular concentration
of nutrients. The environment (e.g., diet) is a source of a
wide range of HDAC/SIRTs inhibitors, both naturally occur-
ring and synthetic (Fig. 2b), which will have a more direct
impact on epigenetic states (reviewed in [128]). Examples
of such inhibitors include, nicotinamide, a common dietary
component (found in meat, fish, and flour), butyrate, result-
ing from the microbial fermentation of fibers in the gut,
organosulphuric compounds (such as diallyl disulfide found
in garlic and sulforaphane found in cruciferous vegetables)
or valproic acid, a drug used to treat neuronal disorders [130,
133, 136]. Although naturally occurring inhibitors are not as
potent as synthetic ones, we can be chronically exposed to
high levels of these inhibitors depending on our diet. For
example, butyrate, produced in the colon by bacterial fer-
mentation of dietary fibres, is the preferred energy source
of colonocytes, rather than glucose, and it plays a key role
as an epigenetic HDAC inhibitor, as well as playing roles
in maintaining energy homeostasis to prevent autophagy
[147]. Diet can also influence total levels of NAD because
its de novo synthesis utilizes amino acids, as well as vitamin
B3 (niacin) as building blocks. Interestingly, exposure of
rat insulin-secreting BRIN-BD11 cells to nicotinamide (the
amide of vitamin B3) and sodium butyrate resulted in reduc-
tions of cell growth, insulin content, and basal insulin secre-
tion, as well as loss of P cell glucose sensitivity [148]. In
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contrast, the activity of SIRTSs is enhanced by resveratrol, a
natural polyphenolic compound found in plants, fruits, and
red wine, as well as in response to calorie-restricted diets
(Fig. 2b) [136]. Treatment of insulin-secreting INS-1E cells
and human islets with resveratrol led to an increased glu-
cose-stimulated insulin secretion through a SIRT1-depend-
ent mechanism. Importantly, these effects were correlated
with up-regulation of key genes for f cell function, such
as Glut2, Gk, Pdxl, Hnfla, and Tfam [149]. These results
suggest that SIRT1 may function as a sensor of environmen-
tal and metabolic changes in insulin-secreting cells, but the
precise mechanisms remain largely unknown.

The hexosamine biosynthetic pathway and
O-GlcNAcylation of histones and histone modifiers

Glucose is transported inside the cell where it is rapidly
phosphorylated to glucose-6-phosphate, and next enters the
glycolysis pathway to provide energy. However, it is esti-
mated that 2-5 % of glucose is directed into the hexosamine
biosynthetic pathway (HBP) to promote protein glycosyla-
tion. The final step of the HBP is the formation of uridine-
diphosphate (UDP)-N-acetylglucosamine (GIcNAc) (UDP-
N-GlcNAc for short) and other nucleotide hexosamines,
which are major substrates for glycosylation of proteins.
UDP-GIcNAc is utilized, amongst other enzymes, by the
O-GlcNAc transferase (OGT) in the nucleus and cytoplasm
for the addition of GlcNAc at serine (S) and threonine (T)
residues of target proteins (O-GlcNAcylation) [131]. Addi-
tion and removal of O-GlcNAc by OGT and O-GIcNAcase
(OGA), respectively, dynamically alters many intracellular
proteins, including the four core nucleosome histones, at
specific amino acids residues: H4S47, H2AT101, H2BS36,
H2BS112 and H3S10. The impact of histone O-GlcNAcyla-
tion is very complex, being associated with both transcrip-
tional repression and activation. For example, O-GIcNAc
modification at H3510 is associated with both active chro-
matin (marked by H3K4me3) and repressed chromatin
(marked by H3K9me3) [150] and O-GlcNAc modification
at H2BS112 facilitates monoubiquitylation of neighboring
H2BK120 (mark associated with transcriptional elongation)
[151]. Interestingly, OGT itself is part of the key chromatin
regulatory complex PcG and, among different PcG proteins,
polyhomeotic is glycosylated by OGT in vivo [152]. O-Glc-
NAc is also essential for the function of the TrxG complex
component MLLS, a histone lysine methyltransferase [153]
(Fig. 2¢).

Numerous lines of evidence demonstrate that O-Glc-
NAcylation is involved in the regulation of p cell function.
For example, OGT is highly enriched in pancreatic § cells
and the diabetes inducing drug STZ inhibits OGA [154].
Moreover, hyperglycemia leads to the rapid and reversible
accumulation of O-GlcNAc specifically in § cells in vivo.

Animals pretreated with STZ also accumulate O-GlcNAc
in their B cells when hyperglycemic, but this change is sus-
tained upon re-establishment of euglycemia [155]. Young
(3—4 months of age) transgenic mice that over express
OGA in the pancreatic p cells have reduced levels of circu-
lating insulin and lower insulin content in the islets and are
hyperglycemic during a glucose tolerance test. However,
in older mice (8-9 months of age) the glucose tolerance
is no longer impaired. This is associated with increased
serum insulin, islet insulin content, and insulin mRNA
in the OGA transgenic mice [156]. Moreover, the human
gene encoding OGA (MGEA5—meningioma expressed
antigen 5) is a diabetes susceptibility locus in the Mex-
ican-American population that has a high incidence of
obesity and diabetes [157]. Finally, in pancreatic § cells,
glucose-stimulated expression of GPR40 (a G protein-
coupled receptor that plays a major role in the regulation
of insulin secretion by fatty acids) is due to PI3 K-depend-
ent O-GlcNAcylation of Pdx1 and consequent increased
binding of Pdx1 at GPR40 promoter [158]. Although no
direct evidence exists yet, one may speculate that abnor-
mal O-GlcNAcylation of chromatin in response to altered
nutrition could be involved in the development or progres-
sion of diabetes in human.

Oxidative stress

Disturbances in the normal redox state of cells can cause
direct toxic effects through the production of ROS (perox-
ides and free radicals) that damage all components of the
cell, including DNA and histones (Fig. 2d). For example,
5’-oxidation of the DNA component deoxyribose results
in the formation of reactive 3’-formylphosphate groups,
which consequently induce the N6-formylation of histone
lysine residues [159]. Lysine formylation is a widespread
histone modification found both in core nucleosomes, at
residues frequently acetylated or methylated, as well as in
linker histones [159], The frequency of formylation in his-
tones can increase several-fold upon oxidative stress and
interfere with the signaling functions of lysine acetylation
and methylation and thus contribute to the pathophysiology
of oxidative stress [159]. Enhanced oxidative damage can
also convert guanine into §-oxoguanine, and 5-methylcyto-
sine (5mC) into 5-hydroxymethylcytosine (ShmC), both of
which reduce profoundly the binding of the methyl-binding
protein MeCP2 to DNA [160]. Another methyl-binding pro-
tein, Mbd3, binds preferentially ShmC relative to 5SmC in
vitro [161].

An increase in oxidative stress can also lead to epigenetic
alterations by modifying the production of the coenzymes
used by DNA and histone demethylases (Fig. 2d). Recently,
it was found that the conversion of SmC into 5ShmC is medi-
ated by the TET proteins (ten-eleven translocation), which
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are aKG and Fe?'-dependent enzymes [14]. This process
is now considered an important pathway by which DNA
demethylation occurs [162]. It has been proposed that under
conditions of increased oxidative stress the citric acid cycle
produces higher amounts of «KG, which then increases the
activity of the TET enzymes [163]. Another group of dem-
ethylases that require aKG and Fe?* for their activity are
the Jumonji domain-containing histone demethylases which
demethylate mono-, di-, and tri-methyl lysine residues and
generate formaldehyde and succinate as byproducts [164].
In contrast, the histone demethylase LSD1/KDM1, which
demethylates specifically H3K4mel/2 or H3K9mel/2 via
an oxidation reaction that generates formaldehyde, requires
FAD as a cofactor whose levels can also be altered by an
increased oxidative stress [135, 164].

Another mechanism by which oxidative stress can
induce epigenetic alterations consists of redistribution of
specific chromatin modifying proteins across the genome
(Fig. 2d). Under normal conditions, SIRT1 binds and
represses repetitive DNA, as well as a well-defined, but
functionally diverse set of genes spread across the genome
[165]. In response to DNA damage induced by oxidative
stress in vitro, SIRT1 dissociates from these loci and re-
localizes to sites of DNA breaks to promote repair, result-
ing in transcriptional upregulation of those genes that
become depleted in SIRT1 [165]. Notably, the redistribu-
tion of SIRT1 across the genome and the resulting tran-
scriptional changes observed upon induction of oxidative
stress in vitro parallel the in vivo effects of aging in the
mouse brain. These observations suggest that oxidative
stress-induced redistribution of SIRT1 and other chroma-
tin modifying proteins may be a major mechanism that
alters gene expression during aging [165].

All together, these results suggest that oxidative dam-
age of DNA or histones and altered activities of DNA and
histone demethylases induced by oxidative stress can have
important effects on the epigenetic landscape and poten-
tially result in heritable epigenetic changes in chromatin
organization. This is particularly important in the context
of the endocrine pancreas because it is particularly sensitive
to oxidative stress (see section “Age-associated epigenetic
alterations”) and a wide variety of environmental cues have
now been shown to lead to increases in the oxidative stress
with functional consequences. Accordingly, rats exposed
to a LP maternal diet in utero and during lactation exhibit
age-associated increased oxidative stress and impairment
of oxidative defense in their pancreatic islets [166, 167].
Early alterations in the expression of oxidative stress-related
genes are also observed in pancreatic islets of mice exposed
to high-fat diet [168, 169]. Importantly, reducing the oxi-
dative stress by pharmacological or genetic means leads to
improved P cell function in multiple mouse models of dia-
betes [170, 171].
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Concluding remarks and perspectives

A number of recent studies have led to the identification of a
network of transcription factors that control the development
and the maintenance of differentiated states of the endocrine
pancreas. It is now emerging that epigenetic mechanisms
also play critical roles in these processes, with accumulating
evidence for a crosstalk between the transcriptional and epi-
genetic developmental programmes. It is likely that future
studies will elucidate the mechanisms by which such cross-
talk occurs and unravel more connections between genetic
and epigenetic processes. Understanding the epigenetic pro-
gramme of the developing endocrine pancreas will require
a comprehensive view of the epigenetic events that occur
at each step of the pancreas development. High-resolution
epigenome maps, obtained in pancreatic cells isolated at
different stages of development, combined with new mouse
models bearing pancreas-specific deletions of various epi-
genetic regulators, will undoubtedly provide important new
insights. The integration of epigenome with SNP mapping
in human islets will also further our understanding about
epigenotype—genotype correlations. For example, SNPs
affecting the binding of transcription factors that recruit
chromatin-modifying factors and alter the epigenetic land-
scape such as DNAse I hypersensitive sites have already
been reported [172]. It is plausible that a number of GWAS
SNPS that are associated with type 2 diabetes mediate their
effects through modulation of the epigenetic landscape.

The connection between cellular metabolism and epige-
netics is a growing field of research that gained momentum
with the recent discovery of links between Acetyl-CoA
and NAD"/NADH and histone acetylation. Increasing our
knowledge on metabolic signaling to the chromatin will
be instrumental in deciphering how environmental stim-
uli influence the epigenome at the cellular and organism
levels, and will help to elucidate the effects of oxidative
stress, endocrine disruptors, diet, etc. on normal pancreatic
function.

The epigenomic basis of diabetes is a very appeal-
ing new mechanism for the disease but faces major chal-
lenges. Unlike genetics, the epigenome varies in a cell-
type-dependent manner. This means that there is a need to
flow sort or laser capture microdissect biological material in
order to achieve cell purity. There are also other challenging
issues relating to human sampling, e.g., limited accessibil-
ity to post-mortem tissues and biopsy of samples across the
life-course, and difficulties in precisely matching cases and
controls. From a mechanistic point of view, the epigenomic
basis of human disease has been historically rooted on the
concept of “epimutation”, which is a relatively common
finding in cancer but also described in imprinting disor-
ders. In cancer, the epimutations and genetic mutations that
drive tumorigenesis are selected for and are therefore highly



Developmental and environmental epigenetic programming

1591

represented in tumors. However, “epimutations” contribut-
ing to diabetes will not be selected for and the frequency of
these events will be “harder” to quantify. The classic silenc-
ing mechanism by DNA methylation that is observed in can-
cers at promoter regions of tumor suppressor genes, may
also apply to key “diabetes” genes and T2D pathogenesis
but this remains unproven. Recent genome-wide studies in
islets of T2D patients give support for a less “dramatic” role
of DNA methylation (small differences were described to
affect a wide number of genes). The contribution of altered
histone marking to the etiopathogenesis of T2D remains
unexplored. Of particular interest is the H3K27me3 mark,
which is connected to the transcriptional memory systems
mediated by the Polycomb genes. This mark has been
shown to be highly enriched in rodent pancreatic islets at
the key diabetes gene Hnf4a in response to early sub-opti-
mal nutrition and/or aging [61, 87]. The Hnf4a work raised
the interesting possibility that epigenetic-deregulation
may occur at high frequencies at regulatory cis-elements
throughout the genome, such as enhancers, which may
disturb interactions with promoters and thus lead to subtle
effects on gene transcription [61]. These small and additive
effects on global gene transcription may in turn contribute
to increased risk of T2D. Future studies involving high-
throughput methodology to characterize long-range chro-
matin interactions (SC—chromosome conformation capture
carbon-copy, ChIA-PET—Chromatin Interaction Analysis
with Paired-End-Tag sequencing) and nuclear organization
(HiC—genome-wide chromosome conformation capture)
will be instrumental in unraveling the mechanisms of epige-
nome control during pancreatic development and how these
mechanisms are influenced by the environment. By creating
interactome maps between enhancers, promoter regions and
their regulatory proteins, we will be able to identify better
unique targets for therapeutic intervention. Ultimately, a
full understanding of the epigenetic processes that underlie
the developmental and environmental programming of the
endocrine pancreas has indeed the potential to facilitate the
discovery of novel tools for the treatment of T2D.
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