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Obesity and metabolic disorders have become a worldwide pandemic affecting millions of people. Although obesity is a multifaceted disease, there is growing evidence supporting the obesogen hypothesis, which proposes that exposure to a subset of endocrine disrupting chemicals (EDCs), known as obesogens, promotes obesity. While these effects can be observed in vitro using cell models, in vivo and human epidemiological studies have strengthened this hypothesis. Evidence from animal models showed that the effects of obesogen exposure can be inherited transgenerationally through at least the F4 generation. Transgenerational effects of EDC exposure predispose future generations to undesirable phenotypic traits and diseases, including obesity and related metabolic disorders. The exact mechanisms through which phenotypic traits are passed from an exposed organism to their offspring, without altering the primary DNA sequence, remain largely unknown. Recent research has provided strong evidence suggesting that a variety of epigenetic mechanisms may underlie transgenerational inheritance. These include differential DNA methylation, histone methylation, histone retention, the expression and/or deposition of non-coding RNAs and large-scale alterations in chromatin structure and organization. This review highlights the most recent advances in the field of epigenetics with respect to the transgenerational effects of environmental obesogens. We highlight throughout the paper the strengths and weaknesses of the evidence for proposed mechanisms underlying transgenerational inheritance and why none of these is sufficient to fully explain the phenomenon. We propose that changes in higher order chromatin organization and structure may be a plausible explanation for how some disease predispositions are heritable through multiple generations, including those that were not exposed. A solid understanding of these possible mechanisms is essential to fully understanding how environmental exposures can lead to inherited susceptibility to diseases such as obesity.
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Epigenetics

The British embryologist, Conrad Hal Waddington has been credited with coining the term “epigenetics” after his discovery that genetic assimilation drives phenotypic evolution (1, 2). Epigenetics is the study of heritable changes in gene expression that are “on top of genetics”; i.e., those that change gene expression without changing the nucleotide sequence of the genome itself. Upon exposing a primary generation of fruit flies to ether, Waddington discovered that mating the bithorax mutants would result in the phenotype being inherited over multiple generations that were not treated with the chemical (3). He described this phenomenon as genetic assimilation through canalization, which essentially means that the phenotype is biologically robust despite possible genetic or environmental variations. Barbara McClintock’s groundbreaking studies using corn revealed that a gene located on chromosome 9 that was responsible for chromosome breakage [the dissociation (Ds) locus], had the ability to move locations along the chromosome and could even end up on other chromosomes. She called this a “jumping gene” and showed that its movement to different parts of the genome resulted in different phenotypes. The proximity of the jumped gene to other genes allowed it to alter the expression of those nearby genes without changing the DNA sequence (4). Since the discovery of epigenetics to present day, the phenomenon has been studied in both animal and plant models, shedding light on how normal development and endocrine homeostasis can be altered in future generations without disrupting nucleotide sequence.



Transgenerational Inheritance

Multiple environmental factors, such as exposure to stress, toxicants or altered nutrition have been shown to create epigenetic changes that are passed down generations of offspring, some of which, are never directly exposed to those factors (5). Transgenerational inheritance of environmental exposures refers to the inheritance of a phenotype in a generation that was never exposed to the stimuli itself, via the germline (5). When the F0 generation is exposed to a chemical or an environmental stimulus, subsequent generations can also be exposed and/or affected through various avenues. For example, chemical exposure of an F0 female mammal during pregnancy will have direct effects on her F1 generation offspring that are exposed to the chemical in utero. The F2 generation is exposed to the stimuli as germ cells inside the F1 offspring and the F2 generation is still directly exposure to the stimulus. The effects observed in the F1 and F2 generations during F0 exposure are called multi- or intergenerational effects. Effects seen in the F3 generation of offspring and beyond are called transgenerational since these offspring were never directly exposed to the stimulus and can only be affected by F0 via epigenetic changes. If the F0 animal is male, or a non-pregnant female, then the F1 generation is exposed as F0 germ cells and the first transgenerational (unexposed) generation is the F2 offspring. In oviparous animals such as fish, reptiles, chickens, Drosophila and C. elegans, F2 is always the first transgenerational generation. While the inheritance of altered DNA sequences (e.g., mutations) is well studied, the mechanisms underlying inheritance of phenotypes in the absence of DNA sequence alterations remain poorly understood, particularly in the unexposed generations.

Evidence of transgenerational inheritance of environmental exposures has been found in multiple model organisms in different labs around the world. One type of environmental stressor, caloric restriction, was found to extend the lifespan yet decrease fertility in multiple species including C. elegans (6). More recent studies have explored this link between parental metabolic factors and transgenerational effects into the F3 generation of offspring. Studies with C. elegans have found that starvation of the parental generation led to altered metabolism in the F3 generation while a glucose enriched diet in the parental generation lead to a heritable phenotype that decreased fertility in the F1 and F2 generations (7, 8). Various transcription factors and genes involved in the insulin/IGF-signaling pathway that regulate how an organism reacts to nutritional states were mutated to further explore the pathways involved in the link between glucose enrichment and decreased progeny (such as daf-16, aak-2, and sir-2, and hif-1). However, increased glucose levels reduced progeny in all mutant groups (8). In the fruit fly, Drosophila melanogaster, long-term high dose exposure to the plasticizer, bis(2-ethylhexyl) phthalate (DEHP), in the F0 generation led to increased body weight of the offspring (9). In euryhaline fish, Menidia beryllina, exposure to EDCs such as bifenthrin, levonorgestrel and trenbolone at picomolar levels in the F0 generation during fertilization led to significant differences in promoter and gene body methylation in the F1 and F2 generations (10). Exposure of F1 generation rats to high doses of the obesogens bisphenol A (BPA), DEHP, or dichlorodiphenyltrichloroethane (DDT) led to transgenerational inheritance of obesity in the F3 generation, with over 50% of both male and female mice developing obesity (11, 12). These findings indicated that transgenerational inheritance is a real phenomenon in plants and different types of animal models. However, whether and how transgenerational epigenetic inheritance occurs in mammals is subject to debate because the underlying mechanisms remain obscure and inconclusive. This review will focus on the epigenetic mechanisms that have been suggested to play a role in the transgenerational inheritance of obesity in response to environmental obesogens. Such mechanisms include DNA methylation, histone retention, histone methylation, and changes in noncoding RNA. Finally, we propose that alterations in higher order chromatin organization may provide a unifying mechanism underlying transgenerational inheritance.



Transgenerational Inheritance of Obesity

Obesogens were defined as chemicals that elicit increased fat mass after exposure in a living organism, whereas potential obesogens can cause adipocyte differentiation in culture or activate pathways known to be important for adipogenesis, in vitro [reviewed in (13)]. The well-known environmental obesogen, tributyltin (TBT) activates the nuclear receptors peroxisome proliferator activated receptor gamma (PPARγ) and its heterodimeric partner, retinoid ‘X’ receptor (RXR) (14, 15). When activated by ligands such as TBT, PPARγ and RXR form a heterodimer that promotes commitment of multipotent mesenchymal stromal stem cells (a.k.a. mesenchymal stem cells, MSCs) to the adipose lineage and differentiation of pre-adipocytes into mature adipocytes (15–17). In the early 2000’s, it was found that TBT induced isolated mesenchymal stem cells (MSCs) to become adipocytes in vitro, classifying it as a potential obesogen (16, 18, 19). MSCs derived from the F1 offspring of pregnant F0 dams exposed to TBT in utero were predisposed toward the adipogenic and against the osteogenic pathway (19).

TBT was tested in in vivo studies using the amphibian, Xenopus laevis, and in mouse models and verified to be a bona fide obesogen (15, 20). When pregnant F0 mouse dams were exposed to TBT during pregnancy (20) or throughout pregnancy and lactation (21) the F3 and F4 male offspring were found to have increased WAT when exposed to increased dietary fat. Thus, TBT exposure in the F0 generation resulted in a sex-specific transgenerational predisposition to obesity as well as a “thrifty phenotype” (21). Prenatal TBT exposure had lasting effects on both exposed (F1, F2) and unexposed (F3, F4) offspring. Offspring derived from pregnant F0 dams that were exposed to TBT or rosiglitazone exhibited increased WAT depot weight, increased numbers and size of white adipocytes (20) as well as the previously noted reprogramming of MSCs towards the adipocyte lineage (19). This was accompanied by up-regulation of genes associated with lipid storage and transport, lipogenesis and lipolysis as well as fatty livers (20).

Exposure of pregnant F0 mouse dams to bisphenol S (BPS) throughout gestation and lactation also resulted in a sex-specific obesogenic effect that impacted all generations into F3. When body weight, adipose tissue, and plasma analyses were analyzed from each generation of offspring, the F2 generation showed increased body weight, increased fat, and higher VAT mass in both males and females. However, plasma parameters differed between the genders. F3 generation males showed no effects from ancestral BPS exposure while in females, VAT mass decreased and expression of lipogenic genes increased markedly. The authors suggested that DNA methylation, histone acetylation, and/or non-coding RNAs were likely avenues of transgenerational inheritance, although these avenues were not explored in the study (22).

Below we discuss possible mechanisms through which transgenerational inheritance might occur and the evidence available in support of each. A list of obesogens thought to act epigenetically and possible mechanisms of action is presented in Table 1.


Table 1 | Obesogens thought to act epigenetically and possible mechanisms of action.





DNA Methylation

DNA methylation most commonly occurs via transfer of a methyl group to the fifth carbon position of certain cytosine residues in the DNA sequence (35). DNA methylation is the most studied mechanism proposed to underlie the inherited effects of obesogen exposure. DNA methylation is a key epigenetic marker linked to regulation of gene expression, genomic imprinting, retrotransposon repression, and the inactivation of mammalian X-chromosomes (36, 37). DNA methylation typically influences gene expression by altering interactions between DNA, chromatin proteins, and specific transcription factors (38). DNA methylation may serve as a link between environmental exposures and heritable phenotypes. It has been suggested that epigenetic mutations (epi-mutations) such as DNA methylation can be inherited from one generation to another (5). For example, exposure of pregnant F0 rats to vinclozolin promoted the accumulation of differentially methylated regions (DMRs), in which the genomic DNA is methylated different cytosine residues in treated animals and their descendants compared with controls (39).

For inheritance of an environmental exposure to occur, the germline must be involved. It should be noted that due to the difficulties of isolating sufficient numbers of oocytes from female animal models, much of the molecular mechanisms involving epigenetics has been done on the male germline (39). Previous studies (23) found that exposure of pregnant F0 rat dams to vinclozolin led to DMRs in the F3 generation sperm and a different germ cell epigenome during different phases of F3 embryonic development between days 13 and 16. Analysis of the top 100 statistically significant differences in DNA methylation of the F3 generation after exposure to vinclozolin showed altered DNA methylation regions in the primordial germ cell (PGCs). These results could indicate that multiple DNA methylation alterations in PGCs could be a mechanism underlying transgenerational inheritance. In a separate study with vinclozolin, F1 and F2 generation rats showed minimal disease phenotypes while the F3 generation developed kidney disease as well as prostate and testes abnormalities, each with unique disease related DMRs (40). This same study reported sex-dependent transgenerational effects in F3 female mice for obesity.

Glyphosate is a controversial herbicide and well-known EDC. It was used in an in vivo study using rats to explore possible epigenetic changes that cause a variety of environmentally induced diseases. Glyphosate exposure to F0 females was found to affect unexposed F3 males with a variety of disease including kidney disease, prostate disease, and obesity, and females with various reproductive diseases and abnormalities (41). Analysis of DMRs and differential histone retention sites (DHRs) of F3 males revealed that certain DMRs and DHRs remained consistent across all diseases, while other DMRs and DHRs showed patterns specific to each unique pathology (42). That unique patterns of DMRs and DHRs corresponding to specific disease may exist indicates that epigenetic disease biomarkers could exist within sperm chromatin.

Epigenetic effects were seen in the adipocytes of F3 generation rats that were ancestrally exposed to DDT, atrazine, or vehicle control. DMRs were analyzed using MeDIP sequencing to identify overlapping and unique DNA methylation patters between each group. It was concluded that both DDT and atrazine promoted unique DNA methylation changes in male and female adipocytes of DDT exposed animals, suggesting that these were sex-dependent changes. In addition, exposure to both toxicants resulted in DMRs that differed from vehicle controls in both male and female adipocytes. The authors further reported that changes in DNA methylation were observed in approximately the same regions between lean and obese phenotypes that were associated with obesity, type 2 diabetes, and other metabolic syndromes, although the resolution of the method was insufficient to localize these changes to specific nucleotides or to distinguish between regions that were more methylated vs. less methylated (34). Rats exposed to DDT (11), jet fuel (JP-8) (43), BPA, DEHP, or dibutyl phthalate (DBP) (12), exhibited an increased incidence of adult-onset obesity, together with numerous other adverse effects on various tissues. In the 2013 study by Manikkam et al., in which mice were given a higher or lower dose of a plastic mixture of DHEP, BPA, and DBP, the F3 generation was most affected with reproductive abnormalities and obesity. Interestingly, F3 females experienced a very significant increase in ovarian disease over the F1 generation, indicating more robust effects in a later generation. It was suggested that these phenotypes were related to DMRs that may be associated with the epigenomic reprogramming of the male germline (12, 43). Gestating F0 rat dams were exposed to DDT or DMSO vehicle controls and epigenetic effects were tracked into the F3 generation. Comparison of DMRs between generations showed that most of the sperm DMRs were unique for each generation, that is the changes observed in one generation were not the same in other generations. It was proposed that the unique DMRs in each generation corresponded with the varying repertoires of disorders observed in different generations including obesity, ovarian, testes, kidney, and prostate disease (24). The minimal overlaps between generations shows that more studies must be done to strengthen this argument.

There is a genome-wide erasure of DNA methylation in mammals twice each generation, first during early zygotic development and again during the development of germ cells [reviewed in (44)]. Together with numerous observations (above) that specific DNA methylation patterns are not conserved within tissues or across generations it is difficult to conceptualize how DNA methylation can mediate transgenerational inheritance by itself. Some have expressed skepticism about the existence or prevalence of epigenetic transgenerational inheritance in mammals (45). However, independent evidence supporting mammalian transgenerational phenotypes has been accumulating for multiple stressors and model systems, establishing a solid foundation for this field of research [reviewed in (13)]. DMRs are observed in unexposed generations irrespective of how they occurred. Others showed that changes in DNA methylation observed in murine fetal germ cells after exposure to EDCs disappeared in the next generation as a likely consequence of global erasure of the epigenetic marks in primordial germ cells and zygotes (46, 47). However, erasure of DNA methylation by the processes of epigenetic reprogramming is not complete, and methylation of several types of genomic elements such as repetitive sequences escape erasure (48). Genomic imprinting is a special mode of gene expression where the parent-of-origin specific DMRs and other epigenetic marks dictate monoallelic expression of the homologous genes (49). Many imprinted genes escape epigenetic erasure in zygotes, although most of them are reprogrammed during germline cell development (49, 50). Thus, it remains possible that DNA methylation has a role to play in transgenerational inheritance. Such confirmation would require additional studies employing whole genome bisulfite sequencing to identify consistent alterations in DNA methylation across generations to establish a causal link between DNA-methylation and transgenerational inheritance.



Histone Methylation

Post-translational modifications can occur on histone proteins in the nucleosome, which help maintain the tightly packed chromatin structure in DNA (37). Modifications at histone sites help control gene expression have been an area of interest in relation to stem cell lineage fate and adipogenesis (51, 52). Epigenetic changes in histone methylation, in which methyl groups are added to histone proteins to regulate transcription, have been found to play important roles in MSC and preadipocyte differentiation (52). Histones are commonly methylated on lysine, arginine, serine, and threonine residues (37).

Disruption of histone methylation in developing sperm impaired the health, development and survivability of offspring across multiple generations in mice (53). Kdm1a (lysine demethylase 1a) is a mouse histone lysine demethylase that controls gene expression and development by altering histone methylation (54). When a kdm1a transgene was over-expressed in mice, development of offspring was impaired, resulting in skin and bone abnormalities as well as stunted growth (53). This impaired development persisted for up to two generations after initial exposure to the transgene (53). These lingering effects of the transgene support the possibility that histone methylation is a possible molecular mechanism underlying paternal epigenetic inheritance (53).

Out of the four major types of nucleosomal histones (H2A, H2B, H3, and H4), histone H3 (H3), in particular, is a primary site of modification and has the most substantial amount of methylation sites when compared to the remaining histones (52, 55). The effects of histone methylation on gene expression depends largely on the location of the residue on the histone tail and degree of methylation or other modification. For example, while trimethylation of histone H3 on lysine 4 (H3K4me3) is typically associated with active transcription, trimethylation on lysine 27 (H3K27me3) is associated with transcriptional suppression (56). Repression of genes important for differentiated phenotypes is prominent in stem cells because this maintains the stemness of the cells and prevents them from differentiating into specific cell fates in the absence of stimulation. For MSCs to commit to the osteoblast lineage, adipogenic genes must be repressed by transcription factors that prepare the chromatin landscape for osteogenic stimulation and inhibition of adipogenesis (57). In contrast, in order for TBT to induce adipogenesis in MSCs, it must first de-repress genes involved in adipogenic commitment (31). Enhancer of zeste homolog 2 (Ezh2), is an H3K27 methyl transferase subunit that deposits trimethyl marks on H3K27. Downregulation of Ezh2 expression positively regulated adipogenesis and inhibited osteogenesis via H3K27me3 regulation at WNT gene promotors (58–61). Notably, TBT exposure in MSCs decreased the expression of EZH2, resulting in decreased deposition of repressive H3K27me3 marks near genes important for adipogenic commitment, which led to increased expression of mRNAs encoded by these genes (31). TBT also up-regulated expression of mRNAs associated with extracellular matrix proteins and lipid metabolism genes that regulated adipogenesis and adipocyte function in mouse MSCs, producing what were termed, unhealthy adipocytes (62). A similar effect of TBT was also shown using the 3T3-L1 preadipocyte model (25).

Another methyltransferase, histone H3 lysine 4 methyltransferase (H3K4MT) also impacted adipogenesis, in vivo. Mice deficient in H3K4MT were resistant to high fat diet (HFD) induced accumulation of WAT and hepatic lipid accumulation (fatty liver) (63). These mice also showed an increased insulin sensitivity and energy expenditure, demonstrating the importance of histone methylation on key metabolic endpoints (63). In more recent studies, demethylases such as JMJD2B were found to promote adipogenesis via stimulation of PPARγ and CEBPα binding proteins in HFD-fed mice (64).

Diet induced alterations in male mice who were given a folate rich or a folate deprived diet, were consistent with an underlying epigenetic transmission of methylation in sperm H3 methylation (65). Mice descended from males fed a low-folate diet exhibited aberrant expression of genes required for normal embryonic development, resulting in increased embryo loss and birth defects. Affected genes observed in sperm included lhx6 and ers1, tcf21, and prox1, which correspond to central nervous system, kidney, and muscle development, respectively. Folate deficient males produced sperm that contained lowered levels of H3K4 and H3K9 methylation compared to folate sufficient males, suggesting that methylation was in some way dependent on diet. Because no significant DNA breaks were detected in sperm or their precursor cells, the developmental anomalies caused by paternal low folate diet were attributed to alterations in the sperm epigenome rather than to DNA damage (65). This supports a model in which transgenerational epigenetic transmission of the developmental abnormalities was caused by folate deficiency (65). Mice descended from males fed with a low-protein diet also showed impacts on metabolic outcomes such as upregulated lipid biosynthesis pathways. The sperm of mice siring these offspring exhibited a decrease in H3K27me3 at the monoamine oxidase A (Maoa) promoter (66). Female offspring of male mice fed with a HFD showed considerable changes in the transcriptomes of retroperitoneal WAT, involving about 5000 differentially expressed genes (67). Male Drosophila melanogaster fed a high sugar diet exhibited transcriptional depression in sperm that were dependent on the silencing of H3k9me3 and H3k27me3 (68). Taken together, these studies support a model in which environmental and lifestyle factors affect the health and development of future offspring via histone methylation.

Transgenerational inheritance of histone methylation has been explored in experiments evaluating the effects of ancestral exposure to BPA in Caenorhabditis elegans. BPA exposure resulted in a transgenerational de-silencing of an epigenetically silenced H3K9/27me3 transgene in the germline that persisted through 5 generations without further exposure (29). De-silencing of the transgene was observable as a significant increase in germline apoptosis and higher level of embryonic lethality in the F3 generations. This BPA exposure eventually becomes embryonically lethal to C. elegans, and acts by the downregulation of genes required for oocyte maturation and viability (69).



Histone Retention

Whereas the role of histone methylation in epigenetic inheritance has been explored to some degree, much less attention has been given to histone retention sites. During the meiotic phase of spermatogenesis, haploid spermatids undergo chromatin restructuring, in which a degree of histone retention occurs naturally. In the process of histone retention, nucleosomes fail to replace histones with transition proteins, and then ultimately, with protamines (70–72). Histone replacement is thought to be protective in nature, as the protamines create a more compact and tightly wound chromatin structure, decreasing susceptibility to genetic mutations and to DNA damage (58). However, when histones are not replaced with protamines, histone retention occurs and those sections of DNA are not as tightly wound increasing susceptibility to genetic and epigenetic changes.

The spermatid genome and the morphological process of chromatin remodeling during spermiogenesis have been reviewed extensively, however, the exact mechanism and function of histone retention remains largely unknown [reviewed in (72–74)]. Altered histone retention in sperm after EDC exposure has become a topic of interest, with special attention having been given to the transgenerational effects on the F3 generation. Earlier research from the Skinner lab suggested that DNA methylation and changes in non-coding RNA (ncRNA) were two major avenues that could underlie epigenetic transgenerational phenotypes (26, 75). These findings were extended to explore the effects of EDCs on histone retention and epigenetic transgenerational inheritance. An in vivo rodent study involving exposure to the commonly used fungicide vinclozolin, and the currently banned pesticide, DDT (dichlorodiphenyltrichloroethane), resulted in excess H3 retention in F3 male decedents of F0 females that were exposed during gestation to DDT or vinclozolin (76). The increase in H3 retention sites were detected in addition to core histone retention sites which remained constant across the control and experimental rats. When ChIP-seq was used to compare the amount of histone retention to histone H3K27me3 modification between control vs DDT lineage rats, H3 retention was found to be more prevalent than histone methylation. These results indicated that environmentally induced changes by DDT in sperm cells involved three avenues of change: the alteration of histone retention sites, changes in DNA methylation, and changes in ncRNA (discussed below) that could lead to sperm-mediated inheritance of disease. Previous studies on rodents with vinclozolin exposure have found transgenerational disease inheritance to include the dysfunction of male fertility, prostate and kidney disease, and cancer, while DDT exposure caused transgenerationally-inherited increased white adipose depot size (77).

In a separate study where F0 dams were given vinclozolin, differential histone retention sites were found to increase in number from the F1 to the F3 generation of male offspring compared to control lineage rats (27). The discovery that histone retention sites were affected by EDCs and that this effect increased through the generations has added another promising mechanism to the etiology of environmentally induced epigenetic transgenerational inheritance of disease (24, 27).

While it is known that EDCs such as those mentioned above can also act as obesogens, it is notable that a high fat diet alone, without the presence of obesity inducing chemicals, has also been found to alter histone retention. Mice treated with a high-fat diet (HFD) vs. a low-fat diet (LFD) showed differences in H3 retention sites in sperm. Chromatin immunoprecipitation (ChIP) assays revealed that a HFD was associated with higher H3 retention in promotor regions, whereas LFD mice showed lower H3 retention and at coding regions. HFD-fed mice exhibited increased overall enrichment of histone H3 at genes involved in embryonic development, and differential H3K4me1 enrichment at genes with the GO terms transcription regulatory activity, transcription factor activity, sequence-specific DNA-binding, DNA binding, neuron differentiation and transcription (70). Expression of mRNAs encoding seven such genes (of 20 evaluated) was significantly altered in livers of HFD-fed male offspring compared with controls. ChIP-seq analysis demonstrated altered occupancy of H3 at genes known to be involved in embryonic development. Analysis of sperm histones revealed that H3K4me1 was enriched near transcriptional regulatory genes in males fed a HFD compared with controls, suggesting that retention of this histone mark was different in sperm of HFD-fed males and from the overall enrichment pattern of H3. The genes whose promoters was enriched in sperm from HFD-fed males included the transcriptional regulator Lfd5, the chromatin remodeling factor, Lsh, the homeobox-containing genes Hoxd11 and Hoxd13, the forkhead-containing transcription factors Foxp2 and Foxa2 as well as the angiogenesis inhibitor Bai3. Thus, it is possible that differential occupancy of H3 as well as location of H3K4me1 retention sites play important roles in transmitting the effects of paternal HFD to offspring via the sperm epigenome leading to differential expression of a set of genes required for important processes in development (70).

Since the mechanism by which histone retention occurs remains unknown, recent research is further exploring different avenues through which transcription factors may play a role in histone retention and epigenetics (72). Other avenues that may lead to histone retention include chromatin remodeling, which will be further discussed, as well as the competitive binding of nucleosomes at CgP islands (72). CTCF and cohesin, two major proteins that help to modulate the 3D structure of chromatin, have been found to affect the binding of specific transcription factors and to be affected by transcription factor binding. It has been proposed that transcription factor binding can affect histone modification and may subsequently be important for epigenetic inheritance [(78, 79); reviewed in (80)]. While histone retention appears to be involved in transgenerational inheritance, there seems to be a driving force behind it that allows retention to occur.



Small RNAs and RNA Fragments in the Male Germ Line

Another epigenetic mechanism possibly underlying transgenerational inheritance involve RNA molecules that do not translate into proteins, called noncoding RNAs (ncRNAs) in the mammalian male germline. Noncoding RNAs, including short RNAs, which include microRNA (miRNA) and piwi-interacting RNA (piRNA) and longer RNAs such as long non-coding RNA (lncRNA), have all been found to play a role in changing gene expression (81). Adipose tissue is known to be a hotspot for miRNA, which degrades mRNA molecules and prevents certain genes from being transcribed, linking it to metabolic disfunction and obesity in animals and humans (81).

ncRNA in germ cells are thought to play a role in epigenetic changes that are linked to obesity. When sperm exit the testis and move from the proximal to distal epididymis, their major cytosolic RNA species shifts from piRNAs to tRNA fragments. These tRNA fragments may be partly delivered by epididymosomes, small vesicles secreted by the epididymal epithelium (82). Conine et al., generated mouse zygotes using intracytoplasmic injection of sperm collected from the proximal part of the epididymis and observed that these zygotes were not competent to implant due to the overexpression of multiple epigenetic regulators such as RNA binding proteins and chromatin-associated factors (83). However, injecting small RNAs specific to sperm in the distal epididymis into the faulty zygotes rescued competence to implant (83). These data support a crucial role for tRNA fragments delivered through epididymosomes for post-testicular maturation of sperm. It also raises the possibility of soma to germ line transfer of ncRNAs. Whether this mechanism plays a significant role in epigenetic transgenerational inheritance needs to be elucidated in future studies.

Obesogen exposure can alter expression of noncoding RNAs in the offspring. Vinclozolin or DDT exposed rats had significantly higher expression of both lncRNAs and short ncRNAs (sncRNAs) in the ovarian granulosa cells of the F3 generation compared to controls (84). Furthermore, over 200 differentially expressed small ncRNAs were found in granulosa cells of both vinclozolin- and DDT-exposed rats and these noncoding RNAs were associated with previously observed obesogen induced disease phenotypes (26). MicroRNA makeup of paternal sperm have also been shown to affect the offspring phenotype. Injection of microRNAs gathered from the testes or sperm RNA into male mice that were fed a high fat diet led to metabolic disorders and altered expression of metabolic pathway genes in the offspring, whereas RNAs gathered from controls male mice did not (9, 85). Furthermore, consumption of high fat diet by pregnant F0 generation mouse dams led to defects in glucose and lipid metabolism in the F1, F2 and F3 generation (86). RNA-seq analysis of small RNAs of the F1 males showed large changes in the small RNA and tRNA-derived fragments, raising the possibility that noncoding RNAs could be a driving force of the non-genetic transgenerational inheritance. A similar study showed that high fat diet up or downregulated three sperm-borne microRNAs and passed the obesity phenotypes to the offspring. Although same phenotypes were also observed in the F2 as well, there was no evidence that same micro RNAs were dysregulated. This indicates that interaction with other mechanisms with microRNAs might act between F2 and F3 generation (87). Combined these data indicate that obesogens may change the makeup of the noncoding RNAs in the offspring and that such epigenetic changes might be associated with the non-genetic inheritance of disease traits. Noncoding RNAs have also been shown to serve as epigenetic regulators by interacting directly with DNA methylation, histone modification and chromatin remodeling (88). It has been suggested that such interactions may contribute to the non-genetic inheritance as well (89). At this point, the potential mechanisms underlying these phenomena remain under-studied.

Studying tissue or cell specific ncRNAs comes with challenges that make it difficult to determine the extent to which they contribute to inheritable epigenetic changes. Much about the mechanism of ncRNA action remains unknown and it is likely that other unknown functional elements are involved in ncRNA function. One major challenge in studying the heritability of ncRNA is that the sequences in these regions are not conserved, making it difficult to determine if there is a syntenic region within the organism (90).



Chromatin Structure

The epigenetic mechanisms described above have gained experimental support for their involvement in transgenerational epigenetic inheritance, yet they each contain shortcomings. DNA methylation is erased genome-wide twice each generation so how can DMRs be observed in the F3 generation and beyond? The mechanisms through which histone methylation can be transmitted across generations or why certain histones are retained during spermatogenesis remain unknown. While there is evidence that ncRNAs can be found in sperm and seminal fluid to influence inheritance, it is unclear how their expression is transmitted to multiple future generations.

We recently presented a reproducible animal experimental system of transgenerational epigenetic inheritance in which exposure of pregnant F0 mouse dams to TBT throughout pregnancy and lactation led to a transgenerational “thrifty” phenotype. That is, F4 generation males (but not females) descended from exposed F0 dams gained considerably more WAT when dietary fat was increased and these F4 males resisted losing this fat after diet was returned to normal chow (21). The affected F4 males also resisted losing fat during conditions of fasting whereas F4 females or F4 male descendants of non-exposed control F4 dams did not (21). This is reminiscent of the situation in obese humans where fat is easy to gain and hard to lose.

Whereas numerous DMRs were identified in the F4 WAT, these DMRs showed no overlap with the promoters of differentially expressed genes (DEGs). Instead, DEGS in F4 male WAT were associated with large blocks of gDNA characterized by concurrent increases or decreases in DNA methylation. We denoted these gDNA segments iso-directional differentially methylated blocks (isoDMBs), which strongly linked DEGS with altered DNA methylation (21). Intriguingly hypomethylated isoDMBs were enriched in metabolic genes such as leptin, were located in chromosome regions relatively high in GC compared with AT and these regions are already known from other studies to correspond to topologically associated domains and loops (21). We noticed a strong correspondence between hypomethylated isoDMBs in F4 male WAT and inaccessibility of these regions in F3 and F4 sperm as measured by ATAC-seq in the ancestrally TBT-exposed group. In contrast, the hypermethylated isoDMBs in F4 male WAT were associated with a paucity of genes involved in metabolism, were GC-poor and were more accessible in F3 and F4 sperm of the TBT group. Based on these observations, we inferred that ancestral TBT exposure may have resulted in heritable changes in the higher order chromatin structure that led to increased expression of adipogenic and metabolic genes in WAT (21).

In a follow-up study using materials obtained from the same animals, analysis of DNA-methylation and transcriptome was studied in eight tissue samples in F3 and F4 mice. These eight samples included F3 and F4 male and female MSCs, F3 and F4 sperm, and F4 male liver and WAT. We observed that the ancestrally TBT-exposed group exhibited concerted alterations in the expression of genes related to chromatin organization and chromosome organization, suggesting that these changes were stable across mitosis and meiosis (32). Moreover these genes, together with those with the gene ontology term, metabolic processes were located in GC-rich isoDMBs in both the mouse and human genomes. The observation that chromatin and chromosome organization genes are located in GC-rich isoDMBs in multiple generations led us to hypothesis that chromatin structure was disrupted by ancestral TBT exposure and then either propagated to subsequent generations or that the disrupted structure was recreated every generation, much as normal structure is recreated in control animals (32). Based on these observations we proposed a new hypothesis that the non-genetic propagation of phenotypes across the generations relied on alterations in chromatin structure. Altered chromatin structure necessarily changes the accessibility of DNA and histones to modifying enzymes such as DNA and histone methyl transferases, the location and retention of histones and the expression of various genes, including those for non-coding RNAs. These mechanisms might interact and be preserved across generations and in various types of differentiated cells (32). In accordance with this hypothesis, exposure of zebrafish to low levels of TBT led to increased lipid accumulation and altered DNA accessibility at 349 chromatin regions at the H3K27me3 loci near genes involved in adipogenesis and metabolism (33). The epigenetic changes that took place in the chromatin of zebra fish larvae were proposed to prime the chromatin in early development, which led to changes gene expression and lipid accumulation later in life throughout development.

Exposure of pregnant F0 mouse dams to BPA has been shown to alter binding of the chromatin cohesion complex, CTCF, at several genomic sites. When pregnant F0 mouse dams were exposed to BPA, the obesity phenotype was inherited through the F6 generation offspring depending on the status of CTCF. The authors analyzed F1-F6 generation sperm and concluded that the development of obesity was dependent on the binding of CTCF at two enhancer regions of the Fto gene and that eliminating the CTCF binding site in this gene also eliminated the obese phenotype despite BPA exposure (91). Taken together, these results indicate that the chromatin structure model of transgenerational inheritance is plausible and requires further testing in mammalian models. Such studies are underway in our laboratories and elsewhere.



Future Directions

There is still much to be learned about how the effects of obesogen exposure can be transmitted across generations. Although evidence for transgenerational inheritance of obesity after obesogen exposures is strong, only a definitive understanding of the underlying mechanisms will be critical for acceptance of the idea that the effects of environmental exposures can be inherited. Whereas each of the possible mechanisms discussed above has some plausibility of contributing to transgenerational inheritance, the actual impact of each mechanism and the extent to which it contributes to transgenerational inheritance remains unclear. The roles of transcription factors whose expression may be altered by environmental exposures in the transgenerational modulation of DNA methylation need further examination. A tantalizing but unproven possibility is that alterations in higher-order chromatin structure may underlie the epigenetic inheritance. In this model, changes in large-scale chromatin structures would allow or promote differential DNA methylation, histone methylation and histone retention, as well as expression and/or deposition of non-coding RNAs. Future studies in this field will be required to integrate preceding examples of epigenetic inheritance in mammals and proposed mechanisms into a comprehensive view so that the strength of contributions from each epigenetic mechanism to the non-genetic heritability of acquired traits can be objectively evaluated. This will allow us to distinguish between major driving forces in epigenetic transgenerational inheritance and fine-tuning modifiers.



Author Contributions

EJ, NM, JS, BB, and TS wrote the paper. BB and NM edited and submitted the manuscript. All authors contributed to the article and approved the submitted version.



Funding

Supported by grants from the National Institutes of Health, USA (R01ES023316 and ES031139) to BB and TS.



Abbreviations

ATAC-seq, assay for transposase accessible chromatin deep sequencing; BPA, bisphenol A; BPS, bisphenol S; ChIP-seq, chromatin immunoprecipitation deep sequencing; DBT, dibutyl phthalate; DDT, dichlorodiphenyltrichloroethane; DEG, differentially expressed gene; DEHP, diethylhexyl phthalate; DHR, differential histone retention site; DMR, differentially methylated region; EDC, endocrine disrupting chemical; gDNA, genomic DNA; GO, gene ontology; H3K4, histone H3, lysine 4; H3K27, histone H3, lysine 27; HFD, high fat diet; isoDMBs, isodirectional differentially methylated block; LFD, low fat diet; lncRNA, long non-coding RNA; miRNA, micro RNA; MSC, multipotent mesenchymal stromal stem cell, a.k.a. mesenchymal stem cell; ncRNA, non-coding RNA; piRNA, piwi-interacting RNA; PPARγ, peroxisome proliferator activated receptor gamma; RXR, retinoid X receptor, also known as 9-cis retinoic acid receptor; TBT, tributyltin; TPT, triphenyltin; VAT, visceral adipose tissue; WAT, white adipose tissue.



References

1. Waddington, CH. Organisers and Genes. In: Cambridge Biological Studies. Cambridge: University Press (1940).

2. Waddington, CH. Canalization of Development and the Inheritance of Acquired Characters. Nature (1942) 150:563–5. doi: 10.1038/150563a0

3. Waddington, CH. Genetic Assimilations of the Bithorax Phenotype. Evolution (1956) 10:1–13. doi: 10.1111/j.1558-5646.1956.tb02824.x

4. Mcclintock, B. The Origin and Behavior of Mutable Loci in Maize. Proc Natl Acad Sci USA (1950) 36:344–55. doi: 10.1073/pnas.36.6.344

5. Skinner, MK. Environmental Epigenetics and a Unified Theory of the Molecular Aspects of Evolution: A Neo-Lamarckian Concept That Facilitates Neo-Darwinian Evolution. Genome Biol Evol (2015) 7:1296–302. doi: 10.1093/gbe/evv073

6. Crawford, D, Libina, N, and Kenyon, C. Caenorhabditis Elegans Integrates Food and Reproductive Signals in Lifespan Determination. Aging Cell (2007) 6:715–21. doi: 10.1111/j.1474-9726.2007.00327.x

7. Rechavi, O, Houri-Ze'evi, L, Anava, S, Goh, WSS, Kerk, SY, Hannon, GJ, et al. Starvation-Induced Transgenerational Inheritance of Small RNAs in C. Elegans. Cell (2014) 158:277–87. doi: 10.1016/j.cell.2014.06.020

8. Tauffenberger, A, and Parker, JA. Heritable Transmission of Stress Resistance by High Dietary Glucose in Caenorhabditis Elegans. PloS Genet (2014) 10:e1004346. doi: 10.1371/journal.pgen.1004346

9. Chen, MY, Liu, HP, Cheng, J, Chiang, SY, Liao, WP, and Lin, WY. Transgenerational Impact of DEHP on Body Weight of Drosophila. Chemosphere (2019) 221:493–9. doi: 10.1016/j.chemosphere.2018.12.193

10. Major, KM, Decourten, BM, Li, J, Britton, M, Settles, ML, Mehinto, AC, et al. Early Life Exposure to Environmentally Relevant Levels of Endocrine Disruptors Drive Multigenerational and Transgenerational Epigenetic Changes in a Fish Model. Front Mar Sci (2020) 7:471. doi: 10.3389/fmars.2020.00471

11. Skinner, MK, Manikkam, M, Tracey, R, Guerrero-Bosagna, C, Haque, M, and Nilsson, EE. Ancestral Dichlorodiphenyltrichloroethane (DDT) Exposure Promotes Epigenetic Transgenerational Inheritance of Obesity. BMC Med (2013) 11:228. doi: 10.1186/1741-7015-11-228

12. Manikkam, M, Tracey, R, Guerrero-Bosagna, C, and Skinner, MK. Plastics Derived Endocrine Disruptors (BPA, DEHP and DBP) Induce Epigenetic Transgenerational Inheritance of Obesity, Reproductive Disease and Sperm Epimutations. PloS One (2013) 8:e55387. doi: 10.1371/journal.pone.0055387

13. Heindel, JJ, and Blumberg, B. Environmental Obesogens: Mechanisms and Controversies. Annu Rev Pharmacol Toxicol (2019) 59:89–106. doi: 10.1146/annurev-pharmtox-010818-021304

14. Kanayama, T, Kobayashi, N, Mamiya, S, Nakanishi, T, and Nishikawa, J. Organotin Compounds Promote Adipocyte Differentiation as Agonists of the Peroxisome Proliferator-Activated Receptor Gamma/Retinoid X Receptor Pathway. Mol Pharmacol (2005) 67:766–74. doi: 10.1124/mol.104.008409

15. Grün, F, Watanabe, H, Zamanian, Z, Maeda, L, Arima, K, Cubacha, R, et al. Endocrine-Disrupting Organotin Compounds Are Potent Inducers of Adipogenesis in Vertebrates. Mol Endocrinol (2006) 20:2141–55. doi: 10.1210/me.2005-0367

16. Li, X, Ycaza, J, and Blumberg, B. The Environmental Obesogen Tributyltin Chloride Acts via Peroxisome Proliferator Activated Receptor Gamma to Induce Adipogenesis in Murine 3T3-L1 Preadipocytes. J Steroid Biochem Mol Biol (2011) 127:9–15. doi: 10.1016/j.jsbmb.2011.03.012

17. Tontonoz, P, and Spiegelman, BM. Fat and Beyond: The Diverse Biology of PPARgamma. Annu Rev Biochem (2008) 77:289–312. doi: 10.1146/annurev.biochem.77.061307.091829

18. Carfi, M, Croera, C, Ferrario, D, Campi, V, Bowe, G, Pieters, R, et al. TBTC Induces Adipocyte Differentiation in Human Bone Marrow Long Term Culture. Toxicology (2008) 249:11–8. doi: 10.1016/j.tox.2008.03.025

19. Kirchner, S, Kieu, T, Chow, C, Casey, S, and Blumberg, B. Prenatal Exposure to the Environmental Obesogen Tributyltin Predisposes Multipotent Stem Cells to Become Adipocytes. Mol Endocrinol (2010) 24:526–39. doi: 10.1210/me.2009-0261

20. Chamorro-García, R, Sahu, M, Abbey, RJ, Laude, J, Pham, N, and Blumberg, B. Transgenerational Inheritance of Increased Fat Depot Size, Stem Cell Reprogramming, and Hepatic Steatosis Elicited by Prenatal Exposure to the Obesogen Tributyltin in Mice. Environ Health Perspect (2013) 121:359–66. doi: 10.1289/ehp.1205701

21. Chamorro-Garcia, R, Diaz-Castillo, C, Shoucri, BM, Kach, H, Leavitt, R, Shioda, T, et al. Ancestral Perinatal Obesogen Exposure Results in a Transgenerational Thrifty Phenotype in Mice. Nat Commun (2017) 8:2012. doi: 10.1038/s41467-017-01944-z

22. Brulport, A, Le Corre, L, Maquart, G, Barbet, V, Dastugue, A, Severin, I, et al. Multigenerational Study of the Obesogen Effects of Bisphenol S After a Perinatal Exposure in C57BL6/J Mice Fed a High Fat Diet. Environ Pollut (2021) 270:116243. doi: 10.1016/j.envpol.2020.116243

23. Skinner, MK, Guerrero-Bosagna, C, Haque, M, Nilsson, E, Bhandari, R, and Mccarrey, JR. Environmentally Induced Transgenerational Epigenetic Reprogramming of Primordial Germ Cells and the Subsequent Germ Line. PloS One (2013) 8:e66318. doi: 10.1371/journal.pone.0066318

24. Skinner, MK, Ben Maamar, M, Sadler-Riggleman, I, Beck, D, Nilsson, E, Mcbirney, M, et al. Alterations in Sperm DNA Methylation, Non-Coding RNA and Histone Retention Associate With DDT-Induced Epigenetic Transgenerational Inheritance of Disease. Epigenet Chromatin (2018) 11:8. doi: 10.1186/s13072-018-0178-0

25. Regnier, SM, El-Hashani, E, Kamau, W, Zhang, X, Massad, NL, and Sargis, RM. Tributyltin Differentially Promotes Development of a Phenotypically Distinct Adipocyte. Obes (Silver Spring) (2015) 23:1864–71. doi: 10.1002/oby.21174

26. Schuster, A, Skinner, MK, and Yan, W. Ancestral Vinclozolin Exposure Alters the Epigenetic Transgenerational Inheritance of Sperm Small Noncoding RNAs. Environ Epigenet (2016) 2(1):dvw001. doi: 10.1093/eep/dvw001

27. Ben Maamar, M, Sadler-Riggleman, I, Beck, D, and Skinner, MK. Epigenetic Transgenerational Inheritance of Altered Sperm Histone Retention Sites. Sci Rep (2018) 8:5308. doi: 10.1038/s41598-018-23612-y

28. King, SE, Mcbirney, M, Beck, D, Sadler-Riggleman, I, Nilsson, E, and Skinner, MK. Sperm Epimutation Biomarkers of Obesity and Pathologies Following DDT Induced Epigenetic Transgenerational Inheritance of Disease. Environ Epigenet (2019) 5:dvz008. doi: 10.1093/eep/dvz008

29. Camacho, J, Truong, L, Kurt, Z, Chen, YW, Morselli, M, Gutierrez, G, et al. The Memory of Environmental Chemical Exposure in C. Elegans Is Dependent on the Jumonji Demethylases Jmjd-2 and Jmjd-3/Utx-1. Cell Rep (2018) 23:2392–404. doi: 10.1016/j.celrep.2018.04.078

30. Longo, M, Zatterale, F, Naderi, J, Nigro, C, Oriente, F, Formisano, P, et al. Low-Dose Bisphenol-A Promotes Epigenetic Changes at Ppargamma Promoter in Adipose Precursor Cells. Nutrients (2020) 12:3498. doi: 10.3390/nu12113498

31. Shoucri, BM, Martinez, ES, Abreo, TJ, Hung, VT, Moosova, Z, Shioda, T, et al. Retinoid X Receptor Activation Alters the Chromatin Landscape To Commit Mesenchymal Stem Cells to the Adipose Lineage. Endocrinology (2017) 158:3109–25. doi: 10.1210/en.2017-00348

32. Diaz-Castillo, C, Chamorro-Garcia, R, Shioda, T, and Blumberg, B. Transgenerational Self-Reconstruction of Disrupted Chromatin Organization After Exposure To An Environmental Stressor in Mice. Sci Rep (2019) 9:13057. doi: 10.1038/s41598-019-49440-2

33. Den Broeder, MJ, Ballangby, J, Kamminga, LM, Aleström, P, Legler, J, Lindeman, LC, et al. Inhibition of Methyltransferase Activity of Enhancer of Zeste 2 Leads to Enhanced Lipid Accumulation and Altered Chromatin Status in Zebrafish. Epigenet Chromatin (2020) 13:5. doi: 10.1186/s13072-020-0329-y

34. King, SE, Nilsson, E, Beck, D, and Skinner, MK. Adipocyte Epigenetic Alterations and Potential Therapeutic Targets in Transgenerationally Inherited Lean and Obese Phenotypes Following Ancestral Exposures. Adipocyte (2019) 8:362–78. doi: 10.1080/21623945.2019.1693747

35. Moore, LD, Le, T, and Fan, G. DNA Methylation and its Basic Function. Neuropsychopharmacology (2013) 38:23–38. doi: 10.1038/npp.2012.112

36. Smith, ZD, and Meissner, A. DNA Methylation: Roles in Mammalian Development. Nat Rev Genet (2013) 14:204–20. doi: 10.1038/nrg3354

37. Uzumcu, M, Zama, AM, and Oruc, E. Epigenetic Mechanisms in the Actions of Endocrine-Disrupting Chemicals: Gonadal Effects and Role in Female Reproduction. Reprod Domest Anim (2012) 47(Suppl 4):338–47. doi: 10.1111/j.1439-0531.2012.02096.x

38. Greenberg, MVC, and Bourc'his, D. The Diverse Roles of DNA Methylation in Mammalian Development and Disease. Nat Rev Mol Cell Biol (2019) 20:590–607. doi: 10.1038/s41580-019-0159-6

39. Skinner, MK, Nilsson, E, Sadler-Riggleman, I, Beck, D, Ben Maamar, M, and Mccarrey, JR. Transgenerational Sperm DNA Methylation Epimutation Developmental Origins Following Ancestral Vinclozolin Exposure. Epigenetics (2019) 14:721–39. doi: 10.1080/15592294.2019.1614417

40. Nilsson, E, King, SE, Mcbirney, M, Kubsad, D, Pappalardo, M, Beck, D, et al. Vinclozolin Induced Epigenetic Transgenerational Inheritance of Pathologies and Sperm Epimutation Biomarkers for Specific Diseases. PloS One (2018) 13:e0202662. doi: 10.1371/journal.pone.0202662

41. Kubsad, D, Nilsson, EE, King, SE, Sadler-Riggleman, I, Beck, D, and Skinner, MK. Assessment of Glyphosate Induced Epigenetic Transgenerational Inheritance of Pathologies and Sperm Epimutations: Generational Toxicology. Sci Rep (2019) 9:6372. doi: 10.1038/s41598-019-42860-0

42. Ben Maamar, M, King, SE, Nilsson, E, Beck, D, and Skinner, MK. Epigenetic Transgenerational Inheritance of Parent-of-Origin Allelic Transmission of Outcross Pathology and Sperm Epimutations. Dev Biol (2020) 458:106–19. doi: 10.1016/j.ydbio.2019.10.030

43. Tracey, R, Manikkam, M, Guerrero-Bosagna, C, and Skinner, MK. Hydrocarbons (Jet Fuel JP-8) Induce Epigenetic Transgenerational Inheritance of Obesity, Reproductive Disease and Sperm Epimutations. Reprod Toxicol (2013) 36:104–16. doi: 10.1016/j.reprotox.2012.11.011

44. Lee, HJ, Hore, TA, and Reik, W. Reprogramming the Methylome: Erasing Memory and Creating Diversity. Cell Stem Cell (2014) 14:710–9. doi: 10.1016/j.stem.2014.05.008

45. Whitelaw, E. Disputing Lamarckian Epigenetic Inheritance in Mammals. Genome Biol (2015) 16:60. doi: 10.1186/s13059-015-0626-0

46. Iqbal, K, Tran, DA, Li, AX, Warden, C, Bai, AY, Singh, P, et al. Deleterious Effects of Endocrine Disruptors Are Corrected in the Mammalian Germline by Epigenome Reprogramming. Genome Biol (2015) 16:59. doi: 10.1186/s13059-015-0619-z

47. Oswald, J, Engemann, S, Lane, N, Mayer, W, Olek, A, Fundele, R, et al. Active Demethylation of the Paternal Genome in the Mouse Zygote. Curr Biol (2000) 10:475–8. doi: 10.1016/s0960-9822(00)00448-6

48. Seisenberger, S, Andrews, S, Krueger, F, Arand, J, Walter, J, Santos, F, et al. The Dynamics of Genome-Wide DNA Methylation Reprogramming in Mouse Primordial Germ Cells. Mol Cell (2012) 48:849–62. doi: 10.1016/j.molcel.2012.11.001

49. Bartolomei, MS. Genomic Imprinting: Employing and Avoiding Epigenetic Processes. Genes Dev (2009) 23:2124–33. doi: 10.1101/gad.1841409

50. Barlow, DP, and Bartolomei, MS. Genomic Imprinting in Mammals. Cold Spring Harb Perspect Biol (2014) 6(2):a018382. doi: 10.1101/cshperspect.a018382

51. Kubota, Y, Nagano, H, Kosaka, K, Ogata, H, Nakayama, A, Yokoyama, M, et al. Epigenetic Modifications Underlie the Differential Adipogenic Potential of Preadipocytes Derived From Human Subcutaneous Fat Tissue. Am J Physiol Cell Physiol (2021) 321:C596–606. doi: 10.1152/ajpcell.00387.2020

52. Saidi, N, Ghalavand, M, Hashemzadeh, MS, Dorostkar, R, Mohammadi, H, and Mahdian-Shakib, A. Dynamic Changes of Epigenetic Signatures During Chondrogenic and Adipogenic Differentiation of Mesenchymal Stem Cells. BioMed Pharmacother (2017) 89:719–31. doi: 10.1016/j.biopha.2017.02.093

53. Siklenka, K, Erkek, S, Godmann, M, Lambrot, R, Mcgraw, S, Lafleur, C, et al. Disruption of Histone Methylation in Developing Sperm Impairs Offspring Health Transgenerationally. Science (2015) 350:aab2006. doi: 10.1126/science.aab2006

54. Shi, Y, Lan, F, Matson, C, Mulligan, P, Whetstine, JR, Cole, PA, et al. Histone Demethylation Mediated by the Nuclear Amine Oxidase Homolog LSD1. Cell (2004) 119:941–53. doi: 10.1016/j.cell.2004.12.012

55. Jambhekar, A, Dhall, A, and Shi, Y. Roles and Regulation of Histone Methylation in Animal Development. Nat Rev Mol Cell Biol (2019) 20:625–41. doi: 10.1038/s41580-019-0151-1

56. Greer, EL, and Shi, Y. Histone Methylation: A Dynamic Mark in Health, Disease and Inheritance. Nat Rev Genet (2012) 13:343–57. doi: 10.1038/nrg3173

57. Rauch, A, Haakonsson, AK, Madsen, JGS, Larsen, M, Forss, I, Madsen, MR, et al. Osteogenesis Depends on Commissioning of a Network of Stem Cell Transcription Factors That Act as Repressors of Adipogenesis. Nat Genet (2019) 51:716–27. doi: 10.1038/s41588-019-0359-1

58. Wang, L, Jin, Q, Lee, JE, Su, IH, and Ge, K. Histone H3K27 Methyltransferase Ezh2 Represses Wnt Genes to Facilitate Adipogenesis. Proc Natl Acad Sci USA (2010) 107:7317–22. doi: 10.1073/pnas.1000031107

59. Yi, SA, Um, SH, Lee, J, Yoo, JH, Bang, SY, Park, EK, et al. S6K1 Phosphorylation of H2B Mediates EZH2 Trimethylation of H3: A Determinant of Early Adipogenesis. Mol Cell (2016) 62:443–52. doi: 10.1016/j.molcel.2016.03.011

60. Hemming, S, Cakouros, D, Isenmann, S, Cooper, L, Menicanin, D, Zannettino, A, et al. EZH2 and KDM6A Act as an Epigenetic Switch to Regulate Mesenchymal Stem Cell Lineage Specification. Stem Cells (2014) 32:802–15. doi: 10.1002/stem.1573

61. Wei, Y, Chen, YH, Li, LY, Lang, J, Yeh, SP, Shi, B, et al. CDK1-Dependent Phosphorylation of EZH2 Suppresses Methylation of H3K27 and Promotes Osteogenic Differentiation of Human Mesenchymal Stem Cells. Nat Cell Biol (2011) 13:87–94. doi: 10.1038/ncb2139

62. Shoucri, BM, Hung, VT, Chamorro-Garcia, R, Shioda, T, and Blumberg, B. Retinoid X Receptor Activation During Adipogenesis of Female Mesenchymal Stem Cells Programs a Dysfunctional Adipocyte. Endocrinology (2018) 159:2863–83. doi: 10.1210/en.2018-00056

63. Lee, J, Saha, PK, Yang, QH, Lee, S, Park, JY, Suh, Y, et al. Targeted Inactivation of MLL3 Histone H3-Lys-4 Methyltransferase Activity in the Mouse Reveals Vital Roles for MLL3 in Adipogenesis. Proc Natl Acad Sci USA (2008) 105:19229–34. doi: 10.1073/pnas.0810100105

64. Jang, MK, Kim, JH, and Jung, MH. Histone H3K9 Demethylase JMJD2B Activates Adipogenesis by Regulating H3K9 Methylation on PPARgamma and C/EBPalpha During Adipogenesis. PloS One (2017) 12:e0168185. doi: 10.1371/journal.pone.0168185

65. Lambrot, R, Xu, C, Saint-Phar, S, Chountalos, G, Cohen, T, Paquet, M, et al. Low Paternal Dietary Folate Alters the Mouse Sperm Epigenome and Is Associated With Negative Pregnancy Outcomes. Nat Commun (2013) 4:2889. doi: 10.1038/ncomms3889

66. Carone, BR, Fauquier, L, Habib, N, Shea, JM, Hart, CE, Li, R, et al. Paternally Induced Transgenerational Environmental Reprogramming of Metabolic Gene Expression in Mammals. Cell (2010) 143:1084–96. doi: 10.1016/j.cell.2010.12.008

67. Ng, SF, Lin, RC, Maloney, CA, Youngson, NA, Owens, JA, and Morris, MJ. Paternal High-Fat Diet Consumption Induces Common Changes in the Transcriptomes of Retroperitoneal Adipose and Pancreatic Islet Tissues in Female Rat Offspring. FASEB J (2014) 28:1830–41. doi: 10.1096/fj.13-244046

68. Ost, A, Lempradl, A, Casas, E, Weigert, M, Tiko, T, Deniz, M, et al. Paternal Diet Defines Offspring Chromatin State and Intergenerational Obesity. Cell (2014) 159:1352–64. doi: 10.1016/j.cell.2014.11.005

69. Chen, Y, Shu, L, Qiu, Z, Lee, DY, Settle, SJ, Que Hee, S, et al. Exposure to the BPA-Substitute Bisphenol S Causes Unique Alterations of Germline Function. PloS Genet (2016) 12:e1006223. doi: 10.1371/journal.pgen.1006223

70. Terashima, M, Barbour, S, Ren, J, Yu, W, Han, Y, and Muegge, K. Effect of High Fat Diet on Paternal Sperm Histone Distribution and Male Offspring Liver Gene Expression. Epigenetics (2015) 10:861–71. doi: 10.1080/15592294.2015.1075691

71. Smoak, EM, Stein, P, Schultz, RM, Lampson, MA, and Black, BE. Long-Term Retention of CENP-A Nucleosomes in Mammalian Oocytes Underpins Transgenerational Inheritance of Centromere Identity. Curr Biol (2016) 26:1110–6. doi: 10.1016/j.cub.2016.02.061

72. Torres-Flores, U, and Hernandez-Hernandez, A. The Interplay Between Replacement and Retention of Histones in the Sperm Genome. Front Genet (2020) 11:780. doi: 10.3389/fgene.2020.00780

73. Bao, J, and Bedford, MT. Epigenetic Regulation of the Histone-to-Protamine Transition During Spermiogenesis. Reproduction (2016) 151:R55–70. doi: 10.1530/REP-15-0562

74. Wang, T, Gao, H, Li, W, and Liu, C. Essential Role of Histone Replacement and Modifications in Male Fertility. Front Genet (2019) 10:962. doi: 10.3389/fgene.2019.00962

75. Hanson, MA, and Skinner, MK. Developmental Origins of Epigenetic Transgenerational Inheritance. Environ Epigenet (2016) 2(1):dvw002. doi: 10.1093/eep/dvw002

76. Ben Maamar, M, Beck, D, Nilsson, E, Mccarrey, JR, and Skinner, MK. Developmental Origins of Transgenerational Sperm Histone Retention Following Ancestral Exposures. Dev Biol (2020) 465:31–45. doi: 10.1016/j.ydbio.2020.06.008

77. Nilsson, EE, Sadler-Riggleman, I, and Skinner, MK. Environmentally Induced Epigenetic Transgenerational Inheritance of Disease. Environ Epigenet (2018) 4:dvy016. doi: 10.1093/eep/dvy016

78. Jung, YH, Sauria, MEG, Lyu, X, Cheema, MS, Ausio, J, Taylor, J, et al. Chromatin States in Mouse Sperm Correlate With Embryonic and Adult Regulatory Landscapes. Cell Rep (2017) 18:1366–82. doi: 10.1016/j.celrep.2017.01.034

79. Jung, YH, and Corces, VG. Pach-Ing It in: The Peculiar Organization of Mammalian Pachytene Chromosomes. Mol Cell (2019) 73:392–4. doi: 10.1016/j.molcel.2019.01.030

80. Martini, M, Corces, VG, and Rissman, EF. Mini-Review: Epigenetic Mechanisms That Promote Transgenerational Actions of Endocrine Disrupting Chemicals: Applications to Behavioral Neuroendocrinology. Horm Behav (2020) 119:104677. doi: 10.1016/j.yhbeh.2020.104677

81. Carson, C, and Lawson, HA. Epigenetics of Metabolic Syndrome. Physiol Genomics (2018) 50:947–55. doi: 10.1152/physiolgenomics.00072.2018

82. Sharma, U, Sun, F, Conine, CC, Reichholf, B, Kukreja, S, Herzog, VA, et al. Small RNAs Are Trafficked From the Epididymis to Developing Mammalian Sperm. Dev Cell (2018) 46:481–94.e486. doi: 10.1016/j.devcel.2018.06.023

83. Conine, CC, Sun, F, Song, L, Rivera-Perez, JA, and Rando, OJ. Small RNAs Gained During Epididymal Transit of Sperm Are Essential for Embryonic Development in Mice. Dev Cell (2018) 46:470–80.e473. doi: 10.1016/j.devcel.2018.06.024

84. Nilsson, E, Klukovich, R, Sadler-Riggleman, I, Beck, D, Xie, Y, Yan, W, et al. Environmental Toxicant Induced Epigenetic Transgenerational Inheritance of Ovarian Pathology and Granulosa Cell Epigenome and Transcriptome Alterations: Ancestral Origins of Polycystic Ovarian Syndrome and Primary Ovarian Insufiency. Epigenetics (2018) 13:875–95. doi: 10.1080/15592294.2018.1521223

85. Grandjean, V, Fourre, S, De Abreu, DA, Derieppe, MA, Remy, JJ, and Rassoulzadegan, M. RNA-Mediated Paternal Heredity of Diet-Induced Obesity and Metabolic Disorders. Sci Rep (2015) 5:18193. doi: 10.1038/srep18193

86. Cropley, JE, Eaton, SA, Aiken, A, Young, PE, Giannoulatou, E, Ho, JWK, et al. Male-Lineage Transmission of an Acquired Metabolic Phenotype Induced by Grand-Paternal Obesity. Mol Metab (2016) 5:699–708. doi: 10.1016/j.molmet.2016.06.008

87. Fullston, T, Ohlsson-Teague, EM, Print, CG, Sandeman, LY, and Lane, M. Sperm microRNA Content Is Altered in a Mouse Model of Male Obesity, But the Same Suite of microRNAs Are Not Altered in Offspring's Sperm. PloS One (2016) 11:e0166076. doi: 10.1371/journal.pone.0166076

88. Orom, UA, and Shiekhattar, R. Long Noncoding RNAs Usher in a New Era in the Biology of Enhancers. Cell (2013) 154:1190–3. doi: 10.1016/j.cell.2013.08.028

89. Holoch, D, and Moazed, D. RNA-Mediated Epigenetic Regulation of Gene Expression. Nat Rev Genet (2015) 16:71–84. doi: 10.1038/nrg3863

90. French, JD, and Edwards, SL. The Role of Noncoding Variants in Heritable Disease. Trends Genet (2020) 36:880–91. doi: 10.1016/j.tig.2020.07.004

91. Jung, YH, Wang, HV, Ruiz, D, Grandi, FC, Bixler, BJ, and Linsenbaum, H. Recruitment of CTCF to an Fto Enhancer Is Responsible for Transgenerational Inheritance of Obesity. bioRxiv (2020) doi: 10.1101/2020.11.20.391672




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Mohajer, Joloya, Seo, Shioda and Blumberg. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Images/fendo.2021.787580_cover.jpg
, frontlers
n Endocrinology

Epigenetic Transgenerational
Inheritance of the Effects of
Obesogen Exposure





OEBPS/Images/logo.jpg
’ frontiers
in Endocrinology





OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Epigenetic Transgenerational Inheritance of the Effects of Obesogen Exposure

      

        		

          Epigenetics

        



        		

          Transgenerational Inheritance

        



        		

          Transgenerational Inheritance of Obesity

        



        		

          DNA Methylation

        



        		

          Histone Methylation

        



        		

          Histone Retention

        



        		

          Small RNAs and RNA Fragments in the Male Germ Line

        



        		

          Chromatin Structure

        



        		

          Future Directions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1.jpg
Chemical Proposed mechanism Model type Phenotype References
DNA Histone Histone ncRNA Chromatin Unknown In vitro In vivo
methylation methylation retention structure
Vinclozolin Promotes Promotes  Increased 3T3-L1 Mouse, Increased (23-27)
DNA differential ~ differential Mouse Rat Adipogenesis
Methylation and/or noncoding preadipocytes
Regions in increased  RNA levels
offspring histone
sperm retention
sites in
sperm
DDT Promotes Promotes  Pi-RNA Mouse Increased (12,24, 27,
DNA differential and T- Adipogenesis 28)
Methylation and/or RNA
Regions increased  fragments
histone altered
retention
sites in
sperm
DEHP Promotes Rats, Increased ©, 12
DNA Drosophilia  body weight
Methylation
Regions
Bifenthrin Methylation Menidia Enrichment (10)
at Promoter berylina of growth
Region and
development
pathways
Levonorgestrel Methylation Menidia Enrichment (10)
at Promoter berylina of growth
Region and
development
pathways
Trenbolone Methylation Menidia Enrichment (10)
at Promoter berylina of growth
Region and
development
pathways
BPA Methylation  Transgenerational Mouse, C. Increased (29, 30)
in promoter  desilencing of elegans adipogenesis
region H3K9/27™2 in
germline
BT Biased DNA  Demethylates Alteration in Mouse MSCs  Mouse, Predisposed (31-33).
Methylation ~ H3K27™e® chromatin zebrafish  to obesity
organization gene;
alteration in higher
order chromatin
structure in MSCs,
liver, and WAT;
altered chromatin
accessibility in
adipogenesis
associated genes
Atrazine Promotes Rat (34)
differentially adipocytes
methylated

regions






