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ABSTRACT

Background: Epigenetic processes control timing and level of gene expression throughout life, during development, differentiation, and aging,
and are the link to adapting gene expression profiles to environmental cues. To qualify for the definition of ‘epigenetic’, a change to a gene’s
activity must be inherited through at least one mitotic division. Epigenetic mechanisms link changes in the environment to adaptions of the
genome that do not rely on changes in the DNA sequence. In the past two decades, multiple studies have aimed to identify epigenetic
mechanisms, and to define their role in development, differentiation and disease.
Scope of review: In this review, we will focus on the current knowledge of the epigenetic control of pancreatic beta cell maturation and
dysfunction and its relationship to the development of islet cell failure in diabetes. Most of the data currently available have been obtained in mice,
but we will summarize studies of human data as well. We will focus here on DNA methylation, as this is the most stable epigenetic mark, and least
impacted by the variables inherent in islet procurement, isolation, and culture.
Major conclusions: DNA methylation patterns of beta cell are dynamic during maturation and during the diabetic process. In both cases, the
changes occur at cell specific regulatory regions such as enhancers, where the methylation profile is cell type specific. Frequently, the
differentially methylated regulatory elements are associated with key function genes such as PDX1, NKX6-1 and TCF7L2. During maturation,
enhancers tend to become demethylated in association with increased activation of beta cell function genes and increased functionality, as
indicated by glucose stimulated insulin secretion. Likewise, the changes to the DNA methylome that are present in pancreatic islets from diabetic
donors are enriched in regulatory regions as well.
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1. INTRODUCTION

Nearly all the cells in our bodies e with the exception of lymphocytes,
which undergo genome rearrangements at the T-cell and B cell re-
ceptor genes to produce our repertoire of antigen specific T cells and
antibodies, respectively e contain 46 chromosomes whose DNA se-
quences are faithfully reproduced through cell division. In fact, it is
estimated that the somatic mutation rate is less than 1 per 108 base
pairs per S-phase. Therefore, as clearly postulated by Waddington in
the middle of the 20th century [1], the regulation of gene expression
must control development and produce the multitude of cell types and
tissues that constitute multicellular organisms. Through work of bio-
chemists, geneticists, and molecular biologists a complex array of
mechanisms, such as histone modifications, microRNAs, and DNA
methylation, have been identified which interpret the genome in a cell
type-specific fashion. While many changes in gene expression occur
on a short time scale and do not impact a cell’s identity, others are
more permanent and, if inherited through at least one cell division, are
termed ‘epigenetic’. In this review, we will focus specifically on DNA
methylation on CpG dinucleotides as a mark for which epigenetic
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inheritance through the cell cycle is understood on the molecular level.
The cytosine methylation and demethylation system is summarized in
Figure 1 and discussed in detail below. For a comprehensive review of
all epigenetic factors that can impact the endocrine pancreas the
reader is referred to a recent article by Golson and Kaestner in Mo-
lecular Metabolism [2].
While high levels of DNA methylation at repetitive elements, and low
levels of DNA methylation at CpG island containing promoters are
largely invariant among cell types, methylation levels at enhancers are
strongly cell type-dependent. These cell specific methylation patterns
are inherited throughout life and are crucial for stable maintenance of
cell identity. Therefore, pathological circumstances that influence
normal patterns of DNA methylation may directly affect cell fate,
identity and function. We have previously shown that in mice, the final
pattern of beta cell specific methylation is achieved gradually though a
maturation process that most likely involves functional cues or
“training” of the beta cell after birth to accurately and efficiently
respond to elevated glucose blood levels by secreting adequate
amounts of insulin [3]. The establishment of a mature methylation
profile was reflected mainly in demethylation of enhancers highly
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Figure 1: The cytosine methylation and demethylation system. Cytosine in the CpG context can be methylated de novo by DNA methyltransferase 3a and 3b (DNMT3) to 50-
methyl cytosine (5 mC). Following copying of the DNA during S-phase of the cell cycle, the now hemi-methylated CpGs are recognized by DNMT1 and restored to the fully
methylated state. In specific contexts, likely driven by tissue-specific DNA binding transcription factors, selected 5 mC residues are oxidized by TET enzymes to produce 5hmC (5-
hydroxymethyl cytosine), which can be further oxidized to 5 fC (5-formyl cytosine) and 5caC (5-carboxy cytosine), and glycosylated by thymidine DNA glycosylase (TDG), after which
the modified base is removed by base excision repair (active demethylation). Alternatively, and possibly quantitatively more impactful, CpG methylation can be removed at selected
sites through several rounds of DNA replication once a site has been converted to 5hmC, as this base cannot be recognized by DNMT1 (passive demethylation).
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enriched for binding of beta cell transcription factors, as discussed in
detail below.
a- and b-cell dysfunction plays a central role in the progression of
Type 2 diabetes (T2D) through multiple mechanisms including partial
loss of identity as recently suggested by us and others [4e6]. How-
ever, fundamental questions remain as to the precise nature of these
cellular states, their prevalence, level of plasticity and functional
outcome. Therefore, understanding the changes in epigenetic players
such as DNA methylation which help sustain accurate cell specific
gene expression programs throughout life to maintain a- and b-cell
identity and fate is key to understanding islet cell plasticity or loss of
identity seen in T2D.

2. DNA METHYLATION AS A KEY EPIGENETIC MODIFICATION

2.1. DNA methylation e general concepts
In mammals, DNA methylation is a key determinant that marks active
versus non-active genes [7]. DNA methylation is most common on the
cytosine in a CpG dinucleotide context. The human genome contains
about 28 million of such CpGs, which is much fewer than would be
expected by chance in a 3 billion base-pair genome, indicating that
CpGs were selected against in evolution. In addition, the distribution of
CpGs within the DNA is not random. Thus, most of the genome has a
very sparse distribution of CpGs, while a subset of CpGs are clustered
near transcriptional start sites into so-called ‘CpG islands’ (CGIs) [8].
CpG islands display a greater than 50% CpG content over stretches
longer than 500 base-pairs [9,10]. A role for CpG islands in gene
regulation was postulated early due to the fact that they are highly
enriched near gene promoters and exhibit very low DNA methylation
levels. Furthermore, it was established that promoter methylation
causes gene silencing [11,12], providing a direct link between this
epigenetic modification and gene activity. In general, DNA methylation
is associated with closed chromatin and gene silencing [6]. Critical
functions of DNA methylation include the maintenance of genome
integrity and the inactivation of one of the X chromosomes in females
[13]. These divergent roles are reflected in the global landscape of DNA
methylation, where large stretches of repetitive sequences, including
those of transposable elements, are fully methylated, while gene
promoters are frequently unmethylated.
In contrast to the situation at CpG-rich promoters, in most cells about
85% of cytosines in CpGs are methylated to 5-methylcytosine (5 mC).
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Methylation is not uniform, in that promoters and tissue-specific en-
hancers are spared [3,8,14]. CpG methylation is the only epigenetic
mark for which the inheritance through mitotic cell divisions is un-
derstood. This is so because the palindromic nature of the CpG allows
for the easy reproduction of the methylated state at any genomic region
through DNA replication. When DNA is copied in S-phase, the de novo
synthesized DNA strand initially only contains unmodified cytosine.
When these are opposite a 5mCpG on the old DNA strand, the DNA
methyltransferase 1 enzyme (DNMT1) methylates the newly incorpo-
rated cytosine to restore the original state, with S-adenosyl-methionine
serving as the methyl donor (see Figure 1).
Originally, it had been thought that because of this replication-
dependent re-methylation, all somatic cells in the body would have
identical or near-identical DNA methylation patterns, once these are
established in early embryogenesis. However, this assumption was not
borne out once it became possible to determine DNA methylation
patterns genome-wide using both array platforms and DNA
sequencing-based assays. When investigators began to compare
different cell types and tissues, they noticed that while general
hypomethylation at CpG-rich promoters, and high methylation levels at
repetitive elements are uniform, DNA methylation at enhancers was
strikingly tissue-specific [15e17]. How could DNA become deme-
thylated? This remained an enigma until the year 2009, when it was
discovered that the three enzymes encoded by the Tet loci (‘ten-eleven
translocation’; Tet1, Tet2 and Tet3) can catalyze the oxidation of 5-
methyl cytosine to 5-hydroxy-methyl cytosine (5hmC) [18,19], and
further to 5-formyl and 5-carboxy-methyl cytosine (Figure 1). This
finding led to the realization that these enzymes could be the key in two
non-exclusive pathways towards DNA demethylation. De-methylation
can either occur via base-excision repair of 5-carboxy-methyl cyto-
sine, or by targeted passive demethylation. The latter occurs if a cell
with 5hmC enters the cell cycle, because the aforementioned enzyme
DNMT1 does not recognize CpG’s containing 5hmC as semi-
methylated sites and will thus not methylate the newly synthesized
DNA strand at this site (Figure 1). Thus, DNA methylation is not static,
although at present it is not clear how the Tet enzymes, which
themselves have no DNA sequence specificity, are directed to specific
sites during the differentiation of fetal and adult tissues. It seems likely,
however, that the DNA binding transcription factors known to maintain
mature beta cell identity such as PDX1 and FOXA2 [20e22] play a role
in the recruitment of Tet enzymes to tissue specific enhancers.
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


2.2. Dynamic DNA methylation during islet cell development and
differentiation
In 2015, we published the first study on the dynamics of age-
dependent methylome changes in the endocrine pancreas,
focusing on the insulin-producing beta cell [3]. This paper sum-
marized a comprehensive and integrative study of the effects of
maturation on the beta cells’ epigenome using sorted cells from
juvenile and old mice. The former group consisted of mice between
the ages of 4 and 6 weeks (pre-puberty), the latter of mice between
16 and 20 months of age (post reproductive age). We employed
genome-wide base-resolution methylome analysis (WGBS) and in-
tegrated these findings with RNAseq transcriptome data and maps
of histone modifications and beta cell transcription factors binding
sites. When we compared unmethylated regions (‘UMRs’; 5.7%
methylated on average) and regions with a low degree of methyl-
ation (‘LMRs’; 30% methylated on average) between old and young
beta cells we found more than 14,000 chromosomal regions where
DNA methylation differed significantly between the two age groups.
Remarkable, the total area of the genome with differential DNA
methylation spanned more than 13 million base pairs, re-
emphasizing the point made above that DNA methylation even
within the same developmental lineage or cell type is not static. We
discovered that within promoter regions the changes in methylation
levels were relatively small (generally up to 10%) whereas distal
regions exhibited a change greater than 15% in DNA methylation
level, with about a third of the DMRs showing a change of over 50%
in methylation with age. Furthermore, regions that lost methylation
with age were marked as active enhancers based on enrichment of
nucleosomes containing the active histone mark H3K27ac and
occupation of beta cell transcription factors such as PDX1 and
FOXA2. In contrast, distal DMRs that gained methylation with age
were enriched for recognition sequences of early developmental
transcription factors such as the SOX and HOX gene families,
expression of which is silenced in the postnatal beta cell. Altogether,
these data support the notion that chromatin state and the presence
of transcription factor binding at distal regulatory elements in the
young beta cell target regulatory elements for demethylation with
aging. Interestingly, de novo methylated promoters were found to be
enriched near genes involved in cell cycle control such as MKi67,
Ccnd3, and Plk1, suggesting a possible explanation for the age-
dependent decline in the ability of beta cells to proliferate: as the
promoters of key cell cycle genes are methylated, they may become
refractory to mitogenic signals. In addition, maturation-dependent
demethylation occurred in regulatory regions of genes essential
for beta cell identity and function, such as the MODY (Maturity Onset
Diabetes of the Young) genes, and the ATP-dependent potassium
channel genes Kcnj11 and Abcc8. Many of these genes, including
Pdx1, Nkx6.1, NeuroD1, Foxa2, and Mnx1 exhibit higher expression
in old mice than in four-week old animals. Surprisingly, islets from
old mice had improved responsiveness to glucose stimulation as
determined by an islet perifusion assay, suggesting that beta cell
function might actually improve, not decrease, with beta cell
maturity.
These aging-dependent effects on beta cell function and gene
expression are not limited to rodent models, but occur in a similar
fashion in humans. Thus, Arda and colleagues profiled sorted
endocrine and acinar cells from children and adults and found dif-
ferences in glucose stimulated insulin secretion, as well as higher
expression of genes important for hormone secretion in adult islets
[23]. In addition, they discovered two transcription factor encoding
genes e SIX3 and SIX2 e to be dramatically induced during beta cell
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aging. Whether these aging-dependent gene expression changes in
human islets also correlate with enhancer methylation remains to be
determined.
A limited analysis of islet cell type specific DNA methylation was
performed by Neiman and colleagues [24]. Remarkably, they found the
promoters of the insulin and preproglucagon genes to not be differ-
entially methylated between islet alpha, beta and delta cells. Focusing
on sparse CpG sites within a few hundred base-pairs from the tran-
scriptional start sites (neither the insulin nor the pre-proglucagon gene
contain CpG islands at their promoters), they found low DNA methyl-
ation in all three major hormone-producing cells in mouse and human
upstream of the start site. In contrast, CpGs within the first exon of the
insulin gene were unmethylated only in beta cells. Similarly, DNA
methylation was high in CpGs of the preproglucagon gene in beta cells,
while upstream sites were unmethylated in both alpha and beta cells.
When they analyzed DNA methylation during mouse fetal development,
they observed that promoter methylation of both genes was extremely
high at early embryonic stages including the endoderm, which is the
precursor of the pancreas, liver and gut. Only after endocrine pro-
genitors, marked by Neurogenin 3, differentiated into early endocrine
cells, did rapid demethylation occur. When they extended the DNA
methylation analysis to 450,000 CpGs contained on a commercially
available array, representing about 2% of the CpGs present in the
human genome, they again found that promoter methylation did not
differ greatly between alpha and beta cells [24]. In contrast, CpGs
differentially methylated between alpha and beta cells were located to
putative enhancers, just as they are in the mouse [3]. Given these
findings, it appears likely that changing DNA methylation patterns,
especially at cell type restricted enhancers, are crucial events in the
differentiation of all pancreatic endocrine cell types.

2.3. Islet DNA methylation is altered in type 2 diabetes
Although DNA methylation is relatively stable and inheritable through
mitotic cell divisions, it is also reversible as introduced above, and
therefore responsive to changes in the environment. Thus, it was
shown that the methylation profile of specific genes can be altered as a
response to environmental cues such as exercise [25,26] or changes in
hormonal levels, and that these changes can be maintained [27]. Type
2 diabetes mellitus (T2DM) is a metabolic disorder characterized by
insufficient beta cell function and peripheral insulin resistance, and is
one of the most challenging public health issues today. The world-wide
incidence has been estimated at 422 million individuals, resulting in
over one million excess deaths and health care costs in the hundreds
of billions of dollars each year. Both genetic and epigenetic factors
contribute to T2DM, the latter clearly evidenced by the dramatic in-
crease in T2DM incidence over the past two hundred years. T2DM is
greatly affected by aging and lifestyle parameters such as diet and
physical activity, all likely mediated via epigenetic mechanisms
including DNA methylation changes.
Multiple studies have addressed changes to DNA methylation profiles
in pancreatic islets in type 2 diabetics, either at specific gene loci, or
using array-based assays that capture a small selection of CpGs [28e
36]. Not surprisingly, the number of sites or regions that display dif-
ferential DNA methylation levels (‘DMRs’) between islets obtained from
non-diabetic and type 2 diabetic deceased organ donors is proportional
to the number of CpG’s analyzed. Thus, in the recent study by Volkov
and colleagues, more than 25,000 genomic regions were identified as
having differential DNA methylation. As with all epigenomic studies,
the number of regions/transcripts/histone modifications reported as
altered is dependent on the parameters and ‘cut-offs’ used to identify
differences. In the case of DNA methylation analysis by sequencing, an
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Figure 2: Structure of commonly used targeted epigenome modifying systems. (A) A three zinc finger protein (green) in complex with DNA (gray). Inset shows one of the zinc
finger modules and its binding to residues �1, 2, 3, and 6 (B) A TALE protein (blue) in complex with DNA (gray). Inset shows TALE repeat-variable di-residues (RVDs) labeled in red
and corresponding DNA bases labeled in gray. (C) Nuclease-null dCas9 protein (purple) with designed sgRNA (orange) in complex with DNA (gray). Inset shows the interaction
between the sgRNA and DNA. Reprinted with permission from Waryah and colleagues [49].
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additional important parameter to be considered is sequencing depth.
If, for instance, a given CpG is sequenced only to 10-fold coverage,
then DNA methylation percentage can be determined only in 10%
increments. Thus, frequently only CpGs with a minimum coverage are
being considered, limiting the information gained to substantially less
than the 28 million CpGs present in the human genome. In the study by
Volkov and colleagues, only 692 of the more than 25,000 DMRs
identified exhibited an absolute difference in DNA methylation level of
greater or equal to 10%, and these are the most likely to result in
altered gene activity. Genes of known importance in islet biology
included the alpha cell transcription factor ARX and the beta- and delta
cell transcription factor PDX1, the latter with a marked increase in DNA
methylation in T2DM islets [36]. The increase in methylation at the
PDX1 locus correlates with the reduced expression of PDX1 reported
by several investigators in islets from T2D mouse models [37]. Notably,
however, of the genes associated with these 692 DMRs, only 26
exhibited differential gene expression at the mRNA level, reinforcing
S28 MOLECULAR METABOLISM 27 (2019) S25eS32 � 2019 Published by Elsevier GmbH. This is
the notion that many different epigenetic factors control gene
expression in addition to DNA methylation. It should also be empha-
sized that this and other prior studies employed whole human islets,
which differ dramatically from individual to individual in endocrine cell
composition and exocrine cell contamination [38e40]. Thus, any
systematic difference in, for instance, alpha cell abundance between
type 2 diabetics and controls will skew the DNA methylation profile at
the ARX locus and other alpha cell specific genes. Future studies will
likely address this caveat using sorted islet cell fractions.

2.4. Multigenerational epigenetic inheritance of beta cell
dysfunction
It has been known for more than 25 years that fetal exposure to limited
nutrient supply causes intrauterine growth retardation, and that low
birth weight causes an increased risk for type 2 diabetes decades later,
regardless of genotype of the mother or child [41,42]. This clear
example of an epigenetic effect on metabolic health was studies in
an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


mechanistic detail in rodent models of intrauterine growth retardation
[43e45]. Park and colleagues discovered that not only was expression
of the key beta cell transcription factor PDX1 reduced persistently in
adult rats, but they also determined that this correlated with increased
DNA methylation of a CpG island in the proximal promoter of gene [43].
Multiple groups have attempted to reverse these epigenetic changes
through the manipulation of methyl donors (S-adenosyl methionine) in
the diet or by the administration of beneficial agents such as Exendin-
4. Remarkably, administration of Exendin-4, a long acting GLP-1
(glucagon like peptide 1) analog just during the first week of life
could reverse repression of Pdx1 which was accompanied by
normalization of both histone modifications and DNA methylation
status [46].

2.5. Targeting epimutations to alter islet cell function and
proliferation
The realization that the epigenome, and in particular CpG methylation,
is not only cell type-specific, but also altered in perturbed metabolic
states, whether insulin resistance, intrauterine growth retardation, or
diabetes, quickly led to attempts to reverse such dysregulation at the
epigenetic level to improve metabolic health. Altering DNA methylation
levels by changing availability of the methyl donor S-adenosyl methi-
onine is of course a non-specific intervention and fraught with the
Figure 3: Targeted epimutation at the CDKN1C locus increases replication of human
(depicted by black circles) at the promoter of lncRNA KCNQ1OT1 on the maternal allele, wh
fusion protein was designed to target the ICR2 and remove the methylCpGs at the ICR2 in
unique CpGs in the ICR2 of human fibroblasts after transduction with either the control
chemistry of beta cells (identified by C-peptide, red) transduced with the ICR2-TET1 adenov
of nuclear p57kip2 protein in beta cells expressing ICR2-TET1. (D) BrdUþ beta cells in secti
from [54].
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danger of unintended side effects. Folic acid, a necessary co-factor for
the formation of S-adenosyl methionine, is given as a supplement to
prevent neural tube defects in children, and is a highly effective
intervention in this regard [47]. However, the effects of elevated folate
levels on DNA methylation levels and their impact on cancer risk and
other diseases are highly complex and controversial [48]. Because of
the difficulty of controlling off-target effects of supra-physiological
folate levels, researchers have searched for targeted effectors of
DNA methylation to produce beneficial ‘epimutations’, and to use it as
a research tool to study specific cause and effect relationships.
In short succession, three major systems for targeted epimutations
were developed (Figure 2). The first system employs zinc finger
transcription factor DNA binding moieties to bind to the desired
sequence. Repetitive Cys2His2 zinc binding domains consisting of 30
amino acids each bind three DNA base pairs. By combining multiple
zinc finger modules, sites of up to 18 base pairs have been targeted,
and by adding effector moieties, gene activation, repression or DNA
methylation changes have been produced (reviewed in [49]). The
second customizable system for epigenetic targeting is based on the
‘transcription activator-like effectors’ or TALEs, which were derived
from Xanthomonas bacteria, which are a plant pathogen that hijack
the host cells genome to support bacterial growth. TALEs are modular
DNA binding proteins, where different 34 amino acid peptides bind to
beta cells. (A) Schematic of the imprinted Chr11p15.5 locus. The ICR2 is methylated
ich correlates with maternal allele-specific expression of CDKN1C/p57kip2. A TALE-TET1
order to deactivate CDKN1C and increase cell proliferation. (B) Percent methylation of

ICR2-deadTET1 or ICR2-TET1 adenovirus (*,p < 0.05, **,p < 0.01). (C) Immunocyto-
irus. Control beta cells were identified by the absence of GFP staining. Note the absence
oned islet xenografts. C-peptide stained in red, BrdU in blue. Reprinted with permission
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the four bases of DNA. By assembly of these modules in the desired
order, DNA binding proteins with exquisite specificity for the target
can be designed [49]. Lastly, and used most widely today, modifi-
cations of the CRISPR/Cas system that eliminate its DNAse activity
have been employed for both targeted gene activation and repression
[49].
Recently, TALE-DNMT and TALE-TET1 fusion proteins have been
employed to the study of epigenetic misregulation in type 2 diabetic
beta cells, and for the induced proliferation of human islets cells.
Studying microRNA expression in human islets from type 2 diabetic
organ donors, Kameswaran and colleagues had discovered that a
cluster of 54 microRNAs encoded at the imprinted DLK1-MEG3 locus is
robustly down-regulated in diabetic beta cells [50]. This dramatic
change correlated with increased DNA methylation at a known
differentially methylated region e in this case meaning differential
between the paternally and maternally inherited alleles e termed
MEG3-DMR. In order to evaluate causality, we developed a TALE-
DNMT fusion protein targeting this element for re-methylation [51].
Following transfection of bTC3 insulinoma cells, we indeed achieved a
significant increase in DNA methylation at the locus as predicted. This
targeted DNA methylation, or epimutation, reduced gene expression
from the locus by four-fold, establishing causality between DNA
methylation status and gene expression at this locus [51]. Further-
more, because several of the microRNAs produced from the MEG3
locus target genes that control the sensitivity of cells to apoptotic
stimuli and metabolic stress, we evaluated the response of the epi-
mutated beta cells to inflammatory cytokine treatment, and found their
sensitivity increased. Thus, the epigenetically dysregulated MEG3
microRNA cluster appears to mediate part of the increased sensitivity
to metabolic and apoptotic stress observed in T2DM beta cells.
Adult beta cells, whether rodent or human, are largely postmitotic and
refractory to mitogenic stimuli. This is in part due to high expression of
cell cycle inhibitors such as p16 and p57, the latter of which appears to
have a dominant effect, as its loss through mutation or epimutation of
the CDKN1C locus results in focal hyperinsulinism characterized by
unbridled proliferation of beta cells [52]. Because increasing human
beta cell mass e whether ex vivo to increase beta cell mass before
islet transplantation for the treatment of type 1 diabetes, or in vivo as a
therapeutic approach to T2DM e is a desirable goal, we investigated
whether targeted epimutations at the CDKN1C locus is sufficient to
induce human beta cell replication [53,54]. In this case, we targeted
the catalytic domain of TET1 to the imprinting control region 2 (ICR2) of
the CDKN1C locus to mimic the state of the paternal, and thus CDKN1C
silent, allele on the maternal allele (Figure 3A). Even though TET1 only
catalyzes cytosine oxidation (see Figure 1), we achieved a large degree
of ICR2 demethylation (Figure 3B) and reduced p57 levels in most of
the seven human islet preparations manipulated (Figure 3C). The
transduced islets were transplanted into immunodeficient mice who
were given bromodeoxyuridine, a thymidine analog that can be used to
track DNA replication, in the drinking water. When the human islets
were recovered three weeks later, four out of five islet preparations
exhibited an increase in beta cell replication. An example of BrdU-
positive beta cells in the recovered islet graft is shown in Figure 3D.
Thus, human beta cells can be forced to adopt a more proliferative
state through targeted epimutation, without changing a single base of
their genome. Obviously, important safety concerns need to be eval-
uated before this can be considered in a therapeutic setting, chiefly
among them how long the proliferative state lasts, and if insulinomas
develop. Nevertheless, this study served as proof-of-principle that
epimutations can be employed to produce the desired changes in beta
cell properties.
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3. CONCLUSION

Evolution designed a complex array of transcriptional and epigenetic
mechanisms to interpret the genome of multicellular organism in a cell
type specific and situationally adaptable fashion to enable higher life
forms. Among these, DNA methylation stands out as a semi-
permanent mark for which the mechanism of inheritance through
mitosise and thus expansion of organ systemse is understood at the
molecular level. Over the past ten years it has become apparent that
the DNA methylome differs between tissues and cell types, mainly at
enhancers, and that its perturbations at minimum correlate with (type 2
diabetes) and sometime cause (Beckwith-Wiedemann syndrome, focal
hyperinsulinism) metabolic disease. Further advances in technology
will greatly increase the power of methylome analyses and enable base
resolution determinations in specific islet cell types, allow for the
assessment of de-methylation intermediates with regulatory content
such as 5-hydroxy methyl cytosine, and facilitate the targeted
manipulation of the epigenome even further. When combined with cell
type specific delivery systems, these advances promise a whole new
level for precision medicine approaches to diabetes.
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