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Abstract
Multiple signaling systems and transcription factor cascades control pancreas development and
endocrine cell fate determination. Epigenetic processes contribute to the control of this
transcriptional hierarchy, involving both histone modifications and DNA methylation. Here, we
summarize recent advances in the field that demonstrate the importance of epigenetic regulation in
pancreas development, β-cell proliferation, and cell fate choice. These breakthroughs were made
using the phenotypic analysis of mice with mutations in genes that encode histone modifying
enzymes and related proteins; by application of activators or inhibitors of the enzymes that
acetylate or methylate histones to fetal pancreatic explants in culture; and by genomic approaches
that determined the patterns of histone modifications and chromatin state genome-wide.

1. Introduction
Pancreas development and endocrine cell fate determination are controlled by precisely
timed signaling events, discussed in detail in (Serup, in this issue), which determine the
chronology of activation and repression of transcriptional networks [1, 2]. The
transcriptional hierarchy that regulates gene expression during development and disease is in
part regulated by epigenetic process, involving both histone and DNA modifications, which
in turn facilitate or prevent recruitment of effectors protein complexes.

Epigenetic events were originally defined as those heritable changes to phenotype that
occurred without altering the DNA sequence itself. This definition has been loosened in
recent years to include control of gene expression by DNA methylation and histone
modification, even when this is not heritable through mitosis. One example of the striking
functional significance of epigenetic alterations is the silencing of tumor suppressor genes
that can occur in cancer and which is mediated through DNA methylation and silencing of
promoters. In mammalian cells, DNA methylation occurs on cytosines in the context of CpG
dinucleotides at the 5 position to create 5-methylcytosine, and is mediated by
methyltransferase enzymes encoded by three genes, Dnmt1, Dnmt3a and Dnmt3b. Over the
past two decades, dozens of modifications to histones, including lysine (K) acetylation,
lysine and arginine (R) methylation, serine (S) and threonine (T) phosphorylation, and lysine
sumoylation and ubiquitination have been shown to affect gene expression in multiple ways.
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Here we describe recent findings demonstrating the involvement of epigenetic mechanisms
in pancreas development, post-natal regeneration of the insulin-producing β-cell, and
preservation of lineage identity through cell divisions. These findings were obtained using
three general approaches: (1) the phenotypic analysis of model organisms, chiefly mice,
with mutations in one or several of the genes that encode histone modifying enzymes and
related proteins; (2) the use of more or less specific activators or inhibitors of the enzymes
that acetylate or methylate histones; and (3) genomic approaches that determine the patterns
of histone modifications and chromatin state genome-wide, and make inferences about gene
regulation by comparison to similar maps from other cell types.

2. Genetic analysis of mutations for histone modification enzymes in
pancreas development and β-cell replication

Genome-wide location analysis of embryonic stem (ES) cells has identified a unique histone
modification pattern, termed "bivalent domain," in which repressive histone marks, i.e.
H3K27me3, and activating marks, i.e. H3K4me3, are present at the same location [3]. In
general, the repressive mark is dominant, meaning the corresponding gene is silent in ES
cells. Many of these bivalent domains were found at important developmental determination
genes, which are thus ‘poised’ for rapid activation during ES cell differentiation by simple
removal of the repressive mark.

Xu et al [4] explored the possibility that such mechanisms exist also in multipotent cells of
the developing endoderm, prior to the fate choice between liver and ventral pancreas
identity. Chromatin immunoprecipitation (ChIP) analyses of multiple histone modifications
of early liver and pancreas-specific genes from FACS-sorted endoderm cells (day E8.25) or
hepatoblasts (day E9.5), showed that all hepatic lineage-specific genes are marked as ‘silent’
in endoderm cells as expected, while these liver-specific genes become marked as
‘activated’ in hepatoblasts. Two chromatin marks were found to be different in endoderm
cells between liver- and pancreas-specific genes. Thus, H3K9acK14ac, associated with gene
activation, was poorly represented in the regulatory elements of liver-specific genes such as
Alb1, Afp and Ttr, but enriched in the regulatory elements of PDX1, an early pancreatic
gene. Similarly, H3K27me3, associated with gene silencing, was also under-represented in
‘liver elements’, but enriched at the promoter of the PDX1 gene. In other words, in early
endodermal cells, PDX1 was bivalently marked, while liver-specific genes carried no
histone modification marks at all. However, following differentiation into hepatoblasts,
H3K9acK14ac increased on liver-specific elements, while H3K27me3 remained low,
whereas the PDX1 promoter remained hyperacetylated and enriched for H3K27me3,
indicative of distinct chromatin states for the two types of genes.

Based on these findings, Xu and colleagues studied the enzymatic machinery underlying this
differential state, by using gene-targeted mice heterozygous for P300 (P300+/−), a histone
acetyltransferase. ChIP analysis showed increased levels of histone acetylation in promoters
of the early liver marker genes Alb1, Afp and Ttr, in wild type hepatoblasts compared to
P300+/− hepatoblasts. In parallel, the expression of these early liver-specific genes was
diminished in P300+/− hepatoblasts, whereas PDX1 expression was upregulated. These
findings suggest that P300 is necessary for acetylation, and thus activation, of liver-specific
regulatory elements, and that P300 modulates the cell fate choice between liver progenitors
and pancreas progenitors.

Next, the authors showed, again using ChIP analysis, enrichment of Ezh2, a
methyltransferase for H3K27me3 and a member of PRC2 (polycomb-repressive complex 2)
at upstream regulatory elements in the PDX1 gene. Binding of Ezh2 was overlapping with
H3K27me3, but absent from liver-specific regulatory elements in wild type endoderm cells.
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Following deletion of the Ezh2 allele in foregut endoderm using an Ezh2 conditional allele
and the FoxA3-Cre transgene, embryos at E10 exhibited an expanded PDX1-positive ventral
pancreas domain, accompanied by multiple bud-like structures, leading to an enlarged
ventral pancreas at E11.5. This expansion of the pancreas occurred at the expense of liver
development. In conclusion, Ezh2 normally promotes the liver program by restraining
pancreatic commitment (See Figure 1 for schematic summary).

During embryonic development, cell specification is achieved by activation and repression
of transcription factors in response to inductive developmental signals. Transcriptional
programs are somewhat plastic, and thus cellular fates can be “re-programmed” in extreme
conditions. For example, misexpression of the α-cell-specific transcription factor Aristaless
homeobox gene (Arx) in fetal β-cells causes β-cell to α-cell conversion [5]. Furthermore,
Thorel and colleagues have shown that mice with over 90% reduction in β-cell mass are able
to replenish some of the lost cells through up-regulation of β-cells transcription factors in α-
cells, causing α to β-cell transdifferentiation [6]. However, the normal complement of
functional β-cells was not restored in this model. Nevertheless, these examples of
transdifferentiation point to a close developmental relationship between α and β-cells, and
suggest that they exist in a similar epigenetic state.

Nkx2.2 is a homeodomain transcription factor required for pancreatic islet cell fate decisions
[7]. In a recent study, Papizan and colleagues showed that in β-cells, Nkx2.2 is part of a
repression complex, together with DNMT3a - a de novo DNA methyltransferase important
for establishing methylation patterns during development [8], the groucho-related repressor
Grg3, and the histone deacetylase HDAC1. To investigate the role of this complex in
pancreatic islet development, they derived mice homozygous for a specific point mutation in
the tinman (TN) domain of Nkx2.2 (Nkx2.2TNmut/TNmut), which disrupts the interaction
between NKx2.2 and Grg3. These mice develop hyperglycemia and do not survive beyond
eight weeks of age. Mutant islets are smaller and contain fewer β-cells and more α–cells,
presumed to have formed at the expense of the β-cells population. Interestingly, by the end
of the gestation, the mutant mice present a distinct population of β-cells expressing the α-
cell specific transcription factor Arx.

Based on the hypothesis that the mutation in the Nkx2.2 TN domain is causing derepression
of the Arx gene in β-cells, Papizan and colleagues permanently marked β-cells by genetic
lineage tracing. This involved transgenic mice with an insulin promoter driven Cre
recombinase (Ins:Cre) transgene combined with the Rosa26:LacZ reporter allele, which
leads to permanent expression of β-galactosidase, the product of the bacterial LacZ gene, in
all cells that express Cre recombinase and their descendants. Indeed, the authors found that a
fraction of the β-galactosidase marked cells expressed Arx, demonstrating that β-cells had
been reprogrammed towards an α-cell fate in the absence of fully functional Nkx2.2.
Bisulfite analyses to determine the CpG methylation status at the Arx promoter showed that
Nkx2.2 occupies the hypermethylated Arx promoter in both α and β cells. However, the
other members of the repressive complex, i.e. Grg3, HDAC1 and Dnmt3a, were found
preferentially at the Arx promoter in β-cells. Taken together, this study demonstrates the
role of Nkx2.2 and Dnmt3a in recruiting a repressor complex to the Arx promoter in β-cells
to maintain their identity. Although Nkx2.2 is expressed and functions in both α and β-cells,
its binding is epigenetically regulated to preferentially occupy the Arx promoter in β-cells.
This differential binding is influenced by both the methylation state of the Arx promoter and
by the DNA modifications induced by Dnmt3a (see Figure 1).

In the post-natal pancreas, terminally differential β-cells preserve the potential to proliferate
during maturation and in response to injury, in order to maintain glucose homeostasis [9–
11]. Therefore, a tight regulatory system is needed to limit proliferation and to maintain cell
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identity after cell division. DNA methylation is one of the mechanisms that can ensure stable
inheritance of repressed genes. Recently, Dhawan and colleagues [12] used β-cell specific
ablation of the DNMT1 gene, a DNA methyltransferase that restores CpG methylation
pattern after DNA replication in S-phase of the cell cycle (for review see [13]), to elucidate a
possible role for DNA methylation in assuring β-cell identity. They focused on two
transcription factor genes; the aforementioned Arx and the paired box factor Pax4, found to
be crucial for controlling endocrine lineage cell fate, and expressed exclusively in α and β
cell lineages, respectively [14–17]. The authors derived a mouse model in which β-cells are
selectively deficient for Dnmt1, by crossing mice transgenic for Cre recombinase under the
control of rat insulin promoter (Rip-Cre) with Dnmt1fl/fl mice [18, 19]. The absence of
Dnmt1 resulted in a passive loss of DNA methylation with age. This was accompanied by an
increase in the number of glucagon-expressing α-cells, reduction in the number of insulin-
expressing β–cells, and abnormal glucose homeostasis. Using the genetic lineage-tracing
technique described above to heritably label insulin-expressing cells, they demonstrated that
a subset of glucagon-expressing cells had originated from insulin-expressing ancestral cells.

Analysis of the methylation profiles of endocrine cell fate determination genes identified
CpG-rich areas in the regulatory region of Arx, a key player in α cell fate [14, 20, 21].
Bisulfite-sequencing analysis of FACS-purified α– and β-cells revealed that one of the
CpG-rich areas in the Arx promoter is hypermethylated in β-cells, but hypomethylated in α-
cells. Using the same analysis on heritably labeled β-cells isolated from Dnmt1-ablated
mice, they found two subpopulations. These two populations were differently methylated at
the Arx regulatory region, indicating clonal heterogeneity. In addition, the subpopulation of
β-cells that had reduced methylation at the Arx promoter was expressing high levels of the
α-cell transcription factors Arx and MafB, and significant lower levels of the β-cell
regulators Pdx1 and Pax4. ChIP analyses revealed further that MeCP2, a methyl DNA-
binding protein [22] and PRMT6, an H3R2 methyltransferase associated with repression of
transcription [23, 24] form a repressive complex that is recruited to the methylated regions
of the Arx promoter in β-cells, but not in α-cells, to propagate the repressive chromatin
structure at the Arx locus (see Figure 1).

To summarize, this study showed that propagation of DNA methylation pattern forms the
backbone for transmitting a repressive chromatin structure at the Arx locus, which is stably
inherited through cell divisions to preserve β-cell identity. By reprogramming Dnmt1-
deficient β-cells towards the α-cell fate, this study also supports the notion that adult
endocrine cells can be manipulated to change identity or regain plasticity, which is an
exciting prospect for the future development of cell-based therapies for diabetes.

The endocrine pancreas responses to physiological changes, such as peripheral insulin
resistance and pregnancy [25] by adaptive changes of β-cell mass, which was shown to be
mainly due to proliferation of developmentally matured β-cells, at least in rodents [26].
Nevertheless, the capacity of β-cells to proliferate in response to changes in metabolic
demand decreases dramatically with age [27, 28], possibly contributing to the pathogenesis
of diabetes. Studying the mechanism that controls the regeneration capacity of β-cells will
greatly contribute to the development of therapeutic approaches aimed to renew and restore
the number of functioning β-cells in diabetic patients. Tschen and colleagues [29]
investigated the role of the aging process in the regeneration and mass expansion capacity of
β-cells in response to increased metabolic demand in several hyperglycemic mice models.
To assess the influence of age on adaptive β-cell mass expansion associated with insulin
resistance, one and seven to eight months old mice were fed a high fat diet. Glucose
tolerance tests taken after eight weeks on the diet found old mice to be glucose intolerant,
while young mice remained normal glucose homeostasis on the high fat diet. Fasting blood
glucose levels was also above normal in the old mice, suggesting that these mice are unable
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to maintain glucose homeostasis. Indeed, the β-cell mass of the young mice had expanded
five-fold after eight weeks on the high fat diet, whereas there was no change in the β-cell
mass of old mice. The authors further analyzed the protein levels of p16ink4a, a CDK4-D
type cyclin inhibitor and a product of the Ink/Arf locus [30, 31]. Immunohistochemistry
confirmed that the protein expression levels of p16Ink4a are low in young mice and increase
with age. Western blot analysis of p16Ink4a protein levels in islets isolated from old and
young mice after eight weeks of high-fat diet showed that the low levels in young mice
where yet lower after high fat diet feeding, while the levels remained high in old mice
regardless of the diet. The levels of Bmi1, a polycomb group protein known to regulate the
Ink4a locus, increased in young mice after high fat diet, but stayed low in old mice on the
same diet. These observations suggest that p16Ink4a levels may play a role in the adaptive
expansion of β-cell mass in response to high-fat diet. Similar to the poor adaptive expansion
response of β-cells of old mice, following insulin resistance, treatment with exendin-4, a
glucagon-like peptide 1 (GLP-1) analog that can induce β-cell replication in some
conditions, failed to induce β-cell expansion in old mice. Using Bmi1 null mice [32], the
authors showed further that Bmi1 specifically represses p16Ink4a expression by modulation
of chromatin structure. Treatment of Bmi1 null mice with exendin-4 did not increase β-cell
mass in these mice, supporting that Bmi1 expression and regulation of p16Ink4a levels is
important in the age-dependant rise of p16Ink4a and in the decline in β-cell proliferation
capacity with age. Finally, using low-doses of the β-cell toxin Streptozocin (STZ) treatment
as a model of β-cell regeneration, the authors demonstrated that β-cell did not proliferate in
old mice, compared with a four-fold increase in proliferating β-cells in young mice under
these condition. Together, their data showed clearly that young but not old mice have the
capacity to regenerate β-cell mass (see Figure 2).

In addition to the findings that the expression of p19Arf and p16Ink4a increases with age [30,
31] and is linked to the reduced proliferative capacity of β-cells [33], genome-wide
association studies identified the INK/ARF locus as contributing to the genetic risk of type-2
diabetes [34–37]. Dhawan and colleagues studied the regulation of the Ink/Arf locus by
comparing pancreatic β-cells from mice at different ages, and again demonstrated that the
levels of Bmi-1 decline with age. Bmi-1 is part of the polycomb-repressive complex 1
(PRC1), which possesses histone H2A-K119 ubiquitin E3 ligase activity [38]. Bmi-1
repression of the Ink/Arf locus, previously demonstrated in cancer cell lines and embryonic
fibroblasts, was found to be dependent on the presence of PRC2, which possesses H3K27
methyltransferase activity, mediated by Ezh2, already introduced above [39, 40]. Using
ChIP analyses and comparing islets from wild type and Bmi-1 null mice [32], they showed
that PcG and Trithorax-group (TrxG, associated with gene activation) complexes have
opposite roles in regulating the Ink/Arf locus. Thus, decreased binding of Bmi-1 to the Ink/
Arf locus in aged islets resulted in reduced H2A ubiquitylation, stimulating recruitment of
MLL1 (a trithorax group (TrxG) protein and an H3K4 methyltransferase), and increased
H3K4 trimethylation, causing increased transcription from this locus. However, in the
regenerating β-cell, increased binding of Bmi-1 coincides with decreased H3K4
trimethylation and repression of the Ink/Arf locus. Using Bmi-1 null mice, Dhawan and
colleagues established that the main mechanism by which Bmi-1 regulates β-cell
proliferation is through repression of p16Ink4a (see Figure 2).

Accordingly, the epigenetically-based mechanism revealed in this study suggests that in
young islets, high levels of Bmi-1 ensure increased H2A ubiquitylation, repression of the
Ink4a/Arf locus and high β-cell proliferative capacity. With aging, reduced Bmi-1 binding
would facilitate H3K4 trimethylation, increased Ink4a/Arf expression, and reduced β-cell
replication. Finally, experiments with STZ-induced β-cell regeneration suggest that the
modulation of Ink4a/Arf expression levels by Bmi-1 is critical to the β-cell regeneration
process.
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In a parallel study, Chen and colleagues examined the role of the polycomb histone
methyltransferase Ezh2 in the regenerative capacity of β-cells [41]. ChIP analysis of the
Ink4a/Arf locus in islets isolated from young and old mice showed a decrease in Ezh2
binding and H3K27 trimethylation in old mice, concomitant with increased H3K4
trimethylation and acetylation. Again, the authors employed the Cre/loxP technology for β-
cell specific ablation of Ezh2. Loss of Ezh2 in β-cells led to derepression of established
Ezh2 targets, premature reduction of H3K27 trimethylation levels, and increased H3K4
trimethylation and H3 acetylation at the Ink4a/Arf locus. Physiologic characterization
revealed that Ezh2 deficient mice suffer from mild diabetes mellitus, and display reduced
pancreatic insulin content. Incorporation of bromodeoxyuridine (BrdU) in Ezh2-deficient
mice at one month of age showed that β-cell proliferation was reduced compared with
controls, suggesting that Ezh2 is essential for β-cell proliferation and establishing the
appropriate β-cell mass in juvenile mice.

To test the hypothesis that increased levels of Ink4a/Arf promote the pathogenesis of
diabetes in Ezh2 deficient mice, the authors intercrossed mice to generate RIP-Cre; Ezh2f/f;
Cdkn2a (p16Ink4A) null animals (double mutants). Unlike single Ezh2-deficient littermates,
which developed fasting hyperglycemia and overt postprandial diabetes by four weeks of
age, double mutant mice maintained normal glucose levels during fasting and random
feeding, and showed no evidence of impaired glucose tolerance. Thus, Cdkn2a deficiency
was sufficient to restore normoglycemia and insulin levels to mice lacking Ezh2 in β-cells.
Moreover, pancreatic insulin content, β-cell mass, and β-cell proliferation in double mutant
mice and littermate controls were indistinguishable. Taken together, these data indicate that
increased Ink4a/Arf expression, resulting in reduced β-cell proliferation, is a principal cause
of premature diabetes onset in mice lacking Ezh2 in β-cells. Finally, following STZ
treatment to destroy most of the β-cells, Ezh2 mRNA and protein levels were increased in
surviving β-cells, while Ink4a/Arf expression was reduced, suggesting that Ezh2 is required
for repression of Ink4a/Arf expression during β-cell regeneration.

3. Interrogating the epigenetic control of pancreas development using
small molecules

The development of the pancreas from the dorsal and the ventral region of the foregut
endoderm is controlled by the hierarchical expression of transcription factors [42] beginning
with the winged helix factors Foxa1 and Foxa2, which are required for the induction of the
homeodomain factor PDX1 in the pancreas-committed endodermal region [43–45], followed
by neurogenin 3 (NGN3) expression, which initiates the endocrine differentiation program
[46, 47], and continues with the expression of transcription factors that are involved in
determining endocrine cell fate, such as Arx in α and Pax4 in β and δ -cell fates [14, 15].
Haumaitre and colleagues examined the possible role of histone acetylation and
deacetylation status in controlling the timing of pancreatic differentiation and embryonic
pancreas cell fate decision. The acetylation state of histones, controlled by histone
acetyltransferases (HATs) and histone deacetylases (HDACs) was previously shown to be
involved in regulating proliferation and differentiation processes in many tissues [48–51].
Here, the authors used an in vitro model of culturing E13.5 rat pancreatic primordia as
explants on floating filters at the air-medium interface for up to two weeks. Under these
conditions, acinar and endocrine cells can develop in a similar way to in-vivo pancreatic
development. At E13.5, the pancreatic cells expressed class I and class II HDACs; however,
their expression levels declined towards E17.5, concomitant with an increase in histone
acetylation levels (as detected using antibodies against histone acetyl-H3 and -H4).
Manipulation of the histone-acetylation levels with the HDAC inhibitors (HDACi) valproic
acid (VPA) and trichostatin A (TSA), which target class I HDACs and both class I and class
II HDACs, respectively, resulted in abnormal morphology of the developed rat pancreas at
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E17.5. Examination of the expression levels of transcription factor that are involved in
acinar cell differentiation (P48/Ptf1a and Mist1) and markers of mature acinar cells
(amylase), using both quantitative real time PCR (qPCR) and immunostaining, showed
decreased expression levels of these genes, and a reduced number of acinar cells in the
HDACi-treated explants compared to controls. On the other hand, the expression levels of
the ductal cell differentiation marker SPP1 were increased by HDACi. These results
demonstrated that HDACi treatment caused a decrease in acinar linage differentiation in
favor of the ductal linage. Next, the authors examined the effect of HDACi on the regulation
of the endocrine lineage by examining the expression levels of Ngn3, a pro-endocrine
transcription factor. In control cells the expression levels of Ngn3 peaked at day 3 of culture
(similar to E16.5 in vivo) and decreased thereafter, whereas in HDACi-treated cells, Ngn3
levels increased to a peak at day 7, indicative of an increase in the pool of endocrine
progenitor cells. Further examination of HDACi influence on the various endocrine cell
types showed an increase in expression of Arx, the α and pancreatic polypeptide (PP) cell
fate specific transcription factor, as well as increases in the expression of glucagon and PP,
implying that HDACi treatment promotes α and PP cell lineage allocation. However, when
treating the explants with VPA, which targets only class I HDACs, there was decreased
expression of PAX4, a β and δ cell fate transcription factor, associated with a dramatic
decrease in insulin and somatostatin expression, whereas treatment with TSA, which targets
also class II HDACs, caused activation of Pax4 and increased β cell mass. Finally, HDACi
treatment had no effect on proliferation and apoptosis rates, suggesting that the effect
observed in this study was due to altered cell lineage allocation from precursors. Taken
together, this study highlights the potent effect of HDACi treatment on pancreatic
differentiation. Since treatment with the HDACi TSA decreased acinar lineage
differentiation to the benefit of endocrine cells, and especially insulin-expressing β cells,
this finding may have important therapeutic implications for cell therapy in diabetes.

Based on the findings described above, Lenoir and colleagues further investigated the
involvement of class II HDACs in pancreatic cell differentiation. Using qPCR, they showed
that the class IIa HDACs members HDAC4, -5, and -9 are specifically expressed in β and/or
δ cells during mouse pancreas development at E15.5 and in adulthood. In contrast, these
HDACs were not expressed in either glucagon-expressing cells or in pancreatic acinar
tissue. Analysis of the pancreas of mutant mice lacking HDAC4 [52] on postnatal day 1 (P1)
revealed an increased mass of δ-cells. Lentivirus-mediated overexpression of HDAC4 at
E13.5 caused decreased expression of insulin and somatostatin as observed by both qPCR
and immunostaining analyses, implying that HDAC4 is involved in the control of β and δ-
cells development. However, the expression levels of glucagon or amylase, markers of
differentiated endocrine α-cells and acinar cells, respectively were unaffected.

Next, Lenoir and colleagues examined the pancreas of mice lacking HDAC5 [53] during
embryogenesis (E18.5) and after birth (P7), and similarly found that these mice have
enhanced β and δ-cells mass. Overexpression of HDAC5 in E13.5 pancreas explants again
caused a decrease in the number of β and δ-cells as well as reduced expression levels of β-
and δ-cell-specific transcription factors such as NeuroD1, Pdx1, Nkx2.2, MafA, Znt8, and
Ia1. A similar inhibitory effect on β-cell mass was found for HDAC9. Finally, using the in-
vitro system described above, the authors treated E13.5 pancreas with MC1568, a class II
HDAC inhibitor that modulates the stability of the HDAC-MEF2 complexes, blocking
MEF2-mediated transactivation [54]. This treatment caused enhanced expression of Pax4, as
well as insulin, somatostatin and additional β-and δ-cell-specific transcription factors. To
summarize, this study highlights the epigenetic mechanisms underlying the regulation of
endocrine cell development by suggesting that class IIa HDACs have an important role in
controlling β and δ-cells development.
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4. Epigenomic analysis of pancreas development and differentiation
The cascade of transcription regulators and signaling pathways that direct the differentiation
of the foregut endoderm into the mature pancreas has been largely decoded in the last
decade by developmental genetic approaches [55]. This knowledge was the foundation that
enabled the development of in vitro protocols aimed to induce differentiation of embryonic
stem cells (ESCs) and pluripotent stem cells (iPSCs) to engineered β-cells for therapy of
diabetes [56, 57] (reviewed in Nostro and Keller, this issue). However, although these
protocols can be used to generate β-like cells that produce insulin, they do not respond
normally to an extracellular glucose stimulus [57]. Only when transplanted into mice for an
‘in vivo maturation’ period of about five month, these human ES-derived, β-like cells are
capable of maintaining normal blood glucose levels [58]. It is likely that important
epigenetic modifications, which define the fully matured state of α and β-cells, are missing
from these ESCs and iPSCs-generated endocrine cells. Therefore, the epigenomic study of
pancreatic islets cells has become a necessity in order to overcome the obstacles in cell
replacement therapy for treating diabetes.

The first genome-wide epigenetic studies of human pancreatic islets, using chromatin
immunoprecipitation followed by high-throughput sequencing (ChIP-Seq analysis), focused
on characterizing histone modifications that are involved in gene activation and repression
such as H3K4me1, H3K4me2, H3K4me3, H3K79me2 and H3K27me3, as well as mapping
the binding sites for the transcriptional repressor and insulator CTCF [59, 60]. Surprisingly,
these studies revealed that the promoters of the highly expressed insulin and glucagon genes
were only scarcely occupied by H3K4-trimethylation, the typical mark of active promoters.
The authors suggested that H3K4-trimethylation occupancy of promoters lacking CpG
islands does not correlate well with gene expression levels, while promoters containing a
CpG island are likely to be more H3K4-methylated with increasing expression level.
Although previous studies suggested that tissue-specific chromatin structure occurs mainly
at enhancers [61] rather than promoters, comparing the H3K4-trimethylation occupancy in
human islets and CD4+ T-cells [62] demonstrated a tissue-specific pattern in CpG-less
promoters. Finally, the two studies found the present of some bivalent marks in
developmental regulatory genes of adult human islets.

A comparative study of the histone modification profile of murine neural tissue, pancreatic
progenitor cells, and differentiated β and acinar cells demonstrated a similar profile of the
active H3K4-trimethylation mark between β cells and neural tissue, whereas the signature of
the repressive mark H3K27-trimethylation showed a similar profile between β-cells and
acinar cells [63]. The similar activation mark may reflect a cell type signature representing
the similar functional state of β-cells and neuronal cells, which includes stimulated
secretions of hormone or neurotransmitter-containing vesicles, respectively. On the other
hand, the H3K27-trimethylation signature may signify the developmental origin of the cell,
where both β-cells and acinar cells are derived from foregut endoderm, emphasizing again
the importance of cell-type specific analysis.

Further progress in the field will be aided by the recent development of a panel of antibodies
to cell surface antigens that allows for the sorting of the individual human pancreatic cell
populations. Using these novel tools, Dorrell and colleagues used microarray and qPCR
analyses to determined the mRNA transcriptome of FACS-sorted human pancreatic
endocrine and exocrine α, β, duct and acinar cells [64]. Importantly, computational analysis
of the transcriptomes revealed a gene expression pattern in α, β, large duct, small duct and
acinar cells that lacked some of the regulatory genes found in the same murine pancreatic
cells. For example, MAFB, a member of the v-maf musculoaponeurotic fibrosarcoma
oncogene homologue (avian) family of basic leucine-zipper transcription factors, expression

Avrahami and Kaestner Page 8

Semin Cell Dev Biol. Author manuscript; available in PMC 2013 August 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of which is restricted to α cells in adult mice [65], was found to be expressed in both adult
human β cells. This transcriptome database will be an important resource for the research of
diabetes and β cell regeneration.

Transcription regulation involves the recruitment of DNA binding proteins to gene
regulatory elements, a process that is often associated with the eviction of nucleosomes [66],
and an “open chromatin” structure that can be identified by its hypersensitivity to nucleases
[67]. One way to study the involvement of chromatin structure in gene regulation is to
define these open and closes regions and identity active DNA regulatory regions using
FAIRE technology (Formaldehyde-Assisted Isolation of Regulatory Elements) [68, 69], in
which nucleosome-depleted DNA is isolated and analyzed. During this procedure,
chromatin is crosslinked with formaldehyde in vivo, sheared by sonication, and phenol-
chloroform extracted. The DNA that is recovered in the aqueous phase is either
fluorescently labeled and hybridized to a DNA microarray, or amplified and sequenced.
Gaulton and colleagues [70] used FAIRE technology coupled to high-throughput
sequencing, to identify sites of open chromatin in human pancreatic islets. The sites of open
chromatin showed an overall correlation between known transcription start sites and
transcript levels [71]. Comparing the islet FAIRE-seq data with five non-islet cell lines
demonstrated a high level of unique open chromatin sites to islets, among them several at
islet-specific genes involved in human diabetes such as PDX1, ABCC8, SLC30A8, G6PC2,
and GAD2, as well as islet developmental regulators (NEUROD1, NKX6-1, PAX6, and
ISL1), suggesting that the FAIRE method was able to detect open chromatin regions that are
linked to islet-cell biology and disease. Interestingly, this analysis detected, in addition to
promoter-associated open chromatin regions also distal, intergenic open chromatin sites.
These are likely to have regulatory function as enhancers or silencers, based on their
enrichment for predicted transcription factor binding sites and regulatory modules, as well as
CTCF binding sites. The authors also noticed that open chromatin sites are distributed
unevenly, and defined the term ‘COREs’ (Clusters of Open Regulatory Elements) for open
chromatin sites that are clustered. Frequently, these clusters were found in islet-selective
open chromatin sites. All together, this study represents a high-resolution map of regulatory
elements in pancreatic islets and reveals new insights into the organization of tissue-specific
cis-regulatory elements, identifying a large number of islet-specific regulatory domains.

5. Concluding remarks
The findings summarized above clearly demonstrate that epigenetic mechanisms contribute
to important cell fate decisions during endocrine pancreas development, and to the decline in
replication ability that occurs as β–cell age. Important questions that remain include the
analysis of chromatin states in the individual endocrine cell types, and the comparison of
epigenetic marks in β-cells from diabetic individuals with those of healthy controls. In
addition, it is likely that additional histone modifying enzymes are involved in fine-tuning
development and function of pancreatic cell types. Finally, big challenges lie ahead in
developing drugs that could target specific epigenetic modifications in pancreatic β-cells,
both in vitro and in vivo, to improve the in vitro differentiation of β-cells from embryonic
stem cells or induced pluripotent cells, or to enable the treatment of the epigenetically
impaired β-cell in type 2 diabetics.
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Highlights

- Epigenetic marks contribute to developmental choice between pancreas and
liver

- Transcription factors and epigenetic enzymes cooperate in cell fate
maintenance

- Declining proliferation of beta-cells with age is epigenetically controlled

- Epigenetic drugs can be employed to alter fetal pancreas development
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Figure 1.
Epigenetic control in early pancreas development and endocrine cell fate allocation.
During early endoderm development into liver and pancreas fates, liver-specific genes and
pancreas-specific genes are differentially marked in multipotent cells. While PDX1, and
early pancreatic gene, is bivalently marked with both the activation-associated
H3K9acK14ac histone modification and H3K27me3, associated with gene silencing, liver-
specific genes such as Alb1, Afp and Ttr carry none of these histone marks. Upon
differentiation into hepatoblasts, the H3K9acK14ac mark increases on liver-specific
promoters, while H3K27me3 remains low, whereas the PDX1 promoter remains
hyperacetylated and enriched for H3K27me3. These cell fate programs are modulated by the
histone acetyltransferase P300, and by Ezh2, a methyltransferase for H3K27me3. During
pancreatic islet development, the α and β-cells fate decision is epigenetically regulated by
the differentially recruitment of a repression complex (DNMT3a, Grg3 and HDAC1) by
Nkx2.2, to the Arx gene promoter in β-cells, but not α–cells. This differential binding is
influenced by the methylation state of the Arx promoter.
In post-natal life, the maintenance of α and β-cell identity is epigenetically regulated by a
differentially methylated state of part of the Arx promoter. In β-cells, this region is
hypermethylated, and is occupied by a repressive complex of MeCP2 and PRMT6, to
repress the Arx locus. In α-cells, this promoter region is kept hypomethylated.
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Figure 2.
Epigenetically-based mechanisms control the regeneration capacity of β-cells:
The capacity of β-cells to proliferate in response to changes in metabolic demand declines
with age. In several models of beta-cell replication, such as insulin resistance, treatment with
exendin-4, or following Streptozocin (STZ) treatment, only β-cells from young mice have
the capacity to regenerate β-cell mass. The cell cycle inhibitor p16Ink4a, a product of the Ink/
Arf locus, increases with age. Conversely, the levels of Bmi1, a polycomb-repressive
complex 1 (PRC1) protein known to regulate the Ink4a locus, decline with age. In young
and regenerating β-cells, increased binding of Bmi-1 and Ezh2 (a polycomb histone
methyltransferase) coincides with decreased H3K4 trimethylation, increased H2A
ubiquitylation and H3K27 trimethylation and repression of the Ink/Arf locus, and thus high
β-cell proliferative capacity. With aging, reduced Bmi-1 binding facilitates H3K4
trimethylation by MLL1, a trithorax group (TrxG) protein and an H3K4 methyltransferase,
reduced H2A ubiquitylation and increased Ink4a/Arf expression, therefore reduced β-cell
replication.
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