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Abstract

Environmental factors can induce epigenetic alterations in the germ cells that can potentially be transmitted transgenera-
tionally. This non-genetic form of inheritance is termed epigenetic transgenerational inheritance and has been shown in a
variety of species including plants, flies, worms, fish, rodents, pigs, and humans. This phenomenon operates during specific
critical windows of exposure, linked to the developmental biology of the germ cells (sperm and eggs). Therefore, concepts of
the developmental origins of transgenerational inheritance of phenotypic variation and subsequent disease risk need to in-
clude epigenetic processes affecting the developmental biology of the germ cell. These developmental impacts on epigen-
etic transgenerational inheritance, in contrast to multigenerational exposures, are the focus of this Perspective.

Key words: transgenerational; epigenetic; disease; generational; critical windows

Introduction

The majority of environmental factors and toxicants do not
have the ability to alter DNA sequence or promote genetic mu-
tations directly [1]. However, many environmental factors can
promote abnormal phenotypes or increase the risk of disease.
Early life exposures during critical windows of development are
one of the most important aspects of this process [2]. These en-
vironmental impacts on phenotype and disease risk are often
not directly mediated through classical genetic mechanisms,
even over the course of many generations; instead epigenetic
mechanisms which can affect phenotype from one generation
to the next are important [3]. The epigenetic mechanisms
involved include DNA methylation, histone modifications, non-
coding RNAs (ncRNAs), and chromatin structure [3]. The envir-
onmental exposures that directly influence these epigenetic

processes can range from nutrition, temperature, and stress to
large numbers of environmental toxicants [1, 3], Table 1. The
majority of environmental exposures result in direct actions on
the somatic cells of specific tissues during critical windows of
development, for example to affect the numbers of cardiomyo-
cytes or nephrons which affect the later risk of the exposed in-
dividuals to adult onset disease [2], Table 2. While these effects
on somatic cells can have dramatic consequences for the indi-
vidual, in classical thinking they do not have the ability to pass
this phenotype transgenerationally: this is known as
Weissman’s barrier, which suggests that only the germline can
transmit genetic information between generations [4], Table 2.
Therefore, germ cell alterations are required to transmit mo-
lecular information to the next generation.

More recently, studies showing the ability of environmental
exposures to alter the epigenetics of the germline have revealed
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the potential to promote a transgenerational phenotype [5]. The
heritable transmission of environmentally induced phenotypes
is referred to as epigenetic transgenerational inheritance [3, 5–7]
(Table 3) and is of particular interest as it may transmit risk of
disease across generations in the absence of continued environ-
mental exposures. This non-genetic or non-Mendelian form of
inheritance requires epigenetic alterations of a germ cell (sperm
or egg) to transmit the environmentally induced phenotypes be-
tween generations [1, 3, 8]. The focus of this Perspective is on
the developmental origins of these germline changes and their
role in epigenetic transgenerational inheritance, not the direct
effects involved in multigenerational exposures. The ability to
directly expose a germ cell to induce effects in the offspring (i.e.
multigenerational exposure) are important, but the ability to
produce a permanent epigenetic alteration in the germ cells
which is maintained in the absence of the continued environ-
mental exposure suggests a novel form of inheritance which
could have a much greater impact on biology, disease etiology,
and evolution. Therefore, the literature reviewed will focus on
epigenetic transgenerational inheritance, in contrast to multi-
generational exposures.

Although direct exposure multigenerational observations
have been made, the initial observation of an environmental
factor promoting epigenetic transgenerational inheritance of
disease involved an agricultural fungicide, vinclozolin [5, 9]. A
wide variety of environmental factors from nutrition to toxi-
cants have now been shown to promote the epigenetic

transgenerational inheritance of disease or phenotypic vari-
ation [3] (Table 1). The largest group of environmental expos-
ures are toxicants including vinclozolin [5, 9, 10], methoxychlor
[5, 11], dioxin [12, 13], the plasticizer compound bisphenol A
(BPA) [6, 14, 15], the pesticide dichlorodiphenyltrichloroethane
(DDT) [16], phthalates [14, 17], and tributyltin [18]. Unbalanced
nutrition, ranging from calorie or protein restriction [19–22] to
high fat diets [23, 24], as well as manipulation of micronutrients,
such as folate [25], have also been shown to promote the epi-
genetic transgenerational inheritance of disease. Other environ-
mental factors such as temperature [26–29], stress [30, 31],
smoking [32, 33], nicotine [34], and alcohol [35] have also been
studied (Table 1). Therefore, a wide variety of different environ-
mental exposures involving different signal transduction mech-
anisms can promote the epigenetic transgenerational
inheritance of disease and phenotypic variation.

Environmental factors have also been shown to promote the
epigenetic transgenerational inheritance of disease or pheno-
typic variation in a wide variety of different species (Table 1).
Extremes of temperature, salinity, and drought promote abnor-
mal transgenerational phenotypes in plants [26–29]. Nutritional
challenges in worms (C. elegans) [36, 37], flies (drosophila)

Table 1: exposure induced epigenetic transgenerational inheritance

Toxicants Species Generation References

Vinclozolin (agricultural fungicide) Rat and mouse F4 [5, 9, 10]
Methoxychlor (agricultural pesticide) Rat F4 [5, 11]
TCDD/dioxin (industrial contaminant) Rat, mouse, fish F3 [12, 13, 40]
Plastics (bisphenol-A, phthalate-DEHP and DBP) Rat F3 [6, 14, 15]
Jet fuel [JP8] (hydrocarbon mixture) Rat F3 [47]
Permethrin and DEET pesticide and insect repellent Rat F3 [48]
DDT (pesticide) Rat F4 [16]
Bisphenol A (BPA) (plastic toxicant) Rat, mouse, fish F3 [49, 50, 98]
Phthalates (plastic toxicant) Rat F3 [17]
Tributyltin (industrial toxicant) Rat F3 [18]

Nutrition
Folate (nutrition) Mouse [25]
High fat diet (nutrition) Mouse and rat F2, F3 [23, 24]
Caloric restriction (nutrition) Human, rat, mouse, pig, worm, flies F2, F3 [19–22, 36, 37, 39, 42]

Other types exposures
Temperature and drought (plant flowering and health) Plant F2, F3 [26–29]
Stress (behavioral) Mouse, rat, human F2, F3 [30, 31, 44–46]
Smoking (health) Human F2, F3 [32, 33]
Nicotine (health) Rat F3 [34]
Alcohol (health) Rat F3 [35]

Table 2: sites of action and phenotypes of environmental factors

Site of action Biological response and toxicology

Somatic cells Allows tissue-specific toxicology and critical for
adult onset disease in the individual exposed but
not capable of transmitting a transgenerational
phenotype.

Germ cells Allows transmission between generations and in the
absence of direct exposure to promote a transge-
nerational phenotype.

Table 3: transgenerational versus multigenerational phenotypes

Phenotype Exposure Definition

Multigenerational Direct Coincident direct exposure of
multiple generations to an
environmental factor
promoting alterations in the
multiple generations
exposed.

Transgenerational None, except
the initial
generation

After the initial exposure, the
transgenerational phenotype
is transmitted through the
germ line in the absence of
direct exposure.
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[38, 39], fish [40], birds [41], pigs [42], rodents [5, 43], and humans
[19, 20] have all been shown to promote transgenerational
phenotypes. Smoking [32, 33] or nicotine [34] and alcohol- [35]
induced transgenerational phenotypes in rodents or humans
have been observed. Environmental stress has also been shown
to influence transgenerational phenotypes in rodents [30, 31]
and humans [44–46]. Environmental toxicants have been shown
to promote transgenerational phenotypes in rodents [5, 6, 9, 11–
14, 16–18, 47–50], fish [40], plants [26–29], and humans [32, 33],
Table 1. In all the species investigated environmental factors
have been shown to promote the epigenetic transgenerational
inheritance of disease or phenotypic variation. Therefore, the
phenomenon is highly conserved among species, supporting an
important role for this form of epigenetic transgenerational
inheritance.

The ability of environmental factors to promote the epigen-
etic transgenerational inheritance of diseases and phenotypic
variation has significant impact on concepts of the etiology of
disease, especially the non-communicable diseases (NCDs) –
diabetes, cardiovascular and chronic lung disease and some
forms of cancer, and obesity. Epidemiological and molecular
studies have shown that fixed genetic variations such as single-
nucleotide polymorphisms do not explain a substantial fraction
of the risk for these diseases at the population level (Table 4).
Nor can such variations explain the dramatic increase seen in
the prevalence of NCDs over a few decades globally or the differ-
ent patterns of disease between monozygotic twins [51], Table
4. The environmental exposures associated with disease listed
above have not been shown to promote genetic mutations caus-
ing disease [3]. Environmentally induced epigenetic effects can
help explain many of these observations.

Evolutionary biology studies have also demonstrated a num-
ber of observations that cannot easily be explained by classical
genetics alone. These include rapid evolutionary events or
microevolution involving disparate phenotypic variations
within a species [52–54]. The fusion of classical Darwinian con-
cepts, neo-Darwinian genetic concepts, and neo-Lamarckian
environmental epigenetic concepts has suggested a more holis-
tic theory for evolutionary molecular mechanisms [54]. For ex-
ample, recently the ability of environmental exposures to
promote the epigenetic transgenerational inheritance of sperm
epimutations has been shown to promote the development of
genetic mutations in later generations [55]. Therefore, a com-
bination of epigenetics and genetics will likely influence the
long term transgenerational phenotype [55]. Previously, it has
been shown that altered epigenetics can increase genome in-
stability to promote nearly all forms of genetic mutations [55,
56]. This suggests many evolutionary processes such as genetic
assimilation may be in part a function of earlier alterations in
epigenome [54, 55, 57]. Therefore, environmentally induced epi-
genetic transgenerational inheritance is a non-genetic inherit-
ance mechanism that has dramatic impacts on a wide range of
areas of science and medicine [1–3, 54, 58]. Critical elements

that need to be considered include the developmental impacts
and experimental limitations of epigenetic transgenerational
inheritance studies.

Developmental Biology

Understanding of developmental biology has now moved on
substantially from the concept of a genetic “programme” for de-
velopment, which protected the embryo and fetus from the in-
fluences of environmental factors [59]. In retrospect, it is hard to
understand why this idea took so long to be revised to include
epigenetic processes. The concept of Waddington (who coined
the word “epigenetic” in about 1942) of canalization emphasized
that, while it protected development from extraneous influ-
ences, it was nonetheless a mutable process which provided a
degree of developmental plasticity [60]. Today, the fields of evo-
lutionary developmental biology and ecological developmental
biology are well established [61, 62]. The transmission of pheno-
typic variation to offspring via developmental plasticity induced
through parental cues forms the basis for parental effects re-
ported in many species [63]. An area in which these concepts
have been particularly influential in medicine is the
Developmental Origins of Health and Disease. Developmental
Origins of Health and Disease research has shown how a range
of aspects of the developmental environment, especially those
mediated via the parents such as maternal (and to some extent
paternal) diet, body composition, and health-related behaviors,
can affect the development of the offspring. These processes
operate within the normal range, not only of diets and lifestyle
in contemporary societies but also in terms of prenatal develop-
ment. They are not therefore necessarily accompanied by overt
differences in phenotype visible at birth, even though epigenetic
changes to organs, systems, and control mechanisms may have
occurred. These physiological phenotype changes are then
associated with differences in responses to later environmental
challenges such as living in an obesogenic environment which
affects the individual’s risk of NCDs (for review see [2]).
Environmental and parental stimuli inducing developmental
plasticity operate over critical periods, and these have been
shown to commence even before conception on the germline
[64] and to involve the early embryo [65], the fetus [66], and the
newborn [67]. During each of these periods, epigenetic proc-
esses have been invoked [68].

Epigenetic transgenerational inheritance requires the germ-
line transmission of altered epigenetic information between
generations [1, 3, 5]. Therefore, the cell types and critical win-
dows of exposure to consider involve sperm and egg develop-
ment and differentiation. The onset of gonadal sex
determination corresponds to cell fate determination when a
primordial germ cell (PGC) differentiates into an egg or sperm
cell lineage [1, 3, 69]. This occurs during embryonic or fetal days
E8–E14 in the rodent or weeks 6–18 of gestation in the human
[1, 3]. This fetal development of sex determination period in
mammals is the initial critical window of exposure, and for
other species, there is a comparable time of embryonic develop-
ment when germ cell differentiation is initiated. The other crit-
ical window for germ cell development is gametogenesis when
differentiated sperm or egg develop. The egg develops later in
development when it is arrested in meiosis and differentiates
during follicle development [70]. The oogonia that are arrested
in the adult female are not actively developing but do provide a
potential target for environmental factors. The susceptibility of
the egg to epigenetic alterations at this adult stage of develop-
ment needs to be further investigated. In contrast, the sperm

Table 4: environmental epigenetic impacts on biology and disease

� Worldwide differences in regional disease frequencies
� Low frequency of genetic component of disease as determined

with genome wide association studies (GWAS)
� Dramatic increases in disease frequencies over past decades
� Identical twins with variable and discordant disease frequency
� Environmental exposures associated with disease
� Regional differences and rapid induction events in evolution
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actively undergo cell differentiation during spermatogenesis in
the adult, and so they are potential targets for epigenetic
change [1, 3, 70]. The majority of studies have demonstrated
that the fetal period of gonadal sex determination is a critical
window for environmentally induced epigenetic transgenera-
tional inheritance [5, 6, 9, 11–14, 16–18, 47–50]. However, recent
studies have also demonstrated that effects on the adult male’s
spermatogenesis can promote epigenetic transgenerational in-
heritance of altered phenotypes [46]. They include stress-
induced behavioral effects and nutritionally induced metabolic
conditions in rodents [30, 31]. Therefore, these critical develop-
mental periods for germ cell differentiation are the windows of
sensitivity for environmental factors to promote epigenetic
transgenerational inheritance.

The sperm and egg periods of development directly corres-
pond to the germ cell epigenetic programming windows [1, 3,
70]. The stem cells for the germ cells are PGCs that early in de-
velopment migrate to colonize the fetal gonad prior to gonadal
sex determination [69, 70]. During this migration and coloniza-
tion, the DNA methylation in the PGC is erased for the most
part to negligible levels, then, at the onset of gonadal sex deter-
mination, the germ-line DNA initiates a re-methylation of the
DNA in a sex-specific manner [1, 3, 69] (Fig. 1). The completion
of the male germ cell DNA re-methylation is later in fetal go-
nadal development and after birth in the female germ cell, but
the initiation of re-methylation is at gonadal sex determination
for both sexes [1, 3, 69], Fig. 1. Therefore, environmental expos-
ures at this period of gonadal sex determination have the cap-
acity to alter the epigenetic programming of the germ cells [3].
Although the female germ cell (oocyte) does not have a dra-
matic regulation of epigenetic processes in the adult, the male
germ cell does have epigenetic programming during spermato-
genesis as spermatogonia develop into spermatozoa in the
adult testis [3]. Environmental exposures have been shown to
alter this epigenetic programming [6, 7, 55] and to promote the
epigenetic transgenerational inheritance of abnormal physi-
ology [5, 6, 9, 11–14, 16–18, 47–50]. Therefore, alterations in epi-
genetic programming of the germ cells at these critical
developmental windows promote transgenerational pheno-
types and alteration in the epigenetics of the germ cells.

Environmental factors can readily alter epigenetic processes
but not readily alter DNA sequence [1]. However, the genetic
background will directly impact the influence of altered epigen-
etics. Therefore, any cellular, physiological, or biological phe-
nomena will involve a cascade of genetic and epigenetic events
to produce a differentiated cell or tissue [71] (Fig. 2). A cascade
of genetic events leading to a progression of gene expression
profiles will interact with the corresponding cascade of epigen-
etic alterations that occur during cellular differentiation.
Although the genetic cascade is less sensitive to environmental
factors, the epigenetic processes in an early critical window can
be modified such that the subsequent interactions between the
epigenetic and genetic events lead to altered differentiation
(Fig. 2). This in turn leads to an altered gene expression profile
and changed susceptibility for disease [71, 72]. The integration
of epigenetics and genetics during the early stages of develop-
ment provides a molecular mechanism for the disease suscepti-
bility and phenotypic variation observed [72]. In addition, these
molecular events provide a mechanism for the developmental
origins of disease and phenotypic variation [2, 73]. Although
most exposures will directly act on somatic cell development
and alter the exposed individual’s later life physiology and dis-
ease [2], in the event the exposure affects the germ-line and
does not get erased at fertilization, the development of an epi-
genetic transgenerational inheritance phenotype occurs.

To test this hypothesis, several transgenerational disease
models have been used to determine if the somatic cells crit-
ical to the disease have an altered epigenome and transcrip-
tome. The first is the transgenerational male fertility effects
involving spermatogenic cell apoptosis in the adult testis [5].
The adult testis somatic cell that supports the developing
spermatogenic cells is the Sertoli cell forming the seminifer-
ous tubule. Sertoli cells from control versus the vinclozolin F3
generation lineage (great grand-offspring) males were found to
have a dramatic alteration in both gene expression and epi-
genetic DNA methylation profiles [74]. The gene expression
profile identified could lead to altered pyruvate production
which could explain the spermatogenic cell apoptosis
observed [74]. A second example involved a female polycystic
ovarian follicles (PCO) transgenerational model [75]. Many
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Figure 1: epigenetic (DNA methylation) programming in the germline during various developmental periods. The green line is the male germline developmental pat-

tern and blue line the female germline developmental pattern (modified from [1])
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environmental toxicants promote this PCO transgenerational
disease [75]. The granulosa cells within the ovarian follicles
prior to the development of the PCO were found to have
altered epigenetic DNA methylation profiles and transcrip-
tomes in exposed lineage animals [75]. Many of the genes with
altered expression had been previously shown to be associated
with PCO [75]. These experiments demonstrate the importance
of direct measurements in the germ cells and relevant somatic
cell types themselves. Observations support the hypothesis
that transgenerational germ-line epigenetic alterations acting
through the embryonic stem cells can promote disease sus-
ceptibility in a wide variety of cells and tissues [76].

Critical Experimental Limitations

A number of experimental considerations need to be made in
the design of epigenetic transgenerational inheritance studies.
The first is to consider the critical windows of exposure dis-
cussed above in regards to germ cell development. Studies have
demonstrated that the critical window of gestation and fetal
development identified in many studies [5, 6, 9, 11–14, 16–18,
47–50] needs to be considered in the experimental design of
transgenerational studies. Exposure to a stimulus during a

window that preceded or followed the critical window of go-
nadal sex determination may produce effects other than those
on germ cell epigenetic programming. For example, a recent
study of vinclozolin actions used an exposure window that did
not include the entire gonadal sex determination window (em-
bryonic day E7–13 in mouse and E8–14 in rat) and found no
transgenerational effect [77]. In contrast to statements in a re-
cent review [78], this does not constitute a negative result, but
simply an experimental design that was not suitable.

Another critical experimental consideration is the impact of
inbreeding within the experimental model used. A number of
studies that did not induce epigenetic transgenerational inherit-
ance were performed using inbred strains of rodents [77, 79, 80].
Previously, literature has demonstrated inbreeding depression
of environmentally induced phenotypes, particularly toxicant
actions [81] and suppression of epigenetic processes has been
shown to be involved [82–84]. A study that compared inbred and
outbred lines of mice found transgenerational phenotypes in
the outbred but not the inbred strains [43]. Therefore, recent
studies that have used inbred strains and obtained negative ob-
servations may in part be confounded by such inbreeding [77,
78]. The molecular nature of this inbreeding depression on epi-
genetics remains to be established.

Figure 2: epigenetic and genetic cascade of events (arrows) from a stem cell state to a differentiated adult state involved in development. A normal or environmentally

modified state promotes genome alterations associated with an increase susceptibility for disease and phenotypic variation. The critical window of early development

is when environmental factors have the ability to alter the epigenome (modified from [71])

Figure 3: environmentally induced transgenerational epigenetic inheritance: schematic of environmental exposure and affected generations for both gestating female

and adult male or female. The multigenerational direct exposures are indicated in contrast to the transgenerational generation without direct exposure (modified from

[97])
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In defining epigenetic transgenerational inheritance, it is
critical to consider the absence of direct environmental expos-
ures in the transgenerational generations, as previously dis-
cussed [85] (Table 3). The direct exposure of a cell or individual
to an environmental exposure does not constitute a transge-
nerational phenotype but is due to direct exposure effects of the
germ cell pre-fertilization or somatic cells early in development
(embryonic, fetal, or postnatal) (Fig. 3). The exposure of an F0
generation pregnant female directly exposes her, the F1 gener-
ation fetus, and the F2 generation germ-line within the F1 gen-
eration fetus [3, 85]. Therefore, the F3 generation is the first
generation that is truly a test of transgenerational inheritance,
the F0, F1, and F2 generations being due rather to a multigener-
ational exposure [3, 85] (Fig. 3). In contrast, an adult male or
non-pregnant female when exposed has direct exposure of the
F0 generation adult and germ line that will generate the F1 gen-
eration, so it is the F2 generation (grandoffspring) which are the
first recipients of transgenerational inheritance [3, 85] (Fig. 3),
the F0 and F1 generations again being multigenerational expos-
ures. As an example, the paternal exposure to smoking effects
on the son is due to direct exposure effects on the germline and
not due to a transgenerational response [86]. Many studies have
been published that have claimed transgenerational inherit-
ance of phenotype but instead have been multigenerational ex-
posures not involving germ-line transmission of epigenetic
information in the absence of direct exposure [1, 3, 87].

As listed in Table 1, a large number of different laboratories,
with a wide variety of environmental exposures in a number of
different species, have demonstrated environmental induction
of epigenetic transgenerational inheritance [5, 6, 9, 11–14, 16–18,
47–50]. Several studies have reported an inability to induce
transgenerational phenotypes [77, 79, 80, 88] but did not con-
sider all the experimental limitations described above. A ques-
tion of the bioinformatics used [77] has also been raised [89].
The suggestion that these are negative studies [78] neglects a
consideration of these critical aspects of experimental design
and interpretation and therefore need to be made with caution.

Conclusions

Developmental considerations in environmentally induced epi-
genetic transgenerational inheritance of disease and pheno-
typic variation include the critical windows of exposure being
linked to germ cell development. The time of gonadal sex deter-
mination when germ cells are undergoing epigenetic program-
ming is a developmental period susceptible to induction of
transgenerational phenotypes. The adult stage for males will be
critical due to the epigenetic reprogramming during spermato-
genesis. Other developmental stages likely exist but require fur-
ther investigation. Studies not finding transgenerational
phenotypes need to consider the need to affect a critical win-
dow of exposure in development.

A number of studies have more recently suggested a role for
different epigenetic processes in the germline transmission of
epigenetic transgenerational inheritance. Previous studies have
focused on DNA methylation due to the link between epigenetic

programming and DNA methylation, Table 5. Genome wide ef-
fects on sperm DNA methylation profiles and the identification
of differential DNA methylation regions have been found with a
wide variety of environmental exposures [5–7, 11, 13, 14, 16, 47],
Tables 1 and 5. More recently, ncRNAs have also been shown to
be altered in sperm transgenerationally [31, 90–92], Table 5.
Interesting studies have also used ncRNA injection into eggs to
promote a transgenerational phenotype [31]. Histone retention
in sperm has also been shown to be altered, and alteration in
histone modifications and retention have been shown to be
involved [93–96]. Although no studies have extensively studied
the role of chromatin structure and epigenetic inheritance, it
also has been suggested [95]. Therefore, a number of studies
have suggested the combined roles of different epigenetic
processes in epigenetic transgenerational inheritance [3, 87, 90].
Although some reports suggest one molecular process may
be more important than another, a combination of them all
(Table 5) will likely regulate the epigenetic transgenerational in-
heritance phenomenon [3, 87].

Epigenetic transgenerational inheritance provides a non-
genetic form of inheritance. The impact on biology of environ-
mental factors which can promote transgenerational disease
and phenotypic variation is significant. For evolutionary biol-
ogy, the ability of environmental factors to promote pheno-
typic change is a neo-Lamarckian concept that can impact
neo-Darwinian theory. Integration of environmental epigen-
etics and classical genetics provides a more robust molecular
mechanism underlying evolution [54]. The combined mechan-
ism helps explain topics such as genetic assimilation.
Ancestral exposures that will have an impact on transgenera-
tional disease susceptibility can play a critical role in disease
etiology [3, 6]. The impact of environment on biology is signifi-
cantly enhanced when epigenetic transgenerational inherit-
ance is considered.

Genetics and genetic inheritance is absolutely critical for
biology. An additional consideration of epigenetic transge-
nerational inheritance as a non-genetic form of inheritance
does not reduce the importance of genetics but rather expands
the repertoire of molecular mechanisms which underlie many
aspects of biology that cannot be easily explained with clas-
sical genetics alone (Table 4). Therefore, complementary roles
for non-genetic and genetic inheritance exist and need to be
considered. This includes the regulation of any cellular,
physiological, or biological system. No system will involve
only genetics or only epigenetics as these molecular mechan-
isms are so integrated that they depend on each other [3, 71]
(Fig. 2). Future elucidation of molecular and biological proc-
esses will need to consider both to understand the function of
biological systems adequately.

These considerations have far reaching implications, be-
cause they indicate that environmental or lifestyle challenges
not only produce effects on the individuals exposed themselves
but may also be transmitted in potentially unmodified form to
their offspring over several subsequent generations. The protec-
tion of future unborn generations from such risk must be a
paramount consideration, raising a range of ethical as well as
practical considerations. The situation is made more acute by
the consideration that even if the inducing stimulus is removed,
such as reducing the level of an environmental toxicant, the
transgenerational phenotype and associated effects on disease
risk may still be transmitted. Transgenerational epigenetic in-
heritance thus has a range of implications for sustainable
health and economic development in many situations.

Table 5: transgenerational germline epigenetic processes

� DNA methylation [5–7, 11, 13, 14, 16, 47]
� Non-coding RNA (ncRNA) [31, 90–92]
� Histone modifications [93–96]
� Chromatin structure [95]
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Environmental Impact on Biology	

•  Regional Disease Frequencies	

•  Low Frequency of Genetic Component of Disease (GWAS)	

•  Increases In Disease Frequencies	

•  Identical Twins and Variable Disease Frequency	

•  Environmental Exposures and Disease	

•  Evolutionary Regional Differences and Rapid Induction	

Environmental	Epigene/cs	
(Twin	Studies)	

Twin methodology in epigenetic studies. 
J Exp Biol. 2015 Jan 1;218(Pt 1):134-9. 
Tan Q, Christiansen L, von Bornemann Hjelmborg J, Christensen K. 
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Epigenetics of discordant monozygotic twins: implications for disease. 
Castillo-Fernandez JE, Spector TD, Bell JT. 
Genome Med. 2014 Jul 31;6(7):60. 
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A longitudinal study of epigenetic 
variation in twins. 

 
 

Wong CC, Caspi A, Williams B, Craig IW, Houts R, Ambler A, Moffitt TE, 
Mill J. 

 
Epigenetics. 2010 Aug 4;5(6). [Epub ahead of print] 

Changes in the pattern of DNA methylation 
associate with twin discordance in 

systemic lupus erythematosus. 
 

 
Javierre BM, Fernandez AF, Richter J, Al-Shahrour F, Martin-Subero JI, 
Rodriguez-Ubreva J, Berdasco M, Fraga MF, O'Hanlon TP, Rider LG, 

Jacinto FV, Lopez-Longo FJ, Dopazo J, Forn M, Peinado MA, Carreño L, 
Sawalha AH, Harley JB, Siebert R, Esteller M, Miller FW, Ballestar E. 

 
 Genome Res. 2010 Feb;20(2):170-9.  
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Identical twins doubly exchanged at birth: a case report of genetic and 
environmental influences on the adult epigenome. 
Segal NL, Montoya YS, Loke YJ, Craig JM. 
Epigenomics. 2017 Jan;9(1):5-12. 

Genome-wide analysis of sperm DNA methylation from monozygotic twin bulls. 
Reprod Fertil Dev. 2016 Jan 12 [Epub ahead of print] 
Shojaei Saadi HA, Fournier É, Vigneault C, Blondin P, Bailey J, Robert C. 
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Environmental	Epigene/cs	
(Early	Life	History	Exposures)	
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Environmental	Epigene/cs	
(Culture	Effects)	
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Long-term programming of postnatal growth and physiology can be induced irreversibly during the preimplantation period of 
development by adverse preconceptional environment in vitro (for example suboptimal in vitro culture). 

Evaluation of epigenetic marks in 
human embryos derived from IVF and 

ICSI. 
 
 

Santos F, Hyslop L, Stojkovic P, Leary C, Murdoch A, Reik W, Stojkovic 
M, Herbert M, Dean W. 

 Hum Reprod. 2010 Sep;25(9):2387-95.  

Epigene/c	lineage	asymmetry	is	conserved	in	human	embryos.	(A)	Assessment	of	epigenotypes	in	blastocysts	arising	from	ART	procedures.	
Blastocysts	generated	by	IVF	(n	=	14)	or	ICSI	(n	=	13)	were	stained	and	are	portrayed	in	the	discon/nuous	plot	from	double	normal	to	double	
abnormal	scores.	In	contrast	to	other	embryo	stages	obtained	throughout	the	study,	blastocysts	showed	an	overwhelmingly	significant	posi/ve	
correla/on	with	normal	epigenotype	scores	(Table	III,	P	<	0.001).	(B)	High	morphology	score	expanded	blastocysts	were	labelled	for	a	lineage	
iden/fica/on	marker,	NANOG,	followed	by	staining	for	5MeC.	ICM	cells	were	consistently	hypermethylated	and	posi/ve	for	NANOG.	Co-
localisa/on	soYware,	Image	J,	was	used	to	analyse	poten/al	associa/on	between	the	epigene/c	mark	and	the	pluripotency	factor.	Bright	yellow	
cells	iden/fied	most,	but	not	all,	of	the	cells	of	the	ICM,	highligh/ng	the	intrinsic	heterogeneity	associated	with	this	compartment.	In	the	
expanded	blastocyst	NANOG	is	highly	specific	for	the	ICM	and	hence	is	jus/fiably	used	as	a	lineage	marker.		

Environmental	Epigene/cs	
(Early	Life	History	Brain	Effects)	
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High licking and grooming of rat pups increases 
serotonin tone in the brain. 
 
Acting via 5-HT7 receptors and cyclic AMP, this 
increases expression of NGF1-A, which binds to 
and activates the promoter of the Nr3c1 gene. 
The pups also show demethylation of the Nr3c1 
promoter, which facilitates long-term gene 
expression. The result is high levels of 
hippocampal glucocorticoid receptor expression, 
leading to enhanced feedback inhibition and thus 
to low cortisol levels in response to stress. 
Notably, females with high levels of 
glucocorticoid receptor expression show high 
licking and grooming behaviors on their offspring, 
and thus intergenerational transmission of 
epigenetic regulation of the Nr3c1 gene. 

The HPA axis is under the excitatory control of 
the amygdala and inhibitory control of the 
hippocampus. 
 
In the hypothalamus, the paraventricular 
nucleus releases CRF, which is transported to 
the anterior pituitary, where it causes the 
release of ACTH into the blood stream. ACTH 
stimulates the adrenal cortex to synthesize and 
release the glucocorticoids cortisol (humans) or 
corticosterone (rodents). Glucocorticoids feed 
back at the level of the hippocampus, 
hypothalamus and pituitary to dampen excess 
activation of the HPA axis. 

Lasting epigenetic influence of early-
life adversity on the BDNF gene. 

 
 

Roth TL, Lubin FD, Funk AJ, Sweatt JD. 
 

Biol Psychiatry. 2009 May 1;65(9):760-9. 
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Figure 1. Infants experienced an adverse 
caregiving environment. (A) Qualitative 
assessment of the percent occurrence of 
pup-directed behaviors in the 
maltreatment condition indicates that pups 
experienced predominately abusive 
behaviors, which resulted in considerable 
audible pup vocalization. (B) In sharp 
contrast, pups experienced significant 
amounts of normal maternal care 
behaviors in the cross-fostered maternal 
care condition. Statistical analyses of the 
maternal behaviors (abusive vs. normal 
care) are provided in Supplement 3.  

Figure 4. Methylation analysis of individual CpG dinucleotides (BDNF exons IV) from the PFC of adults with a history of maltreatment or normal maternal care. 
Top panel: Location of 12 CpG sites relative to the transcription initiation site (bent arrow) of exon IV. Note that this region of exon IV contains a cyclic 
adenosine monophosphate (cAMP) response element site (TCACGTCA) for transcription factor cAMP response element binding protein, which encompasses 
CpG site 1. Sequencing primer pair positions are indicated by the left and right arrows, and primer sequences can be found in Supplement 2. Bottom panel: 
Bisulfite DNA sequencing analysis indicates that maltreatment increases methylation of all CpG sites within the examined region of exon IV DNA in the adult 
PFC [two-way analysis of variance (ANOVA) with Bonferroni post hoc tests; significant effect of infant condition F = 46.62, p < .0001]. n = 7–8/group; *p values 
significant versus control subjects (p ≤ .05). Error bars represent SEM. Male and female adults were derived from seven mothers. Abbreviations as in Figure 2.  

Figure 3 : ELS induces hypomethylation of the 
Avp enhancer. 
 
(a–c) CpG methylation profiles of 6-week-old 
(a), 3-month-old (b) and 1-year-old (c) control 
and ELS mice. The entire IGR is shown in a, 
whereas b and c focus on the enhancer. (d) 
Overall methylation of the enhancer decreased 
significantly in ELS mice at all ages. Note the 
significant age-related hypomethylation in 
control, but not ELS, mice. (e) CpG 
methylation inversely correlated with Avp 
expression, revealed by correlating all 
significantly marked CpGs between 6-week-
old control and ELS mice (shown in a) with 
respective Avp mRNA levels. (f) All CpG 
residues (shown in a–c) that differed 
significantly in methylation at least once (filled 
circle) and by more than 25% (filled circle) at 
the other two ages were defined as 
methylation landmarks (boxed CpGs 10, 12, 
13, 14 and 15). (g) The composite methylation 
status of the methylation landmarks, in 
particular CpG10, correlated negatively with 
Avp expression over all ages. (h) Differences 
in methylation (>10%) between 6-week-old 
and 1-year-old control and ELS mice for each 
CpG in the enhancer revealed significant 
changes in both control and ELS mice. 
Methylation landmarks were not influenced by 
age in either group. Data are presented as 
means plusminus s.e.m. (n = 8–10 mice per 
group). #P < 0.01, * P < 0.05, ** P < 0.005 and 
*** P < 0.0001 (t test, ANOVA followed by 
Newman-Keuls post hoc test or Pearson's 
correlation coefficient). 
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Epigenetic regulation of the 
glucocorticoid receptor in human brain 

associates with childhood abuse. 
 

McGowan PO, Sasaki A, D'Alessio AC, Dymov S, Labonté B, 
Szyf M, Turecki G, Meaney MJ. 

 
Nat Neurosci. 2009 Mar;12(3):342-8. 

Suderman M, et al. (2012) Conserved epigenetic sensitivity to early life experience in the rat and human 
hippocampus. Proc Natl Acad Sci U S A. 16;109 Suppl 2:17266-72 
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Role of epigenetic regulation as a central regulatory interface that translates the relationship between brain and behavior into 
patterns of gene expression. Different environmental factors such as nutrition, physical and mental activity, maternal care and early 
life experience, exposure to chronic stress, chemicals and radiation, and pathogens can alter the epigenetic pattern in the brain. 
These processes in turn may either delay or accelerate neurodegenerative processes in the nervous system and contribute to the 
onset and progression of neurological conditions, including Alzheimer's disease (AD), Parkinson's disease (PD), Huntington's 
disease (HD), and multiple sclerosis (MS). 

Stress might be a main contributing factor to enhanced risk and accelerated progression of neurodegenerative 
diseases. The intermediate link between stress and neurodegeneration represent epigenetic components, such 
as DNA methylation, chromatin remodeling and histone modification, and non-coding RNAs in the nervous 
system. 

Environmental	Epigene/cs	
(Nutri/on	Effects)	
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Phenotypic variation in Avy mice, 
Avy allele structure, and complex 
CpG methylation at the IAP. 

A. Phenotypes of isogenic Avy 
littermates range from pure yellow 
and obese (left) through mottled 
yellow/agouti to lean fully agouti, 
called pseudoagouti (right). B. 
Schematic of the Avy locus, with the 
sequence of the amplified region, 
which includes portions of the 5′LTR 
and pseudoexon 1A (−240 to +92 
relative to the cryptic promoter, 
which is marked by an arrow). The 
start point of Avy transcription [11] is 
marked by an arrow. CpG 
dinucleotides are displayed in red. C. 
Representative bisulphite allelic 
sequencing profiles of individual 
alleles from yellow and pseudoagouti 
mice. Each single row represents a 
single allele, and each box a CpG 
(white: unmethylated; black: 
methylated). 
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Midgestation and germ-line effects of methyl donor supplementation. (A) F1 phenotypes. Shown is the effect of methyl donor 
supplementation on mid-gestation supplemented offspring. Dams were supplemented with methyl donors from E8.5 to E15.5, and 
offspring phenotypes were scored as in Fig. 1B. Results are expressed as the percentage of supplemented offspring with the same 
phenotype as unsupplemented controls, and the percentage of offspring of each coat color is shown beneath each graph. (B) F2 
phenotypes. Shown is the heritable/grandparental effect of methyl donor supplementation. Phenotypes of F2 offspring from 
pseudoagouti female mice shown in A are expressed as a percentage of control offspring (offspring from pseudoagouti dams that 
had never been supplemented) with the same phenotype. (C) A schematic diagram illustrating the effect of methyl donor 
supplementation in the germ line. Epigenetic changes to Avy in primordial germ cells exposed to methyl donors during differentiation 
(Left) are maintained throughout gametogenesis and embryogenesis. Thus, pseudoagouti F1 mice that are genetically and 
phenotypically identical but were subject to different diets in utero (Left vs. Right), can produce phenotypically different F2 offspring. 
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Epigenetic transitions play crucial roles in development and in the differentiation of stem cells and primordial germ cells. 
Concordantly, the regulating enzymes are generally highly expressed in these pluripotent cells6. For example, the de novo 
methyltransferases, DNMT3A and DNMT3B, are highly expressed in the early embryonic cells in which de novo methylation is 
acquired. Low amounts of external methyl donor groups from dietary sources can reduce the concentrations of the universal methyl 
donor, S-adenosylmethionine (SAM), and can readily affect de novo DNA methylation. Also, aberrant gains of methylation may occur 
in early embryonic cells owing to other external triggers. In adult cells, the maintenance of DNA methylation is performed mainly by 
the maintenance methyltransferase, DNMT1, in a process that seems less sensitive to diet-induced changes in the abundance of 
methyl donors. 
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Spring	2017	–	Epigenetics	and	Systems	Biology	
Lecture	Outline		(Systems	Biology)	
Michael	K.	Skinner	–	Biol	476/576	
Weeks	11	and	12	(March	21	&	28)	
	

Environmental	Epigenetics	

- Environmental	Impacts	on	Biology	
- Environment	and	Phenotype	Variation	
- Environmental	Factors	
- Environmental	Epigenetics	and	Twin	Studies	
- Early	life	Exposures	and	Developmental	Effects	
- Nutrition	and	Epigenetics	
- Environmental	Toxicants	and	Epigenetics	
- Environmental	Induced	Epigenetic	Transgenerational	Inheritance		

	
	

Required	Reading	
	

Hanson	MA,	Skinner	MK	(2016)	Developmental	Origins	of	Epigenetic	
Transgenerational	Inheritance.	Environmental	Epigenetics	2(1):1-9.	
	
	

Books	(Reserve	in	Library)	
	

Scott	F.	Gilbert	and	David	Epel	(2009)	Ecological	Developmental	Biology.	Sinauer	
Associates	Inc.		Sunderland,	Massachusetts		
	
E-Book:		Craig	and	Wong	(2011)	Epigenetics:	A	Reference	Manual.	Caister	Academic	
Press.		ISBN-13:	978-1904455882	
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Environmental	Epigene/cs	
(Toxicant	Exposures)	

Environmental Deflection: The Impact of Toxicant Exposures on the Aging 
Epigenome. 
Kochmanski J, Montrose L, Goodrich JM, Dolinoy DC. 
Toxicol Sci. 2017 [Epub ahead of print] 

 Influences of Environmental Toxicants on the Human Epigenome  
Epigenetics of Lifestyle, (2012), Pp. 161-174 (14) 
Jorge A. Alegría-Torres, Valentina Bollati and Andrea Baccarelli  
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 An emerging role for epigenetic 
dysregulation in arsenic toxicity and 

carcinogenesis.  
 

Ren X, McHale CM, Skibola CF, Smith AH, Smith 
MT, Zhang L.  

 
Environ Health Perspect. 2011 Jan;119(1):11-9 



3/7/17 

26 

Epigenetic programming alterations in alligators from environmentally 
contaminated lakes. 
Gen Comp Endocrinol. 2016 Nov 1;238:4-12.  
Guillette LJ Jr, Parrott BB, Nilsson E, Haque MM, Skinner MK. 

DMR numbers and overlap. (A) The comparison AP vs. WO and MI vs. WO with p < 10−4 for single 
oligo probe (1+), two adjacent oligo probes (2+) and ⩾3 adjacent oligo probes (3+) detection. (B) 
Venn diagram overlap for single (1+) probe overlap. The DMR had to have overlapping sequence at 
the same genomic locations to be considered overlapped. 
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Maternal ethanol consumption 
alters the epigenotype and the 

phenotype of offspring in a mouse 
model. 

 
 
Kaminen-Ahola N, Ahola A, Maga M, Mallitt KA, Fahey P, 

Cox TC, Whitelaw E, Chong S. 
 

PLoS Genet. 2010 Jan 15;6(1):e1000811. 

In each pedigree, the black square represents the a/a dam and the diamonds represent her 
Avy/a offspring. Avy/a sires and all a/a offspring have been excluded from the pedigrees. 
White diamonds represent yellow offspring, light gray diamonds represent mottled offspring 
and dark gray diamonds represent pseudoagouti offspring. The percentage of offspring in 
each coat color category is indicated. The gestational ethanol exposure group and the 
preconceptional ethanol exposure group were statistically significantly different to the control 
group using Pearson's chi-square test (p<0.05). 

Alcohol Alters DNA Methylation 
Patterns and Inhibits Neural Stem 

Cell Differentiation.  
 

Zhou FC, Balaraman Y, Teng M, Liu Y, Singh RP, 
Nephew KP. 

 
Alcohol Clin Exp Res. 2011 Jan 11. doi: 10.1111/j.

1530-0277.2010.01391.x. [Epub ahead of print] 
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 Immunostaining for 5-Methyl-cytidine (5-
MeC) and DNMT1 epigenetic marks in neural 
stem cells during differentiation upon alcohol 
treatment. (A–F) shows translocation of 
epigenetic marks during differentiation. The 5-
MeC immunoreactivity distributed throughout 
the nucleus (A, arrow) in undifferentiated 
neural stem cells (NSCs), but relocated to the 
perinucleus (B, arrow) upon differentiation. 
Following alcohol treatment, 5-MeC not only 
was found in the perinucleus (C, arrow) but 
also regained nuclear-wide distribution (C, 
arrowhead). In undifferentiated NSCs, DNMT1 
was expressed in the nucleus and cytoplasm 
(D, arrow); however, following differentiation, 
DNMT1 expression became exclusively 
cytoplasmic around nucleus (E). With alcohol 
treatment, DNMT1 was distributed in both the 
cytoplasm (F, arrowhead), and nucleus (F, 
arrows) which is normally seen in 
undifferentiated NSCs. Scale bars: A–F = 10 
µm. (A, D) Alexa633 (red fluorescence), and 
(B, C, E, F) Alexa488 (Green fluorescence). 
(G) shows, through semiquantitative 
measurement, that 5-MeC and DNMT1 were 
dynamically changed from the undifferentiated 
control neurosphere (undiff.) to the 
differentiated Control and Alcohol groups in 
core and periphery (Periph.) of neurospheres 
and in migrated (Migr.) cells (n = 10 to 12, *p < 
0.05). The methods and statistics are 
described in the Methods. 

Confirmation of alcohol-altered DNA methylation during differentiation by Sequenom analysis. Four genes, Igf1, Smarca2, Tnf, 
Cutl2, are shown as examples [in each gene, the Sequenom analysis is shown in upper, and methylation immunoprecipitation 
(MeDIP)-chip, lower]. A blue dot indicates the CpG in control undifferentiated; a red diamond indicates CpG in alcohol-treated. 
The red dashed lines indicate the significant region of change in methylation by MeDIP-chip. 

Knezovich JG, Ramsay M. (2012) The effect of preconception paternal alcohol exposure on epigenetic 
remodeling of the h19 and rasgrf1 imprinting control regions in mouse offspring. Front Genet; 3:10. 
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Estrogenic	
Endocrine	
Disruptors	
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Kang ER, et al. Effects of endocrine disruptors on imprinted gene expression in the mouse embryo.  
Epigenetics. 2011 Jul;6(7):937-50.  
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Ah Receptor-Dependent Target Gene Expression 
(simplified view) 
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Ah Receptor-Dependent Target Gene Expression 
(more complicated view) 

Aranda, A. and Pascual, A. (2001) Physiol.Rev. 81:1269-1304 
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Ah Receptor-Dependent Target Gene Expression 
(now you’re talking, really complicated view) 
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Stoccoro A, Karlsson HL, Coppedè F, Migliore L. (2012) Epigenetic effects of nano-sized materials. 
	
	
	

Toxicology. 2012 Dec 10. doi: 10.1016/j.tox.2012.12.002. [Epub ahead of print] 
The effect of exposure to nanoparticles and nanomaterials on the 
mammalian epigenome. 
Int J Nanomedicine. 2016 Nov 25;11:6297-6306. 
Sierra MI, Valdés A, Fernández AF, Torrecillas R, Fraga MF. 

Model explaining the possible molecular mechanisms underlying the effect of Ag-nanoparticles on 
the regulation of the β-globin gene in mouse erythroleukemia cells. Exposure to Ag-nanoparticles 
induces β-globin repression through still not fully understood molecular mechanisms that might 
involve inhibition of specific histone methyl transferases and direct binding of the nanoparticles to 
histones. 
Abbreviations: ME, methylation; H3, histone H3; HMTs, histone methyltransferases; Ag, silver. 
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Environmental	Epigene/cs	
(Transgenera/onal	Inheritance)	

Epigene/c	Transgenera/onal	
Inheritance	Defini/on	

•  Germ	line	transmission	of	epigene/c	marks	in	
the	absence	of	any	direct	environmental	
exposure	to	promote	the	genera/onal	
inheritance	of	disease	and	phenotypic	
varia/on	

•  Dis/nct	from	direct	exposure	soma/c	or	germ	
line	epigene/c	altera/ons	not	permanently	
programmed	in	the	germ	line	

Transgenerational Inheritance of Disease 

Environmental Factor Gestating Mother (F0) 

 

 

 

- Vinclozolin is a systemic fungicide (e.g. Wine Industry)  

- Vinclozolin and its metabolites are anti-androgenic 

-  Late embryonic/early postnatal exposure causes abnormal    

  reproductive tract development and gonadal function 

Model Endocrine Disruptor: Vinclozolin 	
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Vinclozolin Effects on Spermatogenic Cell Apoptosis 
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Environmental Compound Specificity 

(Exposure Groups)                      F1         F3 

 

A.  Vinclozolin [+ control for transgenerational effects]       Yes  Yes 

B.  Flutamide [anti-androgenic compound]               Yes  No 

C.  TCDD/Dioxin                                   Yes  Yes 

D.  Plastics [Bisphenol-A, Phthalate-DEHP & DBP]       Yes  Yes 

E.   Jet Fuel [JP8]  (Hydrocarbon Mixture)                Yes  Yes 

F.  Pesticide & Insect Repellent [Permethrin & DEET]       No  Yes 

G.  DDT               Yes  Yes  

H.  Methoxychlor             Yes  Yes 
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Transgenerational Disease Etiology 
• Spermatogenic Defect (>90%) 
• Male infertility (complete ~10%, severe 20%) 
• Kidney disease (~30-40%) 
• Prostate disease (~50%) 
• Increase in mammary tumor formation (~10-20%) 
• Behavior (Mate Preference,Anxiety&Stress)(>90%) 
• Pre-eclampsia-like during late pregnancy (~10%) 
• Premature Ovarian Failure POF (>90%) 
• Ovarian Polycystic Ovarian Disease (>90%) 
• Female Premature Pubertal Onset (>90%) 
• Obesity (~10-50%) 

Environmentally induced Epigenetic Transgenerational Inheritance 
 

Environmental Toxicants 
 

Vinclozolin (Agricultural Fungicide) 
 

Methoxychlor (Agricultural Pesticide) 
 

Dioxin/TCDD (Industrial Contaminant) 
 

Plastic Compounds (BPA & Phthalates) 
 

Permethrin & DEET (Insect Repellants) 
 

DDT (Pesticide) 
 

Tributyltin (Industrial Toxicant & Biocide)  
 

Hydrocarbons (Jet Fuel)  
 
Other Types Exposures 
 

Nutrition (High Fat or Caloric Restriction) 
 

Temperature & Drought (Plant Health & Flowering) 
 

Smoking & Alcohol 
 

Stress (Behavioral) 
 
Species 
 

Plants, Flies, Worms, Fish, Rodents, Pigs, Humans 
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Vinclozolin	

Hydrocarbons	(JP8)	
Pes/cides	

Plas/cs	

Dioxin	

											 	 	Exposure	Specific	
Transgenera-onal	(F3)	Sperm	Epigenome	Altera-ons	

Transgenerational (F3) Sperm Epigenome Mapping	
	(Germline transmitted epimutations)	

	
	(Epigenetic Biomarkers for Ancestral Exposures)	

	
Transgenerational Sperm Epigenome Alterations 	
	(>1000 differential DNA methylation sites)	

	
Genomic Features-CpG Deserts (<10%) & Motifs (EDM1/2)	
	(Susceptibility epigenetic transgenerational mark)    	

	
Genome Activity Alterations?	
	(transcriptome)	

Tissue Specific Transgenerational Transcriptomes (F3)	

Male	Female	
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Regulated	Genes	
Total	Genes	

Chr	1	

Epigenetic Control Regions 

Genomic Clustering of differential DNA methylated regions (epimutations) 
associated with the epigenetic transgenerational inheritance of disease 
and phenotypic variation. 
BMC Genomics. 2016 Jun 1;17:418. 
Haque MM, Nilsson EE, Holder LB, Skinner MK. 
 

Representative DMR 
clusters. a DMR cluster on 
chromosome 1 
(76500000-81650000) b 
DMR cluster on chromosome 
20 (2900000-6200000). The 
chromosome map with 
megabase location is 
indicated for all genes, 
regulated genes and DMR 
(red arrowhead). Gene 
symbols associated with 
regulated genes and DMR 
associated genes are listed 

!"#$ !"#$

%&#'($)*%*+$

,'-$

Epigenetic Control Region  (2-5 megabase)	



3/7/17 

41 

Ancestral vinclozolin exposure alters the epigenetic transgenerational 
inheritance of sperm small noncoding RNAs. 
Environ Epigenet. 2016;2(1).  
Schuster A, Skinner MK, Yan W. 

Role of Non-Coding RNAs in the Transgenerational Epigenetic 
Transmission of the Effects of Reprotoxicants. 
Int J Mol Sci. 2016 Mar 25;17(4):452.  
Larriba E, del Mazo J. 

Schematic model of proposed mechanisms of epigenetic transmission of changes induced in 
ncRNAs by effects of environmental reprotoxicants. ncRNAs could contribute to inherit changes to 
successive generations through germ cells. This suggested model could involve different putative 
actors well-known as participants in epigenetic changes environmentally-mediated, including the 
effects of reprotoxicants. 
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Testis	
Sertoli Cell	
F3 Generation	
Transgenerational Transcriptome	
(~400 genes)	

Epigenetic Transgenerational Inheritance of Sertoli Cell Abnormalities 

Potential Cover Art / Digital Abstract 

Male Testis 

Endocrine Disrupting 

Chemical (EDC) 

Gestating Mother (F0) 

(F1) 

(F2) 

(F3) 
Testis 

Sertoli 

Germinal 
Interstitium 

Seminiferous Tubules Leydig 

Peritubular 

Male Infertility 

Environmental		
Exposures	(DDT)	

Gesta-ng		
Female	
(F0)	

Germline		
Epimuta-ons	

Transgenera-onal		
Disease	

(F1)	

(F2)	

(F3)	

No	Change		
In	Obesity	

50%	Obesity	

Epigenetic Transgenerational Inheritance	

Dunn GA, Bale TL. (2011) Maternal high-fat diet effects on third-generation female body size via the paternal 
lineage. Endocrinology. 152(6):2228-36. 
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High-fat diet reprograms the epigenome of rat spermatozoa and 
transgenerationally affects metabolism of the offspring. 
Mol Metab. 2015 Dec 25;5(3):184-97.  
de Castro Barbosa T, Ingerslev LR, et al.  

Bruner-Tran KL, Osteen KG. (2011) Developmental exposure to TCDD reduces fertility and negatively affects 
pregnancy outcomes across multiple generations. Reprod Toxicol. 31(3):344-50. 

Trans-generational epigenetic 
regulation of C. elegans primordial 

germ cells. 
 

Furuhashi H, Takasaki T, Rechtsteiner A, Li T, 
Kimura H, Checchi PM, Strome S, Kelly WG. 

 
 Epigenetics Chromatin. 2010 Aug 12;3(1):15. 
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Ashe A, et al. (2012) piRNAs can trigger a multigenerational epigenetic memory in the germline of C. elegans. 
Cell. 6;150(1):88-99.  

Rechavi O, Minevich G, Hobert O. (2011) Transgenerational inheritance of an acquired small RNA-based antiviral 
response in C. elegans. Cell. 9;147(6):1248-56.  
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Mango SE. (2011) Ageing: generations of longevity. Nature. 16;479(7373):302-3. 
The lifespan of some organisms can be extended by mutations that alter how DNA is packaged in their cells. A 
study reveals that this effect can last for generations, even in descendants that are genetically normal. 

Seong KH, Li D, Shimizu H, Nakamura R, Ishii S. (2011) 
Inheritance of stress-induced, ATF-2-dependent epigenetic change. 
Cell. 2011 Jun 24;145(7):1049-61. 

Early life stress in fathers improves behavioural flexibility in their offspring. 
Nat Commun. 2014 Nov 18;5:5466. 
Gapp K, et al. 
 

Altered behavioural responses in F2 females. 

(a) Latency to first enter an open arm on the elevated plus maze (controls n=16, MSUS n=15; t(29)=2.15; 
Student’s two-tailed t-test). The results were replicated in two independent experiments. (b) Saccharine choice 
index in the DDT after short (0.5–7 s) or long (7,5 s) delays (controls n=12, MSUS n=16; F(1,26)=8.21; repeated 
measures analysis of variance (ANOVA)). Data were collected continuously during 16 consecutive testing days in 
one experiment. (c) Per cent of correct visits during acquisition and across the first four sessions of reversal on 
BST (controls n=13, MSUS n=16; F(1,27)=8.05; repeated measures ANOVA). Data were collected continuously 
during 26 consecutive testing days in one experiment. Data are represented as mean±s.e.m. *P<0.05, **P<0.01, 
***P<0.001. 

Ito H, et al. (2011) An siRNA pathway prevents transgenerational retrotransposition in plants subjected to stress. 
Nature. 7;472(7341):115-9.  
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ENVIRONMENTALLY INDUCED 
EPIGENETIC TRANSGENERATIONAL 
INHERITANCE 
Environmental Toxicants 
Vinclozolin (Agricultural Fungicide) 

Methoxychlor (Agricultural Pesticide) 

Dioxin/TCDD (Industrial Contaminant) 

Plastic Compounds (BPA & Phthalates) 

Permethrin & DEET (Insect Repellants) 

DDT (Pesticide) 

Tributyltin (Industrial Toxicant & Biocide)  

Hydrocarbons (Jet Fuel) 

Other Types Exposures 
Nutrition (High Fat or Caloric Restriction) 

Temperature & Drought (Plant Health & Flowering) 

Smoking & Alcohol 

Stress (Behavioral) 

Plants Flies Worms Fish Rodents Pigs Humans 

Germ 
Line 

Germ 
Line 

F1 Generation 
Embryo Adult 

Altered DNA 
Methylation  
(Imprint?) 

Primordial 
Germ Cell  
DNA Methylation  
Programming 

Gonadal 
Differentiation  
Sex Determination 

ROLE OF GERM LINE IN EPIGENETIC 
TRANS-GENERATIONAL INHERITANCE  

F2 Generation F3 Generation 

Environmen
tal Factor 

FO 
Generation 
(Mechanisms)  

Germ 
Line 

Somatic Cell 
Transcriptome 
Alteration 

Adult 
Onset 
Disease 

Somatic Cell 
Transcriptome 
Alteration 

Adult 
Onset 
Disease 

Genetic Mutation   Epigenetic Alteration DNA Sequence Alteration 

 
Point Mutation (SNP) 

 
DNA Methylation (CpG) 

 
Susceptibility C    T Conversion 

 

Copy Number Variation 
(CNV) 

Hypomethylation (Repeats) Susceptibility Repeat Element 
Alteration (CNV) 

Transposon Migration Hypomethylation DNA Susceptibility Transposon Migration 

Translocation DNA Methylation and Histone 
Alterations 

Susceptibility Translocation at 
Break Point 

Telomere Length DNA Methylation Alteration Alteration in Telomere Length 

Epigenetic Alterations Promote Genetic Instability   
Environmentally Induced Epigenetic Transgenerational Inheritance of 
Sperm Epimutations Promote Genetic Mutations 
Skinner MK, Guerrero-Bosagna C, Haque M.  
Epigenetics 2015; 10:8, 762-771 
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Tertiary Epimutations - A Novel Aspect of Epigenetic Transgenerational 
Inheritance Promoting Genome Instability. 
PLoS One. 2016 Dec 19;11(12):e0168038.  
McCarrey JR, Lehle JD, Raju SS, Wang Y, Nilsson EE, Skinner MK. 

Mutation frequencies in F1 and F3 generation samples. 
(A) Mutation frequencies in kidney and sperm samples from F1 generation 
control- and vinclozolin-lineage animals. There were no statistically 
significant differences among the mutation frequencies detected in kidney 
or sperm samples from F1 generation control- and vinclozolin-lineage 
samples, except for one of the vinclozolin-lineage sperm samples (F1VL–
marked with an asterisk) which showed a mutation frequency that was 
significantly lower than the mean of the F1 generation control-lineage 
samples (p = 0.00352). (B) Mutation frequencies in kidney and sperm 
samples from F3 generation control- and vinclozolin-lineage animals. A 
subset of both kidney and sperm samples from F3 vinclozolin-lineage 
descendants showed mutation frequencies that were not significantly 
different than the mean of the corresponding F3 generation control-lineage 
samples, although several of the F3 generation vinclozolin-lineage 
samples trended higher than the mean of the corresponding F3 generation 
control-lineage samples. However another subset of both kidney and 
sperm samples from F3 generation vinclozolin-lineage descendants 
showed mutation frequencies that were significantly higher than the mean 
of the corresponding F3 control-lineage samples. These mutation 
frequencies are marked with astrices, and include those found in the 
following samples: F3VLK6 (p = 0.00342), F3VLK7 (p = 0.00131), F3VLK8 
(p = 0.0222), F3VLS1 (p = 0.00185), F3VLS2 (p = 0.03611)) and F3VLS6 
(p = 0.00018). F1 = samples from F1 generation descendants, F3 = 
samples from F3 generation descendants, CL = samples from control-
lineage descendants, VL = samples from vinclozolin-lineage descendants, 
K = kidney samples, S = sperm samples. 
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