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Transcriptional and epigenetic regulation in human islets
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Abstract Gene regulation in human pancreatic endocrine
cells is a complex process, governed by genetic and environ-
mental factors and crosstalk between the various endocrine
cell types, and between endocrine cells and the metabolic
state. Recent advances in gene expression profiling,
genome-wide analysis of epigenetic marks, and cell fraction-
ation of human islets into their constitutive cell types have
greatly increased our understanding of the complex processes
that govern endocrine cell function in health and disease.
Further progress in this area holds great promise for delivering
new targets for the development of novel diabetes therapies.
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high-throughput sequencing
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The islets of Langerhans: critical regulators of blood
glucose homeostasis

Blood glucose homeostasis is achieved by the interplay be-
tween the endocrine pancreas and peripheral tissues (liver,

muscle and adipose tissue). The islets of Langerhans, which
form the endocrine compartment of the pancreas, are com-
posed of five different hormone-producing cell types, of
which the glucagon-secreting alpha cells and the insulin-
secreting beta cells are the most important for acute regulation
of blood sugar levels. Insulin secretion leads to decreased
gluconeogenesis in the liver, increased glucose uptake in
skeletal muscle and adipose tissue, and lowering of blood
glucose levels, while the secretion of glucagon elevates blood
glucose levels by enhancing hepatic gluconeogenesis and
glycogen breakdown. In type 2 diabetes mellitus, insulin
resistance of peripheral tissues and beta cell dysfunction cause
relative hypoinsulinaemia, relative hyperglucagonaemia, and
overt hyperglycaemia. The consequences of chronically high
blood glucose levels are coronary heart disease, stroke, blind-
ness and renal failure, diseases that constitute a major public
health problem and a significant burden on the economy of
industrialised nations, and increasingly the worldwide economy.

Environmental and genetic influences are the major con-
tributors to type 2 diabetes, causing insulin resistance in
peripheral organs and inappropriately low insulin and high
glucagon secretion by pancreatic islets. Large-scale genetic
mapping of patients with type 2 diabetes and healthy controls
over the past 15 years, in genome-wide association studies
(GWAS), had promised to elucidate the genetic causes of
diabetes and lead to new treatment paradigms. However,
while to date more than 60 risk loci, encompassing up to
500 genes, have been identified as contributing to the disease,
even when combined these loci only explain 5–10% of dia-
betes risk [1, 2]. This so-called ‘missing heritability’ has been
suggested to be caused by the existence of many more risk
variants with even smaller effect sizes than those of the risk
loci identified thus far, or by combinatorial effects among
multiple loci as yet to be discovered. Here, we will consider
the additional possibility that environmental influences [3–6],
which can be reflected by epigenetic modifications, might
play a much bigger role in disease pathogenesis than previ-
ously appreciated.
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Environmental influences, such as sedentary lifestyle and
unhealthy diet in adulthood, as well as unfavourably high or
low blood glucose levels during fetal development, influence
the risk of developing type 2 diabetes. Intrauterine malnutri-
tion, for example during the Dutch hunger winter between
1944 and 1945, followed by a normalisation of food supply,
increases the risk of the metabolic syndrome in the offspring
decades later [7]. In addition, offspring of mothers with ges-
tational diabetes mellitus, exposed to high glucose levels
during development, also show an increased risk for metabolic
disease phenotypes [8]. Hence, any dramatic change in blood
glucose levels during fetal development has the potential to
impact on metabolic homeostasis in adulthood. How is this
‘metabolic memory’ stored, and how can it affect the metabo-
lism and pathogenesis of type 2 diabetes many decades after
the exposure to an unfavourable environment? Epigenetic
modifications, as defined below, are thought to play an impor-
tant role linking environmental influences and diabetes risk.

Epigenetics is the study of phenotypic or gene expression
changes caused by mechanisms other than alterations of the
DNA sequence itself. Epigenetic effects can be mediated by
relatively long-term molecular changes that include methyla-
tion of the cytosine base of DNA (5-mC), typically in a CpG
dinucleotide context, and several classes of histone modifica-
tion, such as methylation and acetylation. While high levels of
5-mC at gene promoters generally lead to transcriptional
repression, the function of histone marks depends on the type
and exact location of the modification. For example,
H3K4me3, the tri-methylation of lysine 4 (K4) on the core
histone protein H3, is associated with the activation of tran-
scription, while the H3K27me3 mark (trimethylation of lysine
27 on histone H3) is linked to repression of transcription. In-
depth analysis of the epigenetic landscape of human islets as
an archive of metabolic memory can provide important clues
about disease pathogenesis and suggest novel pathways for
therapeutic interventions. Here wewill focus on the epigenetic
profile of human pancreatic alpha and beta cells and their
potential contribution to islet dysfunction in type 2 diabetes.

The transcriptome of human pancreatic islets in health
and disease

Over the past 10 years, efforts to study the global profile of
steady-state levels of mRNAs, often termed ‘expression pro-
filing’ or ‘transcriptome analysis’, have undergone a rapid
technological evolution and refinement. Early analyses using
whole islet RNA samples—with the associated issues of
varying islet purity and composition—have been super-
seded by transcriptomes of highly purified endocrine
cell populations. Likewise, the analysis platforms have
shifted from hybridisation of labelled cDNA fractions to
probes assembled on microarrays to RNA sequencing-

based technologies (RNA-Seq), which allow for much
higher sensitivity and the easy detection of splice variants
[9].

We begin our reviewwith a study from 2005, whenGunton
and colleagues published expression microarray and real-time
quantitative RT-PCR (qRT-PCR) analyses on islets isolated
from seven non-diabetic and five type 2 diabetic donors [10].
Approximately 44,000 genes were analysed on an oligonucle-
otide array, of which 243 genes were upregulated and 137
genes were downregulated in type 2 diabetic human islets.
This surprisingly low number of differentially expressed
genes detected is likely to be the result of the aforementioned
technical issues stemming from the use of un-fractionated
islets as the source of the RNA samples. Among the genes
with significantly lower expression in diabetic samples were
the MODY gene HNF4A (encoding hepatic nuclear factor
4α), several genes encoding enzymes involved in glucose
metabolism, and the insulin signalling mediators IRS2 and
AKT2 . Surprisingly, many genes encoding transcription fac-
tors known to be important for islet function, such as MAFA ,
NKX6-1 and PDX1 , were not differentially expressed. The
most significantly decreased gene was ARNT (encoding aryl
hydrocarbon receptor nuclear translocator [ARNT]). The au-
thors confirmed a biological role for ARNT in beta cells by
analysing mice with a conditional mutation in the gene
encoding this transcription factor. However—as is true for
all case–control studies—it is impossible to determine to what
degree the altered expression of ARNT in human islets con-
tributes to diabetes. More recently, human islet samples were
analysed using qRT-PCR and shown to exhibit a significant
decrease inMAFA ,MAFB , PDX1 and NKX6-1 mRNA levels
[11]. The discrepancy between the two studies could be due to
different purities of the islet preparations, the larger sample
size used in the second study (n =7 non-diabetic, n =5 diabetic
vs n =8 non-diabetic, n =8 diabetic), or the use of islets from
donors more severely affected by type 2 diabetes. In 2012,
Eizirik and colleagues performed RNA-Seq analysis, which is
more sensitive than array-based expression profiling [9], on
whole human islets cultured under control conditions or cyto-
kine exposure [12], focusing on the transcriptional changes
following inflammatory challenge as early events in type 1
diabetes.

However, as mentioned above, the use of whole islets for
the transcriptional analysis of non-diabetic and type 2 diabetic
islets is problematic. First, human islets are a mixture of
different cell types and consist on average of 35% alpha cells
and 54% beta cells [13]. Therefore, whole islet analysis cannot
determine in which cell type the mRNA changes occur, and
might not detect important cell-type specific changes if they
occur in the opposite direction in alpha and beta cells, for
instance. Second, type 2 diabetic islets contain a lower per-
centage of beta cells than non-diabetic islets [14]. As a result, a
decrease in expression of beta cell specific genes or an
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increase in alpha cell specific genes might simply be the result
of the decreased percentage of beta cells in diabetic islets. It
should be noted that any disruption of islet architecture into
single cell suspensions, or the sorting event itself, might
modify gene expression. In addition, the altered architecture
of diabetic islets might affect their isolation, thus representing
only a subpopulation of diabetic islets. Nevertheless, sorting
of human islets into alpha and beta cells does allow for cell-
type specific analysis, which has led to novel insights into islet
function.

In 2008, Dorrell and colleagues published a novel FACS
strategy using a newly devised panel of cell-surface antibod-
ies, allowing for the efficient fractionation of human pancre-
atic cell types and enabling cell-type specific analyses [15].
The same group used this strategy for the first genome-wide
transcriptional analysis of non-diabetic endocrine and exo-
crine cell types [16]. This microarray-based study revealed
multiple gene clusters with cell-type specific expression, and
identified numerous genes differentially expressed between
alpha and beta cells. Interestingly, the transcription factors
aristaless related homeobox (ARX) and pancreatic and
duodenal homeobox 1 (PDX1) were confirmed to be
alpha and beta cell specific, respectively, while MAFB
was found to be expressed in both alpha and beta cells
in humans, which is very different from the situation in
mice, where the orthologous gene MafB is expressed
specifically in alpha cells in adulthood [17]. This finding also
illustrates that, while many features of endocrine cells are
conserved between mouse and human, there are species-
specific events, necessitating the analysis of human source
tissue.

Subsequently, a similar sorting strategy was applied for the
genome-wide transcriptional and epigenomic analysis of non-
diabetic alpha, beta and exocrine cells [18]. RNA-Seq analysis
revealed many genes with distinct cell-type specific
expression patterns, including genes associated with
type 2 diabetes risk variants, such as PTPRD among
the alpha cell specific genes, and the zinc transporter
SLC30A8 and potassium channels KCNQ2 and KCNJ11
among the beta cell specific genes. The establishment of
a reliable sorting strategy and the cell-type specific
analysis of non-diabetic islet cell types is an important prereq-
uisite that will enable improved analyses of epigenome and
transcriptome changes that occur in alpha and beta cells in
type 2 diabetes.

The epigenome of human islets: insights into endocrine
cell plasticity

The analysis of epigenetic modifications in human islets can
elucidate their contribution to gene regulation and might help
to explain how environmental influences are translated into

metabolic memory to contribute to type 2 diabetes pathogen-
esis. As mentioned above, there are multiple different epige-
netic modifications influencing gene activity, including meth-
ylation of cytosine (5-mC) and multiple enzymatic modifica-
tion of the histone proteins that make up the nucleosome and
control chromatin structure.

In 2010, chromatin from human islets was profiled using
formaldehyde-assisted isolation of regulatory elements follow-
ed by high-throughput sequencing (FAIRE-Seq) analysis, a
technology that allows for the determination of open chromatin
regions, which are enriched for active regulatory elements
[19]. Gaulton and colleagues identified 340 genes with islet-
selective open chromatin regions near the transcriptional start
site or in the gene body, among them PDX1 , NKX6-1 and
SLC30A8 , as expected, and noticed that regions of open chro-
matin were often organised into clusters. They identified 3,348
islet-selective COREs (clusters of open chromatin regulatory
elements), including COREs at the PDX1 and TCF7L2 loci.
Interestingly, analysis of risk alleles showed that one of the
TCF7L2 variants (rs7903146) was present in a FAIRE-
enriched site. Importantly, the chromatin state at this site was
more open in chromosomes carrying the type 2 diabetes risk
allele (T), consistent with previous reports of increased tran-
scription of the TCF7L2 gene in islets with this T allele [20].

Chromatin immunoprecipitation followed by high-
throughput sequencing analysis (ChIP-Seq) can be used for
genome-wide transcription factor binding and histone modi-
fication profiling [21]. This technique was performed for the
profiling of different histone modifications, such as
H3K4me3, H3K27me3, H3K4me1 and H3K79me2, as well
as CCCTC factor (CTCF) binding sites in whole human islets
[22, 23]. It became apparent that cell-type specific analyses of
the histone modification landscapes were needed to draw
conclusions about the epigenetic regulation of alpha and beta
cells. ChIP-Seq analysis of sorted human alpha and beta cells
revealed that these cell types exhibit similar monovalent
H3K4me3 and H3K27me3 profiles, but that alpha cells show
a much higher number of bivalently marked genes than either
exocrine cells or beta cells [18]. Remarkably, many develop-
mental regulators and beta cell specific transcription factors
were among the bivalently marked genes in alpha cells, pro-
viding a likely explanation for the previously described
transdifferentiation potential of mammalian alpha cells
[24–26], and suggesting alpha cell specific epigenomic plas-
ticity. Intriguingly, treatment of human islets with a histone
methyltransferase inhibitor caused a partial conversion of
alpha cells towards the beta cell fate, indicating that
epigenomic modulators might serve as a means to
reprogramme endocrine cells to develop as beta cells [18].

Thus far, only a few studies have analysed DNA methyla-
tion levels in human pancreatic islets, focusing on the analysis
of selected loci. For instance, methylation levels of the en-
hancer and distal promoter region of PDX1 have been shown
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to be increased in type 2 diabetic human islets, possibly
contributing to the decreased PDX1 mRNA levels observed
in such tissue [27]. Volkmar and colleagues have analysed
human islet DNA methylation profiles from five type 2 dia-
betic and 11 non-diabetic cadaveric organ donors identifying
276 differentially methylated CpG sites [28]. To our knowl-
edge, genome-wide DNA methylation levels of human alpha
and beta cells have yet to be determined. It would be highly
interesting to combine genome-wide cell-type specific histone
modification and DNA methylation profiles for the assembly
of epigenomic roadmaps of human alpha and beta cells to fully
elucidate the epigenome of these diabetes-relevant cell types.

In summary, cell-type specific histone modification and
transcriptional analyses have uncovered important differences
between human alpha and beta cells, and have suggested that
targeted epigenetic manipulation might promote alpha to beta
cell fate conversion. In the future, these studies need to be
extended to the analysis of non-diabetic and type 2 diabetic
alpha and beta cells to assess cell-type and disease-state spe-
cific transcriptional and epigenomic differences, to increase
our understanding of the pathogenesis of type 2 diabetes, and
to elucidate a possible role of epigenetic regulation of disease-
state specific genes.
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