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Abstract
Common DNA sequence variants inadequately explain variability in fat mass among individuals.
Abnormal body weights are characteristic of specific imprinted-gene disorders. However, the
relevance of imprinted genes to our understanding of obesity among the general population is
uncertain. Hitherto unidentified imprinted genes and epigenetic mosaicism are two of the challenges
for this emerging field of epigenetics. Subtle epigenetic differences in imprinted genes and gene
networks are likely to be present among cells, tissues and individuals. In order to advance obesity
research it will be necessary to use genome-wide, next-generation sequencing approaches that allow
the detection of such epigenetic differences.
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Genetics of obesity
Large segments of the world's population are accumulating an abnormally high proportion of
body fat. The health risks associated with obesity vary among individuals, but consistently
include Type 2 diabetes, hypertension, coronary heart disease and cancer [1-3]. The existing
and future impact on public health of these metabolic disorders is immense and as a result, an
obese society has been recognized by the pharmaceutical industry as a lucrative market. Major
international efforts are underway to explore and document how DNA sequence
polymorphisms influence an individual's predisposition to obesity and related syndromes. Such
variations in DNA sequence offer hope of a personalized medicine where therapeutics are
tailored and matched with patients of a particular genotype [4-8]. Recent advances of whole-
genome association studies have led to the identification of common DNA sequence variants
associated with obesity and Type 2 diabetes in the general population [9-11]. However, with
less than 20 confirmed genomic loci the numbers of alleles known to be associated with obesity
are modest and their phenotypic effects minute. Although the hunt for these ‘obesity alleles’
is not over, it is evident that genetics alone does not provide satisfactory explanations for the
rapid global increase in obesity during the last 40−50 years.

Epigenetics of obesity: a piece of the puzzle
Epigenetics has gained attention in the past few years as an alternative perspective on the
etiology of metabolic disorders [12-19]. Epigenetics is said to describe:

“...the structural adaptation of chromosomal regions so as to register, signal or
perpetuate altered activity states.” [20]
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While these epigenetic adaptations alter gene activity and are heritable through many cell
divisions – even across generations – they do not alter the primary DNA sequence [21].
Molecular mechanisms underlying epigenetic inheritance, such as DNA methylation and
chromatin remodeling have been extensively reviewed [22-27].

Rather than providing a comprehensive overview of the current state of epigenetic research in
obesity – which soon would be outdated – two related questions and challenges of this new
research field are brought into focus in the present review.

■ Disregulation of known imprinted genes
‘Genomic imprinting’ is a term that describes the inheritance of parent-specific epigenetic
information [28,29]. Certain genes acquire either a maternal or paternal imprint during
gametogenesis and, as a result imprinted genes are widely expressed from only one allele in
the developing embryo and in adult tissues.

Defective genomic imprinting is generally associated with developmental disorders and
clinical phenotypes that often include abnormal body weight. It is currently not known whether
deregulation of imprinted genes is also a contributing factor to the obesity epidemic in the
general population.

■ Epigenetic mosaicism
Epigenetic mosaicism arises when a genomic locus acquires two or more different epigenetic
states in cells of one and the same organism. Such mosaicism is a widespread phenomenon
documented in many organisms and may account for differences in body weight among people.
The challenge now is to identify these epigenetic differences throughout the genome and in
many different tissues.

Genomic imprinting: struggle for resources
The insights gained from studying genomic imprinting have been invaluable in advancing and
shaping ideas of the role that epigenetic phenomena play in metabolic disorders. The kinship
theory in particular, an attractive hypothesis regarding the evolution of genomic imprinting, is
proving to be influential [30-32]. Conflicts regarding resource allocation to individual off-
spring form the core of this hypothesis [33-35]. The ‘interest’ of the father is to have big and
strong offspring resulting from one particular mating, as this could be the only chance to
successfully perpetuate his genes. Therefore, offspring, inherit a genome from the father that
is programmed to obtain as many growth-promoting nutrients as possible from the mother,
thereby reducing the mother's reproductive fitness. In eutherian mammals, acquisition of
maternal resources takes place through placental nutrient uptake during pregnancy, and milk
after birth. The mother's ‘interest’ is, therefore, to partition her resources equally among all of
her offspring, which could stem from multiple fathers during her reproductive lifetime. Thus,
the kinship theory predicts that the maternally-inherited genome will tend to silence fetal
growth-enhancing genes in an attempt to counteract the resource interests of the paternal
genome and at the cost of the offspring's fitness [32]. Since mammalian mothers continue to
provide nutrients and resources to their offspring for some time after birth, it is thought that
the resource conflict can also affect gene expression and phenotype during postnatal stages of
life.

Imprinting disorders associated with obesity: examples
Prader–Willi syndrome (PWS) is the clearest indication yet that epigenetic mechanisms play
an essential role in regulating energy balance in humans. Individuals affected by PWS have
cognitive impairments and struggle with a voracious and uncontrollable appetite, which is often
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associated with the development of severe obesity within the first 6 years of life. The strong
desire for food appears to result from a satiety dysfunction in the CNS [36]. This neurogenetic
disorder arises from an imbalanced expression of gene products and transcripts mapping to
chromosome 15q11-q13. The genomic region carries parental-specific methylation imprints
and in most cases the epigenetic program imprinted on the maternally inherited chromosome
cannot compensate for paternal 15q11-q13 deletions, which are the most frequent cause of
PWS [37-39].

The GNAS locus – both in mouse and human – provides intriguing support for the kinship
theory of genomic imprinting. One of the imprinted mouse genes at this locus encodes the
‘extra large’ (XL) variant of the guanine nucleotide binding protein G, GnasXl, which is
involved in signal transduction processes of neuroendocrine tissues [40,41]. Mice deficient of
the paternal GnasXl (GnasXlmat+/pat−) allele have severely impaired suckling activity, fail to
thrive and many animals die during the first 2 days after birth [41]. Surviving
GnasXlmat+/pat− animals that develop to adulthood stay lean and have decreased fat depots.
The elevated metabolic rate of these adult mouse mutants is thought to result from a
deregulation in energy balance and sympathetic nerve activity [41,42].

A tissue-specific imprinted gene within the Gnas locus, the G protein α-subunit, Gsα is
primarily expressed from the maternally inherited allele in renal proximal tubules and in brown
and white adipose tissue [43-46]. Tissue-specific expression correlates with allele-specific
differences in histone methylation [47].

Pronounced obesity, insulin resistance and hypertrigyceridemia develop when mice inherit a
disrupted maternal Gsα, mat−/pat+ allele [44,45]. This metabolic phenotype can be rescued by
deletion of a differentially-methylated imprinting control region on the paternal allele. This
deletion relieves imprinting and leads to the re-expression of the paternal Gsα allele [42].

Genetic as well as epigenetic abnormalities of the human GNAS locus are also associated with
metabolic disorders such as pseudohypopara thyroidism and Albright's hereditary
osteodystrophy (AHO) [46-51]. The abnormalities do not entirely parallel the mouse mutant
phenotypes, but do have some common features. AHO individuals generally have a short, obese
body stature [52].

The above examples illustrate the potential of disregulated genomic imprints to promote
functionally opposing effects in energy homeostasis: leanness and obesity, respectively. But
the question remains: do the known imprinted genes play a role in the current obesity epidemic?

Subtle imprinting effects in mice influencing body weight
Results from a recent genome-wide mapping approach suggest that genomic imprinting can
influence variation in body composition of adult mice [53]. In their study, Cheverud and
colleagues identified imprinted quantitative trait loci (iQTL) in regions of the mouse genome
that previously were not known to be imprinted [53]. Such imprinting effects appear to be quite
common, and possibly have not been described earlier because they are relatively small,
accounting for only 1−4% of the phenotypic variance in body composition at each identified
locus [53].

Morison and colleagues suggested that numerous imprinted genes with subtle effects remain
to be discovered, and that these genes will not map to major, genomic imprinting clusters
identified so far in mice and humans [54]. Indeed, estimates of the number of imprinted genes
and genomic loci vary greatly [29,54-57].
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Although parental imprinting occurs in all therian mammals and the molecular mechanism is
conserved for many genes, including the IGF2-H19 locus [58], there is discordance among
species in the number of imprinted genes [54]. Disparity in litter size between mouse and human
is one factor that possibly contributes to the discordance of imprinted genes [59]. Although the
mouse is an excellent and tractable model organism in which to study epigenetic deregulation
of imprinted genes per se, the discordance between mouse and human in both the number and
identities of imprinted genes [53,57,59] limits the utility of mouse for studying the role that
deregulated genomic imprinting could play in human obesity.

Based on computer-learning algorithms that recognize certain DNA sequence characteristics
such as concentration of repeated elements and recombination hotspots, Luedi and colleagues
recently predicted parental imprinting of approximately 150 humans genes [56,57]. For the
vast majority of these potentially imprinted genes, differential epigenetic marks have not yet
been identified and expression patterns reflecting parent-of-origin specificity await
demonstration. Nevertheless, these early findings hint that subtle imprinting effects may also
contribute to variation in body mass in humans. Below, that possibility is explored.

Undiscovered parental imprints in humans?
Genetic and epigenetic abnormalities in regions of the human genome, known to undergo
parental imprinting are predominantly associated with distinct developmental and pathological
phenotypes [37,60-62]. These phenotypes and their unusual inheritance patterns are often the
only evidence of a parental imprint and have, in this way, guided the mapping and identification
efforts for many of the currently known imprinted loci in humans. However, there is little
evidence that deregulation of these ‘clinical-symptoms’ imprinting loci is common for
individuals affected by the current obesity epidemic. Therefore, it is therefore plausible that
other, as yet unidentified imprinted genes, could contribute to subclinical variations in
phenotype, including body weight.

A number of genome-wide linkage analyses have been carried out, with the goal of identifying
new genomic loci that harbor parent-of-origin effects that influence body weight. Lindsay and
colleagues detected regions on maternally-derived chromosomes 5 and 6, and paternally-
derived chromosome 10 with tentative evidence of imprinted genes that might influence the
risk of Type 2 diabetes or obesity in Pima Indians [63]. In a follow-up study, it was reported
that the birth weight in the Pima population appears to be influenced by loci on the paternally-
inherited chromosome 11 [64].

Screening DNA samples from African–American, European–American and German
individuals, Price and colleagues found evidence for at least three different obesity-related
genetic loci with parental effects [65]. In their genome-wide linkage analysis a paternal effect
for BMI was detected for region 13q32, and locations on chromosomes 10p12 and 12q24
suggest a maternal effect on BMI. None of these three loci had been known previously to harbor
genomic imprints [65].

The results of two similar genome-wide scans have also provided evidence for the existence
of potentially imprinted loci influencing body weight [66,67]. Common to all of these studies
is the feature that many of the newly mapped loci have not previously been reported as
imprinted, and were not detected in the screens performed by other laboratories. With the
provision that a parent-of-origin effect does not necessarily provide direct evidence of
imprinting [68], these genome-wide studies suggest the existence of many more genomic loci
affecting body weight that are perhaps controlled by epigenetic mechanisms.
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Epigenetic mosaicism & imprinting
Mackay and colleagues speculate that disturbance of some, as yet unidentified imprinted loci,
contribute to transient neonatal diabetes (TND) associated with 6q24 [69], which is a rare
imprinting disorder affecting approximately 1:500,000 neonates [62]. The young patients
normally require insulin therapy during the first 3 months of life after which remission occurs.
Umbilical hernia, macroglossia and learning difficulties are variable but distinct nondiabetic
manifestations of the 6q24 disorder. Mosaic hypomethylation at multiple imprinted loci (HIL)
was found to be a recurrent, genomic feature in a cohort of individuals that experienced TND
and these epigenetic lesions were more prevalent in nonleukocyte cells, such as buccal cells
and fibroblasts [69]. Mutations in ZNF57, a gene encoding the zinc finger binding protein 57,
have recently been associated with this autosomal, recessive imprinting disorder [70], and the
basis for aberrant methylation-mosaicism might be established during early embryogenesis, a
developmental stage when ZNF57 is normally expressed [70]. Epigenetic mosaicism among
tissues and cells is a phenomenon observed in many species, including humans [71-75]. For
instance, epigenetic defects such as loss of imprinting (LOI) of the IGF2 gene is a common
event in Wilm's tumor and lung, breast and ovarian cancers and gliomas where the normally
silent, maternal allele of this growth-promoting gene is aberrantly activated [76,77]. Altered
DNA methylation states are associated with LOI [78].

Epigenetic mosaicism & detection of subtle epigenetic differences
The finding that the human genome is likely to contain some as yet unidentified imprinted loci
affecting body weight hints that disregulation of imprinting could play a role in the obesity
epidemic. Our ability to investigate this possible connection, however, is only as good as our
ability to detect epigenetic abnormalities through screening methods typically applied to the
general population.

It is possible that subtle imprinting abnormalities – specifically, those that result from
epigenetic mosaicism among cells and tissues – have remained undetected in the general
population because epigenetic lesions were limited to tissues other than those analyzed. For
example, DNA methylation patterns could indicate normal parental imprints during a screen
of peripheral blood leukocytes, a common DNA source, while epigenetic defects in white
adipose tissue would stay unnoticed. In addition, methods for the detection of DNA
methylation, such as methyl-sensitive PCR, may not be adequate for obesity research. Although
some of these methods are very sensitive and enable the detection of 0.1% methylated DNA
present in otherwise unmethylated DNA samples [79], they may fail to uncover subtle, but
biologically important, methylation differences that can only be detected by sampling many
individual DNA molecules derived from a particular genomic locus. For instance, the density
of DNA methylation at the human leptin promoter is highly variable among alleles and cells
from an individual [80]. While the effect of this mosaicism on gene expression awaits
demonstration, it is likely that such methylation differences would go unnoticed by many of
the current assays employed to assess epigenetic variations. Thus, tissues to be sampled and
techniques to be applied are important factors to be considered for obesity research.

New, massively parallel sequencing methods have great potential, as they allow ‘deep
sequencing’ at genomic loci of interest [81,82]. With these high-throughput methods it will be
possible to detect subtle irregularities in DNA methylation patterns among individual DNA
molecules, cells and individuals. Similarly, next-generation sequencing technology, in
combination with chromatin immunoprecipitation (ChIP-Seq) [83,84], will also provide a
detailed picture of the histone modifications in genomic regions that are associated with
deregulated energy metabolism. Although this sequencing technology has not yet advanced to
the level where an individual's entire genome can be routinely scanned for subtle epigenetic
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differences, the data produced with these new techniques will soon advance our (currently
limited) understanding of the epigenetic underpinnings of obesity. Moreover, the use of
molecular ‘batchstamps’ and ‘barcodes’ will improve the quality of DNA sequence data-sets
as they provide a method to validate sequence diversity, and enable researchers to accurately
classify valid, contaminant, or redundant sequences [85,86]

Environment & the deregulation of genomic imprinting
Taken together, there is a good amount of evidence indicating that variation at imprinted loci
can influence the body mass of individuals. What could be the cause of these imprinting
differences among individuals?

Environmental stimuli and stresses can alter epigenetic modifications and gene expression
[78,87-89]. Indeed, abnormal epigenetic patterns at imprinted loci were one of the first
indications that external environmental stimuli can influence an individual's epigenome.
Manipulation of embryos and embryonic stem cells, routinely employed in assisted
reproductive technologies in humans, as well as mammalian cloning and gene-targeting
procedures have been found to affect the epigenetic status of imprinted loci [87,88,90].
Environmental changes are inevitable during such procedures, insofar as cells and embryos
are physically moved and become exposed to unnatural growth conditions. These
environmental stresses – occurring during a limited period of time at the earliest stages of
development – frequently influence the resulting adult phenotype [91-94]. It has been
suggested that an elevated risk of Beckwith–Wiedemann syndrome, a fetal overgrowth and
imprinting disorder, results from manipulations that occur during in vitro fertilization
[95-98], although donor oocyte quality has not been ruled out as an independent risk factor.

Abnormal birth weights, both low and high, are frequently observed in animals and humans
that have experienced early-embryonic interventions [87]. These phenotypic variations are
often associated with altered gene expression and changes in DNA methylation patterns at
imprinted loci [99-101]. However, the environmental stresses occurring during assisted human
reproduction influence only a small fraction (∼3.9%) of the population born in developed
countries [102] and, hence, cannot explain the current obesity epidemic.

Nutrition is an external, environmental signal directly relevant to obesity, and it can affect gene
expression at imprinted loci. For example, expression of the imprinted, paternally expressed
gene 1 (Peg1/Mest) is markedly elevated in white adipose tissue of genetically identical mice
treated with a high-fat diet [103-105]. Similarly, a methyl-deficient diet significantly increases
the expression of the imprinted, paternally expressed gene encoding the insulin-like growth
factor 2 (Igf2) in the prostate of mice and decreases the repressive dimethyl-H3K9 histone
modification at this imprinted locus [106]. The Igf2 locus appears particularly susceptible to
external, nutritional signals, as Waterland and colleagues reported that subtle dietary changes
during the post-weaning phase of mouse development induces permanent changes in DNA
methylation and altered expression at the Igf2 locus [107].

The notion that nutritional interventions can induce DNA methylation changes has garnered
considerable interest, both within the research community and with the public [108]. However,
considering that much effort has been applied in finding such methylation changes – at
imprinted loci in particular – the results to date are rather modest and more results are still
anticipated that would demonstrate how nutritionally induced epigenetic alterations affect the
expression of specific genes that are directly involved with resource allocation of an organism.
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Environment, mosaicism & a nonimprinted locus
Epigenetics, obesity and environment converge at the agouti locus in the mouse genome. This
locus is different from those described above, insofar as it does not carry a parental-specific
imprint. The agouti gene encodes a signaling molecule that triggers a shift from the production
of black eumelanin to yellow pheomelanin in hair follicles. Depending on timing and levels of
agouti expression, the coat color of individual mice ranges from yellow to brown (agouti) to
black. The coat color is a useful phenotypic marker indicating the activity of the agouti gene
and provides a measure of epigenetic mosaicism for this genomic locus in individual animals.
Loss-of-function yields mice with black fur that have normal weight [109]. By contrast, ectopic
expression of the viable yellow agouti allele (Avy) in heterozygous (Avy/−) animals is associated
with yellow fur and a phenotype of obesity and Type 2 diabetes [110]. On the Avy allele, agouti
transcription is driven by a cryptic promoter present in a retrotransposon that is inserted
upstream of the agouti coding region. This transposable element has rendered the activity of
the Avy allele susceptible to dietary variations during development and the ensuing, pronounced
phenotypic variation observed in adult Avy/− animals has been correlated with the status of
DNA methylation at the retrotransposon: methylation strongly correlates with Avy silencing
[111-116].

Energy balance: epigenetics of nonimprinted genes & gene-networks
The findings at the agouti locus illustrate how nutrition affects the epigenotype and expression
of a single gene that does not carry a parental-specific imprint. The question then arises to what
extent the genome is modified in its response to environmental signals? Are only a few loci
affected, or do diet and other environmental signals induce epigenetic changes in many genes?

Wide-ranging and complex gene networks regulate energy balance [117,118]. In human
adipose tissue, expression levels of approximately 17,000 genes – more than 70% of the
sampled transcripts – were found to correlate with BMI [119]. Many of the differences in gene
expression levels may be established during early postnatal stages of life. Koza and colleagues
detected variation in gene expression among 6-week-old, genetically-identical mice that
foreshadowed a fourfold difference in fat mass of the same animals in adulthood [120]; the
variation in adiposity persisted and could not be altered by dietary changes, which led the
authors to suggest that epigenetic mechanisms were in play [120]. These examples suggest that
nonimprinted genes may acquire epigenetic states that differ among individuals and promote
phenotypic differences, such as variation in adiposity. Indeed, variations in DNA methylation
have been detected on the promoters of Leptin, PPARα, PEPCK, a phosphoenolpyruvate
carboxykinase and the uncoupling protein 1 (Ucp1) [80,121,122]. These are nonimprinted
genes that play important roles in regulating energy metabolism. It is my opinion that epigenetic
variation of non-imprinted genes is the largest contributing factor to fat mass variation among
individuals. This assumption is based on a theoretical model, demonstrating that large gene
networks evolve to become insensitive to genetic perturbations and allelic sequence variations
[123]. The process of this mechanism is termed ‘genetic canalization’. I have suggested that
the network of genes controlling energy balance of an organism may be buffered against genetic
differences, thereby explaining the paucity of known DNA sequence variants that predispose
an individual to obesity [124]. Genetic canalization offers a theoretical framework in which to
explore alternatives to genetics as a significant contributing factor to the obesity epidemic –
both in somatic cells and in germ cells.
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Conclusion
Many laboratories are in the process of exploring how diet and other environmental stimuli
influence the epigenome and disease risk. This flurry of ongoing research is set to alter our
understanding of obesity and related metabolic disorders.

The extent to which epigenetic mechanisms regulate energy balance – by far surpassing the
effects of DNA sequence polymorphisms – will become clear in the coming years. It is likely
that new imprinted genes will be identified that promote only subtle phenotypes when
expression is deregulated.

The prospect that epigenetic modifications affect expression of a large metabolic gene network
consisting of both imprinted and nonimprinted genes, calls for the application of large-scale
epigenomic approaches. The challenge is considerable. These genome-wide methods must be
very sensitive in order to detect minute epigenetic differences and mosaicisms that in sum may
largely define the variation in fat mass among individuals.

Future perspective
Epigenetics will have a similar trajectory in obesity research to the one that it had in cancer
research – it will become a mainstream approach to study disease. However, the timeline will
be substantially shorter. Epigenetics emerged from the sidelines to become an integral part of
cancer research some 20 years after its emergence as a novel concept in tumor biology. Now
that the biological importance and the molecular mechanisms of epigenetic processes are better
understood, their roles in the etiology of obesity will be explored without significant
reservations and lag time. Rapid advances in the field will be fueled by technical and
methodological innovations, based primarily on next-generation sequencing platforms.

The next 5 years will bring identification of genomic loci that carry obesity-specific, epigenetic
modifications. This information will be invaluable in the development of diagnostic biomarkers
and hence will also be of commercial value. Within the same timeframe, it is conceivable that
segments of metabolic gene-networks governed by epigenetic processes will be defined. These
epigenetically regulated network modules will emerge as potential drug targets.

Both biotech startups and big pharmaceutical companies are inspired by the prospect that drugs
have the potential to alter the epigenome and to reverse disease-related epigenetic
abnormalities. Since cancers were the first human pathologies recognized to have a strong
epigenetic component, the epigenetic drugs currently available are targeted primarily at these
diseases. It is foreseeable that these new epigenetic drugs will be repurposed and that they will
find their way into clinical trials designed to test their efficacy in treating obesity and related
metabolic disorders. Overall, in the coming years we will see a shift in emphasis from
understanding an individual's genetic makeup, towards analyzing a patient's epigenetic profile.
This discipline already has a name: ‘pharmacoepigenomics’ [125]. A variation of computer
scientist Alan Kay's remark provides perspective on how the research field of epigenetics and
obesity will develop: “the best way to predict the future is to explore it”.

Executive summary

Genetics of obesity

Genome-wide association studies have identified less than 20 loci for obesity and
diabetes – a modest number.

Epigenetics of obesity
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Two emerging questions: the role of genomic imprinting in the obesity epidemic and
the extent and detection of epigenetic mosaicism.

Genomic imprinting

Good evidence exists both in mouse and human, that genomic imprinting evolved as
an epigenetic mechanism to regulate and allocate resources.

As yet, unidentified imprinted genes are likely to exist – their expression influences
body weight.

Epigenetic mosaicism

Genes have the potential to acquire two or more different epigenetic states in the same
tissue and organism.

Environmental factors contribute to the establishment of epigenetic mosaicism.

Detection of epigenetic mosaicism

Large-scale, epigenomic approaches based on next-generation sequencing platforms
are necessary to identify subtle epigenetic differences.

Energy balance: epigenetics and nonimprinted gene networks

Large gene networks, composed primarily of nonimprinted genes, regulate energy
balance: emerging evidence that these genes are under epigenetic control.

Prediction: epigenetic variation and mosaicism of nonimprinted genes is the largest
contributing factor to fat-mass variation among individuals.

Pharmacoepigenomics

Development of epigenetic biomarkers and application of epigenetic drugs to diagnose
and treat obesity.
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