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Abstract

Metabolic disease encompasses several disorders including obesity, type 2 diabetes, and
dyslipidemia. Recently, the incidence of metabolic disease has drastically increased, driven
primarily by a worldwide obesity epidemic. Transgenerational inheritance remains controversial,
but has been proposed to contribute to human metabolic disease risk based on a growing number
of proof-of-principle studies in model organisms ranging from C. elegansto M. musculusto S
scrofa. Collectively, these studies demonstrate that heritable risk is epigenetically transmitted from
parent to offspring over multiple generations in the absence of a continued exposure to the
triggering stimuli. A diverse assortment of initial triggers can induce transgenerational inheritance
including high-fat or high-sugar diets, low-protein diets, various toxins, and ancestral genetic
variants. Although the mechanistic basis underlying the transgenerational inheritance of disease
risk remains largely unknown, putative molecules mediating transmission include small RNAs,
histone modifications, and DNA methylation. Due to the considerable impact of metabolic disease
on human health, it is critical to better understand the role of transgenerational inheritance of
metabolic disease risk to open new avenues for therapeutic intervention and improve upon the
current methods for clinical diagnoses and treatment.
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1. Introduction

Metabolic disease includes obesity, type 2 diabetes (T2D), insulin resistance,
atherosclerosis, hyperlipidemia, and hepatic steatosis. This class of disorders is driven by
abnormalities in the conversion of food to energy, often as the result of prolonged under- or
overnutrition. This shared etiology often results in the clustering of multiple metabolic risk
factors in an individual, which is referred to as metabolic syndrome [1]. The prevalence of
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metabolic disease has increased dramatically over the past few decades, largely driven by a
worldwide obesity epidemic [2,3]. Collectively, comorbidities of obesity now cause 3
million premature deaths annually worldwide and make obesity the sixth leading risk factor
for loss of health and life [4,5]. Given the considerable impact on human health, it is critical
to better understand the factors driving the recent increase in metabolic disease.

Metabolic disease can result from mutations in single genes such as leptin (obesity),
peroxisome proliferator-activated receptor gamma (T2D), and apolipoprotein C-II
(hypertriglyceridemia) [6-8]. However, monogenic disease causing mutations are relatively
rare, and metabolic disease is more often the result of a complex and poorly understood
relationship between multiple genetic risk factors and the environment. Estimates of the
heritable contribution to adiposity-related traits are typically between 45-75%, with the
remaining phenotypic variability the result of environmental factors or gene-environment
interactions [9]. Heritability estimates of other metabolic traits including levels of glucose,
insulin, triglycerides, cholesterol, and blood pressure are similar [10,11]. Unfortunately,
pinpointing the exact genetic risk factors for most complex multifactorial traits and diseases
has proven challenging [12,13]. Genome wide association studies for many complex traits
and diseases, including height and body mass index (BMI), have estimated that all common
single nucleotide polymorphisms (SNPs) collectively account for approximately half of trait
heritability in an additive fashion [11,14-17]. The nature of the remaining half of the
heritable risk remains unknown, but various hypotheses have been proposed that implicate
epistasis, rare variants, allelic heterogeneity, locus heterogeneity, small effect sizes, copy
number variants, and epigenetics [12,13,18]. It is likely that each of these mechanisms
contributes to human variation and disease, with this review focusing on the subset of
epigenetic effects that demonstrate transgenerational inheritance.

Transgenerational epigenetic inheritance refers to the transmission of phenotypes over
generations that are not due to inherited changes in the primary DNA sequence [19,20].
Transgenerational effects are passed across generations in the absence of exposure to the
original trigger to either the developing fetus or the germ cells that will eventually become
the fetus [21]. Thus, when inherited through the paternal lineage, transgenerational
inheritance is established by phenotypes transmitted for 2 generations, to the grandchildren
(F2 generation) (Figure 1). When inherited through the maternal lineage, transgenerational
inheritance is similarly established by phenotypes transmitted 2 generations to the
grandchildren, unless the FO female is pregnant during exposure to the triggering event. In
this case, the presence of both the fetus in utero and the developing germ cells within the
fetus require phenotypic transmission for 3 generations to the great-grandchildren (F3
generation) to establish transgenerational inheritance (Figure 2). This review is restricted to
studies meeting this strict definition of transgenerational inheritance, with other excellent
reviews provide a more comprehensive review of epigenetic inheritance, describing both
transgenerational and intergenerational inheritance [22].

A trait can be transgenerationally inherited resulting from both environmental exposures
such as diet or toxins or by ancestral genetic variants [23,24]. The phenotype can be passed
from one generation to the next via cultural inheritance, microbiota, or through the germline
[20]. Cultural inheritance refers to the often shared learning and choices of relatives,
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including smoking and alcohol consumption [25]. Another example is the prion-mediated
inheritance of kuru, a lethal neurological disorder found among the Fore people of Papua
New Guinea. Kuru was at first mistaken to be a Mendelian inherited genetic disorder, but
was later shown to be mediated by a prion protein transmitted through the practice of
cannibalism of deceased relatives [26]. Microbiota are also shared vertically within a family,
as an individual's early microbiome in particular is in part acquired via maternal
transmission during delivery, with long term effects on metabolism [27,28]. Finally,
transgenerational inheritance can be transmitted through the germline, including through
both male and female germ cells, which carry dozens of epigenetic marks on the genomic
DNA and the histones upon which the genomic DNA is wrapped [19,20]. Importantly,
although many epigenetic marks were largely considered absent in human sperm, many
nucleosomes remain associated with chromatin in sperm and DNA methylation not only
remains present at specific loci, but is hypermethylated at many loci relative to later
embryonic stages [29,30]. Of note, it is unlikely that all epigenetic marks have been
discovered, as highlighted by the recent identifications of many novel histone marks
including lysine crotonylation and glutamine methylation [31]. In addition to the epigenetic
marks, germ cells carry RNA molecules such as mRNAs, miRNA, and piRNAs, as well as
metabolites and proteins that may be important for mediating transgenerational inheritance.

The epigenetic marks that modify histones and DNA are both responsive to nutrient status,
acting as metabolic sensors that translate nutritional cues into gene expression changes [32—
34]. For example, glucose availability regulates global histone acetylation levels in an ATP-
citrate lyase dependent manner [35]. In addition, many micronutrients, such as choline, that
regulate the folate cycle and therefore levels of the methyl donor S-adenosylmethionine
have downstream effects on DNA methylation [36]. However, it remains controversial
whether this information can be stably transmitted through the germline. Although it is easy
to imagine an evolutionary benefit from signaling future offspring to alter their metabolism
in response to current environmental cues, various experimental challenges have largely
precluded the rigorous study of transgenerational inheritance of metabolic traits in humans
[37]. These include a paucity of data from multi-generational pedigrees, the dynamic nature
of the epigenome, and the relative inaccessibility of germ cells and key metabolic tissues.
Thus, the contribution of transgenerational inheritance to metabolic disease in humans
remains unclear [38,39]. Nonetheless, there is mounting evidence from model organisms
ranging from nematodes to rodents demonstrating that transgenerational inheritance of
disease risk can have phenotypic effects on par with risk factors inherited in a Mendelian
fashion. These data, together with suggestive evidence of transgenerational inheritance in
humans, hint that this unconventional mode of inheritance may represent an
underappreciated contributor to metabolic disease susceptibility (Table 1).

2. Transgenerational Effects on Metabolic Disease in Model Organisms

Model organisms are valuable for studying transgenerational inheritance because of the
precise control afforded over most aspects of their genetic makeup and environmental
conditions. Experimental advantages when studying model organisms include invasive
phenotyping, short generation times, low cost of maintenance, and precise control over diet,
infection status, pedigree, and genetic background. Thus, a single genetic or environmental
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variable can be rigorously tested over multiple generations in a way that is not possible in
human studies. It is also important to note that although questions have been raised
regarding the ability to translate discoveries made in model organism to clinical benefits for
humans [40,41], there is a high concordance between animal models and humans for both
genotype-phenotype relationships for monogenic metabolic disease [42,43] and the
effectiveness of weight loss compounds [44]. These similarities suggest that insight into
transgenerational inheritance gained from studies of model organisms will translate to the
study of human metabolic disease.

2.1C. elegans

Despite difficulties associated with carrying out thorough metabolic phenotyping in C.
elegans, many advances in understanding the pathophysiology of metabolic disease have
been made using this powerful model organism. This power can be illustrated by the ability
to conduct both high-throughput genetic and chemical screens. The utility of C. elegansin
drug screening has improved considerably since the first high-throughput screen [45] thanks
to advances in automation, liquid handling, and imaging analysis software [46]. Thus, a
number of screens for compounds have been conducted including those for compounds that
regulate food intake and for the evaluation of anti-obesity therapeutics [47,48]. Genomic
siRNA-based screens have facilitated the identification of genes that regulate lipid content
including those with similar functions in mammals such as Tubby, which is important for
ciliary transport, as well as genes that encode fatty-acid and acyl-CoA-binding proteins and
enzymes in the lipid biosynthesis pathway [49-51]. The three-day generation time of C.
elegans also facilitates the rapid study of transgenerational effects. Importantly, C. elegans
possesses several well conserved molecules with hypothesized involvement in epigenetic
inheritance including transcription factors, histone modifications, and regulatory RNAs [52].
For example, post-translational histone modification signatures in C. elegans resemble that
seen in D. melanogaster and mammals [53].

Two recent studies illustrate the power of C. elegans for investigating transgenerational
inheritance of metabolic disease. The first is an elegant set of experiments by Rechavi and
colleagues demonstrating that starvation alters metabolism for three subsequent generations
via the inheritance of small RNAs [54]. Just six days of starvation, restricted to the L1 larvae
developmental stage, increased lifespan of the F3 progeny by 37% relative to the F3
offspring of continuously fed worms [54]. The small RNA profiles of the F3 progeny from
the starved line more closely resembled those of the starved FO line than the continuously
fed FO line. Those differentially expressed small RNAs between the starved and fed lines
were significantly enriched for targets associated with nutrient reservoir activity and thus
represent a potential mechanism for the increased lifespan [54]. In contrast to the effects of
starvation on lifespan, Tauffenberger and Parker discovered that worms from the commonly
used wild-type strain N2 that were fed a glucose enriched diet had fewer progeny and a
shorter lifespan relative to control fed N2 worms [55]. The F2 offspring of these worms also
exhibited decreased fecundity relative to offspring of control worms, although lifespan was
unchanged [55]. This study demonstrates how a single metabolic input (glucose) can have
pleiotropic effects that can be separately inherited in either a transgenerational (fecundity) or
non-transgenerational (lifespan) manner in subsequent generations.
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2.2 D. melanogaster

2.3 Rodents

Drosophila research has a long and rich history of developing and fine-tuning
methodologies for genetic manipulation [56]. Many of these methodologies, such as
unbiased forward genetic screens and the Gal4/UAS system, can be applied to allow
researchers to use Drosophila as a means of studying transgenerational epigenetic
inheritance of metabolic phenotypes [57]. To engineer models of metabolic disease,
Drosophila strains have been generated with phenotypes resembling obesity and diabetes by
genetically manipulating pathways associated with the Drosophila fat body, the main
glycogen storage depot in Drosophila [58,59]. Additionally, dietary modifications such as
high sugar diets are sufficient to induce obesity and insulin resistance in Drosophila [60,61].
Many of the pathways and genes involved in Drosophila metabolism have human orthologs,
which, along with the short lifespan of Drosophila, make it a good model system for
studying transgenerational effects [58,62—64]. There are however, limitations such as the
lack of conclusive evidence for DNA methylation, despite the identification of a putative
DNA methyltransferase Dmnt2 [65]. Whether Dnmt2 functions as either a DNA or RNA
methyltransferase, or both, remains unclear, with this distinction important for the
heritability of these marks by subsequent generations [66—68]. The existence of 5-
methylcytosine in Drosophila genomic DNA was recently found in limited quantities using
a sensitive high performance liquid chromotography and mass spectrophotometry-based
approach, but other studies, including by whole-genome bisulfite sequencing, have failed to
replicate these findings [69-74].

Evidence for transgenerational inheritance of metabolic disease comes from a study of
newly hatched virgin females from the standard laboratory strain w1118 that were fed a diet
containing either 0.15 mol/L sucrose or 1 mol/L sucrose for 7 days [75]. The females fed the
high-sugar diet had elevated triacylglycerol (TAG), glycogen, and trehalose levels, although
body weight was slightly decreased, perhaps as a consequence of the increased morbidity.
F1 generation adult male offspring of high-sugar fed mothers exhibited reduced body weight
and glucose levels even when fed the low-sugar diet. Challenging these F1 flies with a high-
sugar diet further decreased their body weight, as well as increased their trehalose and TAG
levels. To test for transgenerational effects, F1 virgin females fed the low sugar diet were
mated and the F2 progeny were reared on the low sugar diet. F2 female larvae from the
high-sugar lineage exhibited increased whole body trehalose and decreased TAG levels,
whereas male larvae exhibited increased glucose and trehalose levels relative to the low-
sugar lineage. This altered body composition of F2 larvae indicates that maternal diet effects
metabolic programming for at least two generations.

Perhaps the most intensively studied model of transgenerational inheritance is the agouti
viable yellow mouse strain (AYY), with the resulting data highlighting both the promise and
challenges associated with studying non-Mendelian inheritance. The AYY mutation is due to
an intracisternal A particle (IAP) insertion 100 kilobases upstream of the agouti coding
sequence [76]. AYY is a dominant allele that causes ectopic agouti expression resulting in
yellow fur, obesity, T2D, and increased tumor susceptibility [76]. The severity of the
phenotype is variable, and is correlated with the DNA methylation status of the IAP
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insertion such that AYY mice with yellow fur have decreased DNA methylation and
increased agouti expression relative to AYY mice with brown fur [77]. The coat color,
adiposity, and methylation status are maintained when inherited through the female
germline, with the phenotypes of offspring correlated with the phenotypes of the dam
[77,78]. In contrast, the paternally inherited allele is demethylated more rapidly and there is
no epigenetic inheritance through the paternal lineage [79]. However, it remains
controversial whether DNA methylation or other chromatin marks are the causal inherited
mark [79,80].

Treatment of AYY mice with epigenetic modifying compounds highlights how targeting
therapeutics towards the mechanism of transgenerational inheritance can be used to break
the generational cycle of metabolic disease. For example, feeding AYY dams a methyl-
supplemented diet that induces hypermethylation prevents the transgenerational inheritance
of obesity [78]. However, the effect of diet-induced hypermethylation is itself not inherited
in a transgenerational manner suggesting a distinct epigenetic mechanism [81]. In addition
to methyl-donor supplementation, other therapeutic modifiers of the AYY phenotype include
ethanol, genistein, and bisphenol A. Each, when fed to pregnant dams, modified the
expression of the agouti coat color or obesity phenotype of AYY offspring [82-84]. However,
whereas the effect of methyl-donor supplementation has been consistently replicated [85-
87], the effects of bisphenol A and genistein were not [88].

IAP insertions are more resistant to epigenetic erasure than other DNA sequences, which
may explain why the AYY mutation exhibits such a strong transgenerational inheritance
pattern [89,90]. However, there are many other examples of transgenerational inheritance of
metabolic disease beyond the AYY mouse model that are not related to IAP insertions.
Obesity risk is one such phenotype that is transgenerationally transmitted with multiple
triggering events, including both genetic and environmental exposures to specialized diets or
toxins. Examples include a quantitative trait loci, Obrg2a, for which the allele derived from
strain C57BL/6J is associated with increased adiposity and food intake relative to the allele
derived from strain A/J [24]. F2 offspring of congenic mice carrying the Obrg2a®? allele on
an otherwise C57BL/6J background, but that did not inherit the A/J-derived allele of Obrg2a
and were thus genetically identical to C57BL/6J mice, had reduced food intake and
adiposity relative to control C57BL/6J mice. The transgenerational effects of the ancestral
Obrg2a™ allele were only observed when transmitted through the paternal lineage, with the
body weight and food intake in the F2 generation equivalent to that of the FO generation
[24]. Environmental factors also influence adiposity in the F2 generation, with grandpaternal
high-fat diet (HFD) feeding increasing adiposity in both male and female offspring 2
generations removed from the obesogenic diet [91]. The grandpaternal HFD feeding was
associated with alterations in mMRNA and miRNA expression in sperm, as well as a global
reduction in DNA methylation [91]. These examples implicate paternal transgenerational
transmission of obesity susceptibility to offspring, but maternal transmission of obesity risk
has been demonstrated as well. Compounds such as dichlorodiphenyltrichloroethane (DDT),
the pesticide methoxychlor, a mixture of plastic-derived endocrine disruptors, or the banned
biocide tributyltin (TBT) when administered to pregnant rodents increased the body weight
of both male and female offspring in the F3 generation [92— 96]. TBT exposure not only
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increased lipid accumulation in adipose tissue, but in hepatocytes as well, resulting in a
phenotype resembling nonalcoholic fatty liver disease [92].

Glucose intolerance is also transgenerationally transmitted to offspring through both the
maternal and paternal lineage. Male mice were made insulin resistant through a combination
of HFD feeding and low dose streptozotocin (STZ) treatment, with the resulting F2 male
offspring incurring similar impairments in glucose tolerance and insulin sensitivity [97].
DNA methylation near insulin signaling genes in islets was consistently increased (Pik3ca
and Pik3r1) or decreased (Ptpnl) in both the F1 and F2 offspring of the FO prediabetic male
mice, suggesting a potential physiological explanation and a mechanism of inheritance [97].
Maternal HFD feeding during pregnancy and lactation had the reverse effect, with increased
glucose tolerance in F3 mice, although the effect was restricted to male F3 offspring [98].
The improved glucose tolerance was inherited via both the paternal and maternal lineage,
whereas a transgenerationally inherited increase in body size and body weight in the F3
female mice was solely inherited through the paternal lineage. The transgenerational
inheritance of body size solely through the paternal lineage was correlated with increased
variability in paternally expressed imprinted genes in the liver of F3 generation mice relative
to maternally expressed imprinted genes [98]. A low protein diet fed to pregnant rats and
maintained during lactation impaired glucose homeostasis in offspring from the F1 through
F3 generations, although the phenotypic effect was diminished in the F3 generation [99].
The F1 though F3 generations of offspring from pregnant mice fed a low protein diet also
had altered glucose homeostasis as reflected by decreased plasma insulin levels in the
absence of changes in glucose levels [100]. The lower insulin levels were associated with
decreased pancreatic mass and islet volume, although again the effects on pancreatic
morphology began to diminish in the F3 generation [100].

2.4 Nonstandard model organisms

Although most biomedical research involving model organisms is focused on a limited
number of species, other animal species not typically found in a laboratory setting can also
provide a rich resource for studies of transgenerational inheritance. This includes many
species, such as cows and pigs, that have significant economic value and often detailed
pedigree information [101,102]. For example, Braunschweigh et al. has demonstrated that
male pigs (boars) fed a diet to induce hypermethylation have F2 offspring with decreased
adiposity [103]. The F2 offspring had changes in gene expression and DNA methylation
detected in the liver and muscle tissue that were correlated with the reduced adiposity [103].
This suggests that the use of nonstandard model organisms is a relatively untapped resource
for investigating transgenerational inheritance of metabolic disease.

3. Transgenerational Effects on Metabolic Disease in Humans

Significant experimental hurdles limit the ability to rigorously test for transgenerational
inheritance of metabolic disease in humans. Thus, the question of whether transgenerational
inheritance contributes to metabolic disease susceptibility remains unanswered [39,104].
Nonetheless, it is possible to partially circumvent these experimental challenges by taking
advantage of natural experiments of human history, for example by examining the metabolic
phenotypes of offspring from relatives that experienced a severe famine relative to those
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when food was abundant. The Overkalix region of northern Sweden provides one such
natural experiment, with records spanning the 1800s of crop yields and overall mortality
from cardiovascular disease and diabetes mellitus [105]. The analysis showed that if the
paternal grandfather was exposed to excess food during the prepubertal growth period, the
grandchildren had increased risk of diabetes mortality [105]. Suggestive data (0.05 < p <
0.11) from the same study also found that exposure of the paternal grandmother to famine
during this same growth period protected from cardiovascular disease, but had increased risk
of diabetes mortality [105]. Interestingly, these effects were found to be sex-specific, with
the effect of the paternal grandfather's food supply limited to the mortality of grandsons,
whereas the effect of the paternal grandmother's food supply was restricted to the mortality
of granddaughters [106]. Of note, the multigenerational effects were highly dependent on
the age at which the modified diets were eaten, with all effects observed when diet was
modified during the prepubertal growth stage, but not during the pubertal growth stage
[104]. Although these effects are consistent with transgenerational inheritance, whether they
are inherited via the germline or through cultural inheritance remains unclear [107].

Another example of potentially transgenerational inheritance of a metabolic disorder in
humans comes from the study of Prader-Willi Syndrome (PWS), which is a neurological
disorder due to imprinting abnormalities linked to the proximal arm of chromosome 15
[108,109]. PWS is characterized by early onset obesity and hyperphagia [109]. A study of
19 PWS patients with no identified mutation in the imprinting center at 15q11-13, found that
the imprinting defect always occurred on the chromosome inherited from the paternal
grandmother [110]. This is highly unlikely to be due to chance and thus suggests that PWS
resulted from a failure to erase the grandmaternal imprint during paternal spermatogenesis,
and illustrates how abnormal inheritance of epigenetic marks over multiple generations in
humans can lead to disease [110].

4. Mechanism of inheritance

In contrast to studies of conventionally inherited disease, studies of transgenerational
inheritance have thus far been largely observational, providing few causal links between
epigenomic variants and phenotypic effects. There are many reasons for this, including the
experimental limitations related to quantitatively measuring the dynamic epigenome relative
to cataloging static DNA sequence variants. Additionally, it is not known whether
transgenerational inheritance is typically caused by a single or small number of changes in
the epigenome or whether it is more often due to global changes in the epigenome. Finally,
the lack of widely available methods for engineering changes to the epigenome has
restricted the ability to test candidate variants. Nonetheless, progress has been made in
correlating various epigenetic marks or inherited RNAs with transgenerational transmission
of metabolic disease risk. These studies can be divided into 2 distinct categories. The first
category investigates the mechanism of disease transmission to offspring by measuring the
epigenome in germ cells. The second category investigates the physiological mechanism of
disease through measurements of the epigenome in relevant somatic tissue such as liver,
pancreas, or adipose. Whether epigenetic variation is consistently altered in both germ cells
and somatic tissue, or whether germline variants trigger a signaling cascade resulting in
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distinct epigenetic modifications in somatic tissue remains unclear as few studies have
investigated both germline and somatic tissue.

Epigenome analysis of the germline for metabolic disease has been limited to measurements
of DNA methylation and thus likely presents a very limited picture of the potential
mechanisms underlying the transgenerational inheritance of metabolic disease (Table 1).
This is likely for technical reasons related to the relative simplicity of quantitatively
measuring DNA methylation relative to other epigenetic marks rather than a strong
biological reason supporting DNA methylation as the primary mechanism for the multi-
generational transmission of disease risk. Nonetheless, multiple studies have identified
variation in the levels of DNA methylation in sperm that are correlated with altered disease
susceptibility in subsequent generations. For example, DNA methylation analysis of all
promoter regions in the genome of F3 offspring from gestating female rats exposed to
endocrine disrupting compound identified 197 promoters that were differentially methylated
(DMRs) relative to control rats [93]. The 197 promoter regions were distributed throughout
the genome, but were functionally clustered in the glial derived neurotrophic factor (Gdnf)
and neurotrophin 3 (Ntf3) signaling pathways, and included 5 obesity-related genes
(Tnfrsf12a, Esrra, Fgf19, Wnt10b, Gdnf) that could be related to the increased body weight
in the F3 generation from the chemical-exposed lineage [93]. A similar analysis of sperm
from F3 generation rats from a lineage treated with either DDT or the pesticide
methoxychlor identified 39 and 37 DMRs of the genome respectively [94,95]. There was
little overlap between the DMRs induced by the endocrine disrupting compounds, DDT, and
methoxychlor suggesting that the effects of each compound on the epigenome are specific,
despite the fact that all 3 compounds increased the body weight of F3 offspring [94].
Genome-wide DNA methylation was also profiled in sperm and pancreatic islets from
prediabetic F1 offspring of male mice treated with STZ and HFD [97]. There were 6,021
intragenic DMRs identified in sperm and 7,681 DMRs in islets, of which 2,269 DMRs
(38%) were in common. A functional role for these intragenic DMRs is strongly suggested
by a comparison to 542 intergenic DMRs identified in sperm and 782 DMRs identified in
islets, of which only 16 DMRs (3%) were shared between the 2 tissues. A subset of 10
DMRs with the most significant differences between the STZ/HFD treated and control
lineages were also tested in sperm from the F2 generation, with consistent differences
observed for each of the 10 DMRs in both the F1 and F2 generations [97].

Considering together the analysis of both germ cells and somatic tissue (Table 1), there
remains primarily only correlative evidence linking specific classes of epigenomic variation
with transmission of disease risk. The difficulty of gaining insight into the causal
relationship between specific epigenomic changes and phenotype variation is highlighted by
studies of the AYY mouse strain. Analysis of the AYY epigenome has the advantage that
unlike other examples of transgenerational inheritance, the exact molecular lesion is known,
an IAP insertion 100 kb upstream of the agouti promoter [76]. The degree of methylation of
the IAP insertion correlates with the phenotypic expressivity of the mutant agouti allele as
reflected by coat color [85]. However, DNA methylation of the maternally inherited AYY
allele is absent at the blastocyst stage, suggesting that DNA methylation cannot be the sole
inherited mark [79]. In addition, DNA methylation is not the only epigenetic mark correlated
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with coat color in AYY mice. AY mice with hypomethylation of the IAP insertion also
exhibit enrichment of H3 and H4 di-acetylation, whereas hypermethylation of the IAP
insertion is also enriched for H4K20me3 [80]. Thus, despite significant progress made
during decades of study, it remains unclear what the epigenetic mark(s) is that mediates the
transgenerational inheritance stemming from the AYY mutation.

5. Epigenetic Based Treatment of Metabolic Disease

Current recommendations for treating metabolic disease are centered around lifestyle
modifications, potentially coupled with therapeutic interventions depending on disease
severity [111]. The combination of drug therapy with improved diet and increased physical
activity can improve clinical outcomes relative to lifestyle modifications alone [112].
However, many of the currently available therapeutics have limited efficacy or significant
adverse effects, and thus there remains a significant unmet need for new medications [113].
Currently available drugs typically target a key molecule in the pathophysiology of disease,
whereas targeting the transgenerational inheritance of metabolic disease risk instead aims at
breaking the generational cycle of disease. These efforts would likely focus on compounds
that modify the epigenome such as ‘writers’ that attach epigenetic marks to histones or DNA
(i.e. DNA methyltransferases) and ‘erasers’ that remove epigenetic marks (i.e. histone
deacetylases) [114,115]. A number of compounds targeting the epigenome are already FDA
approved or are in various stages of clinical trials, primarily for the treatment of cancer
[114].

In many ways, the use of epigenetic modulators to reduce the risk of metabolic disease in
offspring would not represent a profound shift relative to current treatment strategies for
reducing the risk of neural tube defects. Current recommendations of the United States
Public Health Service and the Center for Disease Control are for all women of childbearing
age to consume 400 pg of folic acid daily to reduce the occurrence of neural tube defects in
offspring [116]. The methyl group from dietary folic acid is metabolized in a multistep
pathway to provide a methyl donor for DNA and histone methylation and thus
supplementation with folic acid leads to global increases in methylation [117]. Folate is not
alone as many other common components of nutritional supplements also alter the
epigenome including vitamin B6, vitamin B12, betaine, methionine, and choline [32].
Evidence that targeting the epigenome may represent a powerful approach for treating
metabolic disease comes from landmark studies of dietary interventions in AYY mice.
Maternal diets supplemented with compounds that induce global hypermethylation reduced
the transgenerational transmission of obesity from dams carrying the AYY mutation, resulting
in offspring with reduced adiposity [78,81,87].

Non-pharmacological treatment strategies could also be used that focus on removing the
triggering event in a way that is analogous to the cessation of smoking to reduce the
incidence of lung cancer. However, this requires not only identifying a triggering compound
or event amid a complex environment, but also convincing current generations to modify
behavior for the sake of reducing risk to future generations. Nonetheless, towards this end,
studies in animal models have identified specific dietary changes and environmental
pollutants that alter risk of metabolic disease for future generations (Table 1). These
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compounds range from sugar to pesticides to endocrine disrupting compounds, all of which
humans have had increased continual or isolated exposures to over the past century. For
example, the average per capita consumption of sugar in the United States increased from
12-13 pounds per year in the early 1800s to 109 pounds per year in the 1929, to a peak of
nearly 150 pounds per year in 1999 [118,119]. The association between metabolic disease
and sugar intake of previous generations is of course strictly correlative in nature, but it
remains an intriguing hypothesis that the current epidemic of metabolic disease has its roots
partially in dietary changes in the early 20t century. Needless to say, there have been many
other significant environmental changes over the same time period such that identifying
individual causative factors may prove impossible, highlighting the need for continued
research in model organisms.

6. The Glass Is Half Empty

The idea of transgenerational inheritance remains highly controversial for a number of
reasons including that the supporting evidence is almost exclusively from animal models.
Animal research-based experimental designs throughout biomedical research have come
under fire recently for an apparent lack of reproducibility. Thus, it is important to maintain a
healthy dose of skepticism when dealing with extraordinary scientific claims of all sorts,
including transgenerational inheritance [120]. It is possible that the existing literature
demonstrating transgenerational inheritance does not represent true supporting evidence, but
is instead the result of publication bias, where experiments obtaining positive outcomes are
more likely to be published [121]. These apparently positive outcomes may instead be due to
chance observations as the result of underpowered experimental designs [122].

There have also been a number of studies published that failed to find transgenerational
inheritance of metabolic disease, using stimuli similar to those that induced
transgenerational inheritance in other publications. These include studies of low-protein
diets in pregnant rats, which increased systolic blood pressure and reduced nephron number
in F1 and F2 generation rats, but had no effect on the F3 generation, thus demonstrating
intergenerational but not transgenerational inheritance [123]. Pregnant rats fed low-protein
diet through gestation also had offspring that were insulin resistant in the F2, but not F3,
generation when maintained on energy-restricted diets [124]. Similarly, treatment of
pregnant rats with dexamethasone resulted in low birth weight and glucose intolerance in the
F1 and F2 generations, again with no effect on the F3 generation [125]. These studies
highlight why experimental validation by multiple research groups of putative positive
results is critical for evaluating claims of transgenerational inheritance.

Apparent transgenerational inheritance could also be instead explained by conventional
modes of inheritance if the original triggering event induced a stable genetic mutation in the
genomic DNA. Methylated cytosine residues have elevated mutation rates relative to
unmodified cytosines, providing a potential mechanism for how epigenetic modifiers that
induce DNA hypermethylation could induce DNA mutations that would be stably inherited
by future generations according to the laws of classical Mendelian inheritance [126,127].
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7. Outstanding Questions Surrounding Transgenerational Inheritance

Classical Mendelian inheritance has long been the backbone of genetics research [128]. The
fundamental concept of linkage and association mapping studies is predicated on the
physical inheritance of disease causing mutations in affected individuals [129]. This basic
framework has directly led to the identification of mutations in thousands of genes that
result in monogenic disease and thousands of variants associated with complex traits and
diseases [128,130]. While many additional genetic causes of phenotypic variation remain to
be discovered, it has largely been assumed that these variants would follow the basic tenants
of Mendelian inheritance. As transgenerational inheritance involves the transmission of
disease risk in the absence of inherited genetic variation, it does not follow these basic rules.
However, what the rules are that govern the mode and mechanism of transgenerational
inheritance are poorly understood. Insights gained from the limited number of studies to date
have left unanswered many of the most fundamental questions. For example, for how many
generations is disease risk transmitted transgenerationally? Maternal malnourishment
impaired the glucose homeostasis of offspring in the F3 generation, however the effect was
smaller relative to the F2 generation, thus trending towards a return to baseline levels
[99,100]. In contrast, maternal TBT exposure increased adiposity equally among offspring
in the F1, F2, and F3 generations [92]. Thus, it remains unclear how many generations of
future offspring can be impacted by transgenerational inheritance and how and whether the
effects will diminish across generations.

The molecular nature of inherited epigenetic marks responsible for phenotypic transmission
of disease risk also remains largely unknown. Most studies investigating this question have
focused on DNA methylation, only scratching the surface of the complete landscape of
epigenomic variation. Histone marks such as H3K27me and H3K9me are stably inherited,
but are not yet widely analyzed in association with transgenerational inheritance [131,132].
As the costs of DNA sequencing and the amount of template DNA required for sequencing
both continue to fall, it will only further increase the feasibility of genome-wide unbiased
investigations of the complete epigenome [133]. Of course, a complete map of the
epigenome does not by itself address the key question of causality for specific epigenetic
marks, however there has been tremendous progress of late developing a toolbox of reagents
to address this important question. It is now possible to engineer site-specific modifications
in the epigenome in a targeted and reproducible manner, opening new avenues for
functionally testing epigenetic marks in a way not previously possible. The methods for
engineering epigenomic modifications are based on fusing the transcription-activator-like
effector (TALE) repeat domains, thus providing DNA binding specificity, to an epigenetic
writer or eraser. TALE fusions with the TET1 catalytic domain induce site-specific DNA
demethylation whereas TALE fusions with LSD1 induce site-specific histone demethylation
[134,135]. This class of site-specific epigenetic modifiers can also be induced optically, and
therefore reversibly, by incorporating the light-sensitive cryptochrome 2 protein [136]. This
unprecedented toolbox of site-specific epigenetic modifiers can be used to establish causal
relationship between transgenerational transmission of disease and specific epigenetic
marks, thus finally enabling a host of important questions surrounding the tissue specificity,
developmental timing, and stability of inherited epigenetic marks to be answered.
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Highlights

e We discuss examples of transgenerational inheritance of metabolic disease in
both humans and model organisms.

» Transgenerational inheritance can be triggered by both genetic and
environmental stimuli

»  Paternal transgenerational inheritance is correlated with DNA methylation
changes in sperm

«  We present examples of therapeutically targeting the epigenome to prevent the
transgenerational transmission of metabolic disease

* New tools for site-specifically modifying the epigenome will enable
unprecedented evaluation of the role of inherited epigenetic marks in disease
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Conventional Intergenerational Transgenerational
Inheritance Inheritance Inheritance
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Figure 1. Characteristics of epigenetic and conventional inheritance patterns
The red arrow indicates a triggering event (genetic or environmental) in the FO generation.

Obesity is shown as a representative phenotype. Although the FO mice are represented as
obese, the triggering event need not induce a phenotype in the FO generation and may
instead be restricted to future offspring. Phenotypic transmission to offspring is indicated by
an obese mouse in the F1-F2 generations, whereas a lean mouse in the F1-F2 generations
indicates failure to transmit the phenotype. Intergenerational inheritance describes
phenotypic transmission to the F1 generation. Transgenerational inheritance describes
phenotypic transmission to the F2 generation.
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Conventional Intergenerational  Transgenerational
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Figure 2. Characteristics of epigenetic and conventional inheritance patterns in pregnant females
The red arrow indicates a triggering event (genetic or environmental) in the FO generation.

Obesity is shown as a representative phenotype. Although the FO mice are represented as
obese, the triggering event need not induce a phenotype in the FO generation and may
instead be restricted to future offspring. Phenotypic transmission to offspring is indicated by
an obese mouse in the F1-F3 generations, whereas a lean mouse in the F1-F3 generations
indicates failure to transmit the phenotype. Intergenerational inheritance describes
phenotypic transmission to the F1 or F2 generation. Transgenerational inheritance describes
phenotypic transmission to the F3 generation, due to the presence of germ cells in utero of
the FO female that will eventually develop in the F2 generation.
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