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OVERVIEW

The last decade has brought an explosion of interest in the
epigenome, generally deﬁned as changes to chromatin
structure and function that do not involve altering the
sequence of DNA. Epigenetic control is critical to both
normal homeostasis and disease. Given that risk for diabetes
and its complications is linked to both genetic and environmental factors, it is not surprising that there are now
more than 1,000 articles that address the intersection of
diabetes and epigenetics or epigenomics. There are multiple
layers of epigenetic regulation: direct methylation of cytosine or adenine residues, covalent modiﬁcations to histone
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proteins, higher-order chromatin structure, and noncoding
RNA (1). Each of these has been implicated in cellular
processes relevant to diabetes. In fact, there is a long history
of associations between epigenetics and diabetes, obesity,
and other metabolic disorders. The agouti Ay mouse, for
example, is an inbred strain that exhibits severe obesity
resulting from epigenomic modiﬁcation of a gene that affects
food intake (2). Similarly, obesity seen in human conditions
like Prader-Willi syndrome occurs because of aberrant imprinting, a specialized form of epigenomic modiﬁcation (3).
Newer data demonstrate that modifying the epigenome via
the manipulation of speciﬁc chromatin-modifying enzymes
has important metabolic consequences, causing or ameliorating obesity and hyperglycemia, depending on the speciﬁc
experimental paradigm (4). Finally, there is a wealth of data
implicating epigenetic mechanisms in the risk of inherited
diabetes and obesity, best documented in humans through
unfortunate experiments of history like the Dutch Hunger
Winter (5), in addition to a plethora of rodent studies. The
purpose of this meeting was to discuss new data linking
epigenomics to metabolism and diabetes. The wide range of
results presented reﬂect the broad contribution of epigenomics to many areas of diabetes research and highlight
knowledge gaps and research recommendations to move
the ﬁeld forward toward therapeutic intervention (Table 1).
While the term “epigenetics” has been formally deﬁned
for decades as a change in the state of expression of a gene
(or a trait) that does not involve a mutation but that is
nevertheless inherited (at least through a mitotic division)
in the absence of the signal or event that initiated the
change, the newer term “epigenomics” has, to our knowledge,
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The American Diabetes Association convened a research
symposium, “Epigenetics and Epigenomics: Implications
for Diabetes and Obesity” on 17–19 November 2017. International experts in genetics, epigenetics, computational biology, and physiology discussed the current
state of understanding of the relationships between genetics, epigenetics, and environment in diabetes and examined existing evidence for the role of epigenetic factors in
regulating metabolism and the risk of diabetes and its
complications. The authors summarize the presentations,
which highlight how the complex interactions between
genes and environment may in part be mediated through
epigenetic changes and how information about nutritional
and other environmental stimuli can be transmitted to the
next generation. In addition, the authors present expert
consensus on knowledge gaps and research recommendations for the ﬁeld.
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Table 1—Research knowledge gaps and recommendations
Epigenomics to understand GWAS
c Include critical cell and tissue types at different developmental stages relevant to metabolism in data sets and ensure integration of
data sets.
c Develop novel high-throughput methods and single-cell resolution techniques to deﬁne and validate epigenomic function, including
validation of appropriate animal models for the study in question.
c Collect human tissues from longitudinal studies with healthy and disease comparator sets and consider sex-speciﬁc effects in
human and animal studies.
c Examine epigenomic contributions to diabetes and obesity pathophysiology earlier in disease progression to identify targets for
prevention and cure.

Using the epigenome to understand metabolism and complications
c Determine how cells transduce signals from environmental exposures to induce epigenetic changes in the nucleus. Studying the
vascular endothelium might be helpful because it lines blood vessels in all tissues and, along with blood cells, is an initial sensor of
environmental changes.
c Examine epigenome modiﬁcations in speciﬁc blood/immune/inﬂammatory cell types, as well as target tissues where available, to
determine their involvement in complications of diabetes, including in monozygotic twins discordant for diabetes or complications.
c Explore EWAS in clinical cohorts of diabetes complications and metabolic memory.
c Collect and compare different tissues and encourage clinical trials to collect DNA from sorted cells moving forward.
c Consider tissue cross talk and hormone action and explore unifying mechanisms of metabolic diseases and complications, such as
immune modulation, microbiome, and the gut-brain axis.
Epigenetic signals and intergenerational risk of chronic disease
c Determine speciﬁc epigenetic mechanisms responsible for intergenerational, nongenetic transmission of disease risk and whether
the mechanisms inﬂuence the embryo or the placenta to a greater extent.
c Examine whether epigenetic mechanisms operate to ensure optimal survival of the next generation or simply as means to transmit
environmental information to the next generation and optimize subsequent responses.
c Deﬁne the role of early-life exposures in mediating disease risk in populations transitioning from undernutrition to overnutrition or in
individuals conceived via artiﬁcial reproduction techniques.
c Determine whether epigenetic mechanisms responsible for intergenerational risk can be used to develop markers of high risk and
whether risk can be modiﬁed by early-life postnatal interventions or interventions that improve the metabolic health of both parents
prior to reproduction.
c Standardize experimental animal models to determine whether epigenetic responses to diverse nutrient/metabolic stressors are
unique or common.
Developing epigenetic therapeutics for metabolic disease
c Proﬁle individual cell types, such as b-cells, rather than heterogenous tissues in the exploration of epigenetic therapeutics.
c Explore viral or other delivery vectors with cell-type speciﬁcity to all diabetes relevant tissues to achieve targeted therapy activating
or repressing a given gene.
c Consider evaluation of drug safety for potential epigenetic modiﬁcation therapies that are long acting for chronic diseases such as
diabetes and obesity.
c Examine established therapies with effects beyond glycemic control to identify potential epigenomic effects in particular cell types.
c Deﬁne health outcomes to offspring of parents undergoing therapies that alter the epigenetic proﬁle.

never been formally deﬁned. “Epigenomics” has been widely
adopted operationally by the research community to indicate
studies, on the genome-wide level, that focus on the analysis
of DNA methylation, histone modiﬁcations, and noncoding
RNAs (6,7).
EPIGENOMICS TO UNDERSTAND GWAS

Over the last decade, genome-wide association studies
(GWAS) have identiﬁed thousands of loci associated with
human traits and diseases. Most of these risk-associated
variants are in the noncoding portion of the genome. Thus
far, analysis of risk alleles has focused on determining the

molecular mechanism by which a given variant confers diabetes risk one locus at a time—a slow and costly endeavor.
More recently, the focus has shifted toward the systematic characterization of loci using high-throughput methods
(Fig. 1).
Thus far, more than 400 genetic loci have been associated with the risk for type 2 diabetes, many of which are
thought to have their main function in b-cells (8). The
recent determination of distinct chromatin states through
global mapping of key histone marks has greatly facilitated the
identiﬁcation of risk-conferring single nucleotide polymorphisms (9,10). Anna L. Gloyn presented the ﬁrst systematic
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Using the epigenome to understand b-cells and periphery
c Examine how nutrients and other environmental cues affect chromatin state in cell types controlling energy homeostasis.
c Determine the degree to which nutrient excess–induced epigenetic changes are reversible and how epigenetic imprints affect cell
function after the stressor is removed.
c Determine whether distinct stressors are associated with the same epigenetic marks or different ones (i.e., whether there are
common effects on various organs).
c Identify which chromatin modiﬁcations have the most functional impact to enhance opportunities for therapeutic intervention.
c Explore cell-speciﬁc drug targeting strategies to avoid broad systemic effects of modifying epigenetic regulators. Targeting the
pathway from an environmental cue to the nucleus may allow more speciﬁc effects.
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Figure 1—From GWAS to functional candidates. Most complex trait
variants are localized to the noncoding regions of the genome.
Causal variants are enriched on cell-type–speciﬁc regulatory elements and alter transcription factor binding and inﬂuence the expression of causal genes. Given the small effect of each variant on
gene regulation and disease phenotype, it is likely that networks of
genes inﬂuence disease.

resources are static snapshots derived from a small number of individuals. The Snyder group is focused on better
understanding the temporal and personal dimension of
epigenomes in health and disease by pairing constant
phenotyping through wearables and frequent collection
of omics data, including methylomes, epigenomes, and transcriptomes, among others. These data were collected for
105 subjects as part of the Integrated Personal Omics
Proﬁling (iPOP) study (18). In insulin-resistant individuals,
they found two major pathways that tracked with bodyweight changes: inﬂammation and hypertrophic cardiomyopathy (19). These studies highlighted the importance of
establishing precise, personalized omics proﬁles, as their
interpretation was highly dependent on each individual’s
baseline.
USING THE EPIGENOME TO UNDERSTAND
b-CELLS AND PERIPHERY

The metabolic environment has major effects on the
function of cells involved in the regulation of energy metabolism (20–23). Longer-term adaptive responses are
largely mediated through regulation of gene transcription,
through the interaction between transcription factors, coregulators, and the basal transcriptional machinery. Recent
evidence shows that metabolic signals play critical roles
in determining chromatin structure (24). Most chromatinmodifying enzymes require substrates or cofactors that
are intermediates of cell metabolism. Therefore, ﬂuctuation
of metabolite levels could modulate activities of these
enzymes and effect changes in gene transcription by inﬂuencing chromatin state. Deﬁning the molecular connections
between cellular metabolism, the epigenome, gene transcription, and cell function could provide an opportunity for
therapeutic intervention via targeting of the epigenome.
The speakers in this session presented ﬁndings addressing
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survey of the molecular mechanism of type 2 diabetes–
associated variants. By combining epigenomic annotations
with genetic ﬁne mapping results, they were able to identify
the risk-conferring single nucleotide polymorphism for
multiple risk loci, including variants that disrupt the melatonin receptor (MTNR1B), ADCY5 (11) and ZMIZ1 (12).
Using islet-speciﬁc epigenome maps followed by functional
screens of positional target genes, Gloyn and colleagues
identiﬁed effects for 37 of 75 risk loci for type 2 diabetes,
providing one of the ﬁrst demonstrations of a truly scalable,
high-throughput screen of cellular phenotypes for GWAS (13).
Identifying the disease-relevant cell types is challenging, even with tissue-speciﬁc epigenomes. Marcelo A.
Nóbrega showcased a framework that makes this possible.
The TCF7L2 locus, with the strongest known type 2 diabetes
association, contains numerous enhancers that are active
across a variety of cell types. Allele-speciﬁc effects on enhancer
activity point to three tissues: pancreatic islets, enteroendocrine cells, and adipocytes, but it remains unclear in which the
variant is causal. By adding an extra copy of the gene in all
tissues of transgenic mice, which led to insulin resistance (14),
Nóbrega and colleagues were then able to remove the extra
copies from each of the three candidate tissues in order to
reveal which one was involved in the disease mechanism.
Indeed, only overexpression of TCF7L2 in adipocytes is sufﬁcient to produce insulin resistance. They then narrowed
down the causal variant within the haplotype using gene
editing, showing how a single nucleotide change, the risk
T allele of rs7903146, is sufﬁcient to repress adipogenesis
and produce hypertrophic cells.
The Claussnitzer laboratory described the functional
characterization of the FTO locus, the genomic area with the
strongest statistical association to obesity, which exempliﬁes
the crucial role of epigenomics in identifying the causal variant, genes, and cell type of action (15). Chromatin state maps
from the National Institutes of Health Roadmap Epigenomics
Mapping Consortium and Hi-C links between enhancers
and genes allowed them to jumpstart their search for allelespeciﬁc effects of variants on the epigenome and tissuespeciﬁc expression quantitative trait loci (eQTLs) with the
neighboring genes. In a second study, epigenomic data helped
to elucidate a pleiotropic effect of the ADCY5 locus in both
fat and bone. The activation of this gene leads to increased
lipolysis and secretion of fatty acids into the bloodstream
by adipocytes, and increased bone formation through stimulated differentiation in osteoblasts—effects that were validated through a fast and scalable CRISPR method that allows
for the cost-effective screening of entire credible sets.
Studies of the genetics of complications of diabetes,
such as diabetic kidney disease, use similar approaches.
The Susztak laboratory has generated whole-kidney and
kidney cell-type–speciﬁc epigenome maps and eQTL maps
to annotate kidney disease GWAS loci. Integration of GWAS
and eQTL maps highlighted several important genes and
pathways for diabetes complications (16,17).
Reference epigenomes are one of the ﬁrst data sources
used to illuminate risk-associated variants, but all available
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tissues is that the epigenome is highly plastic in response to
environmental cues. We are also beginning to recognize that
past metabolic experiences can be “memorized” at the level
of the epigenome and can inﬂuence future responses (Fig. 2).
USING THE EPIGENOME TO UNDERSTAND
METABOLISM AND COMPLICATIONS

Diabetes is associated with signiﬁcantly accelerated rates
of micro- and macrovascular complications. Clinical trials
in people with diabetes have underscored the beneﬁcial
effects of intensive glycemic control for preventing the
progression of complications. Interestingly, the rate of
diabetes complications can be affected by glucose levels
that were experienced years earlier, a phenomenon called
metabolic memory (32). This is exempliﬁed by results of
the Diabetes Control and Complications Trial (DCCT),
which demonstrated that patients with type 1 diabetes
placed on intensive glycemic control had a lower incidence
and severity of complications relative to those on conventional therapy (33,34). After the trial was complete, in the
follow-up observational Epidemiology of Diabetes Intervention and Complications (EDIC) study, the HbA1c levels
of both groups converged, and they remained similar for
many years. Despite this, patients in the original intensive
treatment group continued to have a signiﬁcantly lower
risk of developing complications compared with the original conventionally treated group, even after 30 years (33).
Studies of patients with type 2 diabetes have found similar
beneﬁts of strict glycemic control (35).
Epigenetic changes might provide the biological explanation for the long-lasting impact of metabolic changes, as
metabolite levels can inﬂuence the epigenome and such
changes are maintained during cell division. It is therefore
imperative to determine the contribution of epigenetic
mechanisms and perform epigenome-wide studies (EWAS)
to reveal epigenotypes and epimutations (36) that might
be involved in the development or progression of diabetes
complications. Furthermore, superimposing EWAS and
GWAS results can yield more meaningful information about
biology and causality. The speakers of this session highlighted the emerging role of epigenetics and epigenomics in
vascular complications of diabetes, diet-induced metabolic
disorders, and metabolic memory, as well as the intersection
between GWAS and EWAS.
Studies of cells and tissues from patients with diabetes
have revealed clear differences in epigenetic marks at key
genes associated with complications, including ﬁbrotic and
inﬂammatory genes. Susztak and coworkers used kidney
tissues from patients with chronic kidney disease and diabetes to show epigenetic changes at renal disease-related
genes, demonstrating the importance of studying the correct target tissue (37,38). Epigenetic mechanisms have
been shown to be involved in cellular models of metabolic
memory (32). Natarajan and coworkers used genomic DNA
from the white blood cells of patients with type 1 diabetes
enrolled in DCCT/EDIC to demonstrate a direct association between epigenetic variations and human metabolic
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these questions in the context of b-cells, liver, adipose, and
skeletal muscle.
Epigenetic mechanisms have been shown to contribute
to the decline in b-cell proliferation with age (25,26). By
establishing genome-wide maps of DNA methylation in
b-cells from young and aged mice, the Kaestner laboratory
showed that proproliferative gene loci are de novo methylated with age, while enhancers near genes involved in glucose metabolism undergo demethylation (27). Similar agedependent DNA methylation patterns occur in human b-cells,
suggesting that aging could affect b-cell function via modulation of the epigenome. Further illustrating the dynamic
regulation of the epigenome in b-cells, Sander and coworkers
reported changes in histone acetylation during feeding and
fasting at key genes controlling metabolic processes (unpublished data). They further identiﬁed a chromatin-modifying
enzyme that is recruited to sites of dynamic chromatin in
b-cells and regulates fasting blood glucose levels. Together,
these studies provide the ﬁrst insights into chromatin dynamics in b-cells and suggest that modulation of the epigenome is
a mechanism by which b-cells adapt their insulin secretory
response to changing metabolic demands.
In addition to nutrient state, the circadian clock also has
signiﬁcant effects on cellular metabolism (28,29). Peripheral clocks are present in most tissues involved in the
regulation of metabolic homeostasis, including b-cells,
liver, adipose, and muscle. Since core clock transcription
factors are partners of chromatin-modifying enzymes,
disruption of circadian rhythms can affect cell function
through regulation of the epigenome. The Lazar laboratory
identiﬁed nuclear receptors, other transcription factors,
and histone deacetylases (HDACs) as important components of the transcriptional complexes involved in circadian regulation of liver metabolism and fasting blood
glucose levels (unpublished data). Their studies demonstrate highly dynamic regulation of liver chromatin state
and architecture during fasting/feeding transitions and in
response to circadian rhythm. The Rosen laboratory examined chromatin state in brown, beige, and white adipocytes
in response to cold and heat exposure and observed that
beige adipocytes have unique plasticity not shared by interscapular brown adipocytes (30). Further, beige cells that
have been “whitened” after warming retain certain epigenetic features of the cold state. This mechanism allows for
rapid reactivation of the thermogenic program upon reexposure to cold, thereby protecting animals from hypothermia. These ﬁndings exemplify the importance of the
epigenome for retaining a memory of prior environmental
inﬂuences and imply that metabolic history cannot be easily
erased and may determine future responses. Mechanisms of
epigenetic memory also appear to be relevant in skeletal
muscle, where high-fat feeding has been shown to leave an
epigenetic imprint even after return to normal diet (31).
Barres and coworkers showed that exercise can counteract
negative effects of obesity on muscle cell metabolism, acting,
at least in part, through the regulation of chromatin state
(unpublished data). An overarching observation across all
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memory (39,40). They found a persistence of DNA methylation variations at key CpG sites in patient whole blood,
monocytes, and lymphocytes over 16 years from the DCCT
to EDIC. The association of DNA methylation with HbA1c
at several CpG sites also persisted over this period. Together, these data provide strong connections between
epigenetics and metabolic memory.
Prediabetes and obesity/insulin resistance are also associated with epigenomic changes. The Schones laboratory
showed that an obesogenic diet leads to epigenomic modiﬁcations in the liver that alter gene regulatory networks
(41,42). Moreover, epigenetic variation in the livers of several
strains of mice with differential susceptibility to metabolic
disease occurs at transposable elements (43). Evolutionarily younger transposons with binding sites for inﬂammatory transcription factors are a major component of
epigenetic variation across these strains, and inﬂammatory

stimuli appear to be triggers of dysregulation of these
transposons, potentially contributing to long-term disease
risk.
Changes in the circadian rhythm and dietary patterns
can also affect metabolic state and systemic glucose regulation via epigenomic mechanisms. The Panda laboratory
has shown that time-restricted feeding (TRF) without
changing nutrient quality or quantity improves daily oscillations in metabolic pathways (44,45). TRF prevents
excessive weight gain, adiposity, glucose intolerance, systemic inﬂammation, hepatosteatosis, and hypercholesterolemia, independent of diet type. TRF is also associated
with increased endurance, motor coordination, and brown
fat function. Similar therapeutic beneﬁts of TRF are also
observed in high-fat diet–induced obese mice and mice
genetically predisposed to obesity. Panda and colleagues
have begun to monitor daily eating patterns in humans using
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Figure 2—Effects of nutrients, circadian rhythm, and other environmental cues on the epigenome and pathogenesis of type 2 diabetes.
Systemic environmental factors affect cellular metabolism and concentrations of intermediate metabolites that are used as substrates and
cofactors for enzymes that coordinate epigenetic status (i.e., histone- and DNA-modifying enzymes). Alterations to the epigenome can have
lasting effects on cellular responses that persist independent of the environmental stimulus (“metabolic memory”). The epigenetic
reprogramming of insulin target tissues, islet cells, and immune cells contributes to the development of type 2 diabetes, while
reprogramming of gametes has transgenerational effects. Hyperglycemia leads to persisting epigenetic changes in tissues involved in
diabetes complications.
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a novel, unbiased, and scalable method. They also recently
examined the novel roles of speciﬁc RNA binding proteins
like NONO and noncoding RNAs in circadian rhythm and
metabolism research (46). These results suggest that restricting food intake to speciﬁc times might be a potential new
intervention for diabetes and obesity, even without altering
the type or quantity of the food consumed.
EPIGENETIC SIGNALS AND INTERGENERATIONAL
RISK OF CHRONIC DISEASE

undernutrition during late pregnancy results in increased
adiposity and glucose intolerance in ﬁrst-generation (F1)
offspring; both male and female F1 offspring produce F2
with increased adiposity and glucose intolerance, even in
the absence of further nutritional perturbations (52).
While maternal contribution to disease risk is well recognized, disease risk transmission via F1 fathers suggests that
male germ cells or other components of the sperm contribute
epigenetic information capable of inﬂuencing postfertilization transcription in offspring. Sperm DNA methylation is
altered in males subjected to undernutrition during intrauterine life, particularly at sites inﬂuencing development
(53). Whether differential DNA methylation could impact
early-life development is a key focus of current studies.
The Pospisilik laboratory has demonstrated that nutritional conditions in male ﬂies can alter germ cell chromatin
structure and increase adiposity in offspring (54). RNA
sequence analysis of both sperm and embryos reveals that
paternal high sugar intake impacts transcriptional pathways regulating energy metabolism, cell cycle, and patterning
via polycomb-, SetDB1-, and Su(var)-dependent mechanisms.
Interestingly, many of these genes are also enriched in differentially expressed genes in obese versus lean humans (55).
Collectively, these data illustrate that chromatin structure
may be an effector mechanism for intergenerational metabolic disease.
The Rando laboratory demonstrated that paternal diet
alters levels of small noncoding RNA in sperm, such as tRNA
fragments, which are derived from epididymosomes released
from somatic cells and acquired by sperm as they mature in
the epididymis (56). In turn, these tRNA fragments may
inﬂuence early embryonic phenotypes via altered expression
of MERVL transposons (56). Together, these data indicate that
both the male germ cell and small RNA added during epididymal transit are essential components of sperm that can inﬂuence offspring development. More broadly, this process
suggests a regulated mechanism by which somatic cells can alter
the epigenetic information transmitted to offspring via sperm.
Collectively, these data indicate that current health or
prior environmental exposures may promote a vicious
cycle of intergenerational disease risk (Fig. 3). Unfortunately, data from human populations are limited due to
the difﬁculty in isolating nongenetic from genetic effects
when environmental factors cannot be carefully controlled. Nevertheless, observational studies in the Dutch
Hunger Winter, Överkalix, and other human cohorts do
support the idea that environmental exposures can inﬂuence health and metabolism of grandchildren. Such nongenetic intergenerational ampliﬁcation of disease risk
effects could contribute to the global increase in prevalence
of obesity, diabetes, and related complications over a very
short time frame.
DEVELOPING EPIGENETIC THERAPEUTICS FOR
METABOLIC DISEASE

Historically, cancer cells have served as a paradigm for epigenomic dysregulation, as chromatin and DNA methylation
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Both human and animal studies indicate that environmental exposures during early life can increase risk for
chronic disease during adulthood. Diverse exposures such
as under- or overnutrition, placental dysfunction, hypoxia,
maternal diabetes or obesity, and alterations in early postnatal growth can impact the development of key metabolic
organs, altering body composition, stem cell populations,
and tissue function of offspring. Even transient exposures
can induce persistent epigenomic modiﬁcations that may
alter transcriptional responses to aging and other environmental stressors during adult life, further increasing disease
risk. Furthermore, environmental or metabolic insults experienced during either development or adult life can affect
germ cells, potentially contributing to phenotypes in subsequent generations.
The Simmons laboratory has made important contributions highlighting the role of maternal obesity in pregnancy
as a mediator of developmental programming. Maternal
obesity in rodents increases adiposity in offspring via
effects on both the maternal intrauterine environment
and oocyte (47–50). Maternal obesity has an even greater
impact on the developing placenta, altering transcription
and metabolism, particularly within lipid metabolic pathways, and increasing inﬂammation (51).
The Ferguson-Smith laboratory has identiﬁed epigenetic
marks responsive to the metabolic environment that contribute to disease (unpublished data). Repeat elements
present within the human genome and their regulated
silencing by epigenetic modiﬁcations are important in this
regard. New “metastable epialleles” identiﬁed in mice may be
sites of epigenetic modulation by diet and other environmental stressors, which can also inﬂuence expression of endogenous genes. These loci are variably methylated between
individuals but consistently methylated in different tissues
in the same individual. Interestingly, these repeats are 100%
methylated in sperm and variably methylated in offspring,
indicating they can be reprogrammed postfertilization.
The Patti laboratory has focused on mechanisms responsible for intergenerational transmission of metabolic
disease risk. Data from animal models indicate that health
of offspring can be inﬂuenced by the metabolic health of
either parent at the time of breeding or by environmental exposures previously experienced by their parents
or grandparents. This paradigm suggests that epigenetic
marks within parental germ cells or noncoding RNA transmitted during breeding may inﬂuence early postfertilization transcriptional responses. For example, maternal
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are widely abnormal, which was reviewed by Peter A. Jones.
In fact, many tumor suppressor genes that are active in
normal cells are turned off in cancer cells via methylation of
their promoters (57). Therefore, it is not surprising that
multiple systemically acting epigenomic drugs that target
DNA methyltransferases have been developed and approved
by the U.S. Food and Drug Administration for use in patients
(58). More recently, agents that target chromatin-associated
epigenomic writers such as EZH2, erasers such as LSD1, and
readers such as BRD4 are being added as therapeutic agents
(59). Jay Bradner highlighted the use of one such compound,
JQ1, in the treatment of cancer (unpublished data). While useful for advanced malignancy, these types of globally acting
drugs may not be applicable to the treatment of diabetes due
to their sometimes severe side effects, their simultaneous action on multiple pathways, and their lack of cell-type speciﬁcity.
Recently, multiple approaches have been developed for
locus-speciﬁc epigenetic targeting to alter the activity of
selected genes. Thus, the Jaenisch laboratory used a modiﬁed CRISPR/Cas9 system to either methylate or demethylate key regulatory gene elements on cytosine residues
to control their expression (60). While the native version
of the CRISPR/Cas9 system has been used extensively to
introduce mutations, in the version for epigenomic editing,
the nuclease activity of Cas9 has been inactivated and the
protein is fused to the catalytic domains of DNA methyltransferases, or Tet enzymes, which mediate hydroxymethylation and eventual demethylation at targeted CpG

elements. Thus far, it appears that this type of manipulation
is indeed locus speciﬁc; however, careful studies will need to
be performed to ensure that there are no off-target effects,
as they could alter the activity of other genes with unintended consequences. For example, a recent publication
from the Meissner group demonstrated that dCas9-DNA
methyltransferase fusion proteins have widespread offtarget effects, suggesting that this technology warrants
further reﬁnement (61).
Related to b-cells, the Kaestner laboratory used a similar
experimental paradigm to produce targeted “epimutations,” or changes to the epigenetic state of a gene of interest, by designing a modular DNA-binding protein
(termed “TALE”) fused to the catalytic domain of the aforementioned Tet1 enzyme (unpublished data). In line with
the results from the Jaenisch group, they could control the
expression of a key cell cycle regulator by generating an
epimutation and in this case stimulate the replication of
human b-cells in the xenotransplant setting.
CONCLUSIONS

In summary, the symposium provided an excellent overview of the current status of epigenetic studies in diabetes
research. Several new themes have emerged. It is clear that
diabetes and its complications develop as a joint effect of
DNA sequence variations and environmental effects leading
to changes in the cellular phenotype. The ﬁeld of epigenetics

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/67/10/1923/538041/db180537.pdf by guest on 10 August 2022

Figure 3—Effects of adverse intrauterine exposures and postnatal environmental factors on pathogenesis of adult metabolic disease and
transgenerational disease risk. A: Epigenetic marks within parental germ cells, such as DNA methylation, histone modiﬁcation, or noncoding
RNA (ncRNA) (e.g., in semen) may inﬂuence early postfertilization transcriptional responses, altering development and ultimate health of
offspring. Adverse intrauterine exposures (B) and postnatal environmental factors (C) may also contribute to disease risk via epigenetic
modiﬁcations. D: Transcriptional and epigenetic dysregulation associated with adult metabolic disease can also impact germ cells,
promoting transgenerational disease risk. Note that these effects occur in the context of the individual’s genetic background, which
can modulate responses to environmental exposures.
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and epigenomics is developing rapidly, and multiple groups
are working on the generation of a solid and clinically annotated cell-type–speciﬁc epigenome atlas. The epigenome
maps will be used to interpret genetic variation and highlight
the way variation leads to disease development. Furthermore, the integration of the epigenome maps with genomic
and genetic data can improve our understanding of the
mechanisms whereby environmental changes contribute to
diabetes development. In addition to a better understanding
of disease pathogenesis, epigenetic regulation provides unique
therapeutic opportunities for the treatment of diabetes and
its complications. In summary, epigenetic and epigenomic research will be a critical cornerstone for a better understanding
of diabetes during the coming decade.
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