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Review
The idea that inherited genotypes define phenotypes has
been paramount in modern biology. The question
remains, however, whether stable phenotypes could
be also inherited from parents independently of the
genetic sequence per se. Recent data suggest that
parental experiences can be transmitted behaviorally,
through in utero exposure of the developing fetus to the
maternal environment, or through either the male or
female germline. The challenge is to delineate a plausi-
ble mechanism. In the past decade it has been proposed
that epigenetic mechanisms are involved in multigener-
ational transmission of phenotypes and transgenera-
tional inheritance. The prospect that ancestral
experiences are written in our epigenome has immense
implications for our understanding of human behavior,
health, and disease.

Evidence for nongenetic multigenerational
transmission of parental experience
New adaptive phenotypes can emerge as a result of natural
selection of genetic variants. Natural selection is highly
inefficient and slow in responding to immediate environ-
mental challenges. It is well known that physiological
systems can respond and adapt to new changes in real
time, but the question remains whether there are nonge-
netic processes that could establish stable phenotypes and
whether these can be inherited through germline trans-
mission across generations. Biological examples have been
documented of phenotypic plasticity emerging in relatively
fast time-scales, and of frequencies that are orders of
magnitude higher than can be explained by natural selec-
tion (see e.g., [1]).

Epidemiological evidence from two important multigen-
erational studies has brought to the fore the prospect of
epigenetic memory of ancestral dietary distress in humans.
First, Pembrey and colleagues [2–4] examined records of the
multigenerational Överkalix cohorts in Northern Sweden
using harvest and birth and death records. Variation in the
food supply during the early life of paternal grandparents
was associated with variation in mortality rate (and diabetic
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deaths) in their grandchildren. There were striking
sex-specific transmissions, such that the food supply of
the paternal grandfather was associated with the mortality
rate of grandsons only, while the early-life food supply of the
paternal grandmother was only associated with the mortal-
ity rate of granddaughters [2–4]. Interestingly, the effects
were seen only when exposures occurred before puberty,
supporting the hypothesis that reprogramming of gametes
was involved. Similarly, in the UK Avon Longitudinal Study
of Parents and Children (ALSPAC48) cohort, growth effects
associated with paternal smoking were only observed when
paternal smoking took place before puberty [3].

A second landmark study showed that children of
mothers exposed to the Dutch famine of 1944 during the
last trimester of pregnancy and the first months of life were
less obese than controls, whereas exposure in the first half of
pregnancy resulted in higher obesity rates than in controls
[5]. Famine exposure early in pregnancy was associated
with hypermethylation of the imprinted insulin-like growth
factor 2 (IGF2) receptor gene IGF2R 60 years later, pointing
to the possibility that DNA methylation might be involved
[6]. Examination of the F2 generation revealed higher
weights and body mass index (BMI) in adult offspring of
prenatally exposed F1 fathers than in offspring of unex-
posed F1, but this effect was sex-specific and was not found
in offspring of prenatally exposed mothers [7].

Nongenetic transmission of memory of parental experi-
ence could happen at several time scales (Figure 1). First, it
could be transmitted through in utero programming of the
developing F1 embryo, as well as through postnatal pa-
rental behavior. Second, it could be transmitted from F1
gametes, which were exposed in utero to maternal experi-
ences, to F2 offspring. Third, a true transgenerational
transmission of ancestral memory via the unexposed F2
gametes to the F3 offspring.

The first two modes of nongenetic transmission could be
explained by several known mechanisms which are trig-
gered in response to exposures and that target either the
embryo or gametes during embryogenesis. It is more diffi-
cult to understand how marks of exposure in gametes are
replicated, escape programming during primordial germ
cell differentiation [8] and early embryogenesis [9,10], and
are transmitted across many generations that were not
subjected to the same experiences. Real transgenerational
nongenetic inheritance could potentially result in a stable
new trait. Therefore, a provocative question is whether
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Figure 1. Modes of inheritance across generations. Three modes of multiple

generational transmission of parental experience. Top row: prenatal exposure. The

F0 mother is exposed during pregnancy with F1. F1 is programmed in response to

exposure in different tissues but not the germline. Programming will alter the F1

phenotype but this will not be transmitted to next generation. Middle row:

multigenerational exposures. The F1 generation is exposed during gestation and

the developing germ cells are modified. The modified sperm of F1 will affect F2

development and phenotype. However, reprogramming of this modification

during primordial germ cell differentiation of F2 will prevent transmission of the

phenotype to F3. Bottom row: transgenerational inheritance. The F1 gametes are

modified during gestation and exposure of the F0 mother. The modified F1 sperm

affect F2 development. If gamete modification is not erased during primordial

germ cell differentiation the sperm of F2 are modified as well and will transmit the

phenotype to F3.
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Figure 2. Gamete-independent multigenerational transmission. Maternal care in

rodents programs stress-responsivity of the offspring as well as their maternal

phenotype through the epigenetic modulation of genes such as that for estrogen

receptor a1b in the medial preoptic area in the brain. Maternal care behavior of F0

will program genes in the brain of F1, which develops a maternal care phenotype

as a result of this epigenetic programming that parallels F0 maternal care behavior.

When F1 matures it epigenetically programs F2, which develops a maternal care

behavior as a result that parallels F1. F2 similarly programs F3 and alters its brain

gene program.
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such mechanisms might play a role in ‘rapid evolution’ of
traits in response to new experiences and environments at
rates that are orders of magnitude faster than natural
selection of stochastically arising genetic alterations.

It should be noted, however, that nongenetic multigen-
erational inheritance is not necessarily mediated by
gametes. Multigenerational transmission could occur when
the phenotypic response to the ancestral parental experi-
ence creates and sustains across generations the same social
and physical environments that triggered the phenotype in
the first place. For example, offspring of maternal adverse
experience (such as violence, stress, poverty) which triggers
a pattern of behavior in the offspring (e.g., aggression) would
create the same adverse experience (aggression) for their
offspring, leading to perpetuation of the phenotype across
generations (Figure 2). The perpetuation of such traits could
be interrupted by changing the parental environment or
through cross-fostering [11,12].

Although epidemiological and animal experiments have
provided data that support each of the different forms of
nongenetic inheritance, in the absence of a plausible mech-
anism the interpretation of these data remains a matter of
intense controversy. Moreover, questions are raised re-
garding the robustness of the data and its reproducibility.
The cardinal issue is defining a fundamental common
mechanism, or several different mechanisms, that can ex-
plain the different modes of nongenetic inheritance. Prog-
ress in epigenetics in the past decade has started to provide
plausible mechanisms for the different forms and timescales
of nongenetic inheritance.
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Epigenetic mechanisms as possible mediators of
responses to the environment
Epigenetics refers to mechanisms of long-term or stable
regulation of gene expression programs that do not involve
a change in gene sequences. Differences in epigenetic
programming between different tissues in the same indi-
vidual, or in the same tissue between different individuals,
can result in alteration in gene expression programming
that could cause phenotypic differences in the absence of a
genetic difference [13–16]. The idea that epigenetic vari-
ance could create phenotypic differences between individ-
uals in the absence of genetic changes positions epigenetics
as a possible mechanism for nongenetic transmission. The
term ‘epigenetics’ was coined by Waddington more than
half a century ago to account for both plasticity and cana-
lization as possible mechanisms for cellular differentiation
and organogenesis [17]. To function in embryogenesis as
the definers and guardians of cellular identities, epigenetic
mechanisms should be mitotically heritable. If indeed
epigenetic mechanisms are required for maintaining the
unique identity of cell types, they would need to be highly
resistant to change as well as being conserved across
individuals, and should accurately reflect predefined and
evolutionarily programmed developmental strategies.
Nevertheless, research in the past decades suggests that,
despite of the robustness of these developmental mecha-
nisms, they are highly responsive to external signals,
particularly during early life [18,19]. Thus, epigenetic
processes might be involved not only in creating differences
between tissues but also among individuals. Epigenetic
mechanisms include DNA methylation [20], chromatin
structure and modifications [21], and noncoding RNAs
such as siRNA, miRNA, piRNA, and long noncoding
RNA [22–24].

DNA methylation and heritability

Cytosine bases in vertebrate DNA are enzymatically mod-
ified by the DNA methyltransferase enzymes which cata-
lyze the transfer of a methyl moiety from the methyl donor
S-adenosylmethionine (SAM) to the 50 position on the
cytosine ring [25–27]. The methyl cytosine moiety could
be further modified by hydroxylation [28] catalyzed by the
ten-eleven translocation (TET) oxidases [29]. DNA meth-
ylation and hydroxymethylation are part of the covalent
structure of DNA and are therefore the most proximal and
certain epigenetic mechanisms. Thus, the DNA molecule
itself contains both genetic and epigenetic information.
DNA methylation patterns vary from tissue to tissue,
and even within tissues, thus conferring upon DNA a
particular cellular identity [30]. Recent genome-wide map-
ping of DNA methylation states at single-nucleotide reso-
lution confirmed that DNA methylation states are
rearranged during stem cell differentiation and develop-
ment [31–33].

DNA methylation can alter the state of gene expression
through several mechanisms. The mechanisms involved
in silencing of gene expression by DNA methylation in-
clude direct interference with the binding of transcription
factors to recognition elements that contain a CG dinucle-
otide [34], or through recruitment of methylated DNA
binding factors [such as the methylated DNA-binding
136
domain (MBD)-containing proteins] [35] that in turn
attract chromatin-inactivating complexes including
histone deacetylases and histone methyltransferases
[36,37]. However, the role of methylated DNA-binding
proteins in silencing gene expression is unclear, and ge-
nome-wide analyses showed that these proteins can bind
to both unmethylated active and methylated inactive
genes [38]. Methylation in the body of the gene is believed
to play a positive role in gene activity by an unknown
mechanism [39–41].

One of the interesting properties of DNA methylation is
its heritability. Methylation in vertebrates occurs mainly
in the palindrome dinucleotide sequence 50CG30. There-
fore, when DNA is replicated the nascent CG site will be
found across a methylated CG in the parental strand
[42,43]. DNA methyltransferase 1 (DNMT1) is a mainte-
nance methyltransferase which is highly specific for hemi-
methylated CGs generated during DNA replication, and
faithfully copies CG methylation from the parental to the
daughter strand [44], perpetuating the DNA methylation
state. Maintenance methylation of several repetitive
sites may also require the de novo methyltransferases
DNMT3A and DNMT3B [45,46], which biochemically
do not differentiate between hemimethylated and
fully unmethylated sites [47]. DNA methylation of CG
sequences is an established biochemical mechanism for
replicating an epigenetic mark, and is therefore well
positioned to serve as an epigenetic signal that maintains
cellular identities for the entire life-course. Could the
same mechanism of heritability be extended to meiosis,
and thereby enable nongenetic inheritance across
generations?

The fact that DNA methylation can be replicated places
it as an excellent candidate for serving as a transgenera-
tional epigenetic mark. However, it was long believed
that although DNA methylation is faithfully conserved
in differentiated cells it is completely erased in primordial
germ cells [48] as well as shortly after fertilization and
conception [10,49]. This erasure was believed to establish a
clean slate for developmental patterning of DNA methyl-
ation during embryogenesis. If the erasure of DNA
methylation is complete, then transgenerational transmis-
sion through DNA methylation marks would be impossi-
ble. The idea that DNA methylation is erased in the
gametes during primordial germ cell differentiation has
been an important reason for the initial rejection of the
idea of transgenerational transmission of DNA methyla-
tion marks in sperm [10,49]. However, there is evidence
from animal models for persistent DNA methylation
changes in sperm that are transgenerational. It is now
clear that, although the erasure of DNA methylation
during primordial germ cell differentiation and post fertil-
ization is fairly extensive, it is not complete. Particular
repetitive sequences, such as intracisternal A particle
(IAP) elements, escape DNA methylation erasure, while
imprinted genes (genes that show allele specific methyla-
tion dependent on the parental origin) escape erasure
following fertilization [8,50]. It is possible that other geno-
mic sequences escape erasure as well, and that these sites
might have evolved to play a role in bearing transgenera-
tional epigenetic marks.



Box 1. Diet and DNA methylation in the multigenerational

agouti mouse model

The first demonstration that epigenetic mechanisms, and particularly

DNA methylation, connect parental experience and behavior and

lifelong offspring phenotypes involved the impact of maternal diet on

offspring phenotype. The viable yellow agouti [A(vy)] mouse harbors

a transposable element in the agouti gene which controls its

expression and is regulated by DNA methylation, which silences the

agouti gene leading to a brown coat phenotype. Methyl supplemen-

tation of maternal diets during pregnancy resulted in differences in

methylation of the transposable element and expression of the agouti

gene in the offspring, resulting in a brown coat phenotype [116].

Genistein, at levels comparable encountered in humans consum-

ing high-soy diets, also increased methylation of the transposable

element and shifted the coat color of heterozygous viable yellow

agouti [A(vy/a)] offspring toward pseudo-agouti (brown) [117]. Ma-

ternal exposure to bisphenol A, a chemical found in plastics, led to

loss of methylation and shifted the coat color of the offspring to

yellow; this loss of methylation could be blocked by maternal

dietary supplementation with methyl donors or genistein which

prevent the hypomethylation induced by bisphenol A in the

offspring [118]. Interestingly, although these maternal dietary

modulations have a large impact on the immediate F1 generation

offspring, Waterland et al. observed that supplementation across

successive generations did not result in cumulative effects, and

therefore suggested that these were examples of multiple genera-

tional exposure rather than transgenerational [119]. However,

Cropley and colleagues showed that combining methyl donor

supplementation with selection for a silent A(vy) allele progressively

increases the prevalence of the associated phenotype in the

population over five generations, suggesting true transgenerational

inheritance [120]. Because this model utilizes a gene controlled by a

methylation-sensitive regulatory region, the dietary supplements

that have an effect on this phenotype are either inhibitors or

enhancers of enzymatic DNA methylation reactions during embry-

ogenesis, a period of time when broad reprogramming of DNA

methylation takes place naturally. Does this mechanism extend to a

wider scope of experiences that are not direct chemical inhibitors or

donors of DNA methylation/reaction? In the context of nutrition, the

question is whether exposures to different kinds of diets, irrespec-

tive of whether these diets are methyl rich or inhibitory of DNA

methylation enzymes per se, can reprogram DNA methylation in the

offspring in a physiologically relevant manner.
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Histone modification and heritability

Chromatin states are determined by chemical modifications
of the N-terminal tails of histones by methylation [51],
phosphorylation, acetylation [52], sumoylation [53], and
ubiquitination [54]. Histone acetylation is catalyzed by
histone acetyltransferase (HAT) and removed by histone
deacetylase enzymes (HDAC) [55]. Acetylation of histones is
believed to associate with the active state of genes through
increasing accessibility to DNA [56,57]. Histone methyla-
tion at lysine residues is catalyzed by lysine histone methyl-
transferases (HKMT) [58], and histone demethylases
[59]. Trimethylation of lysine 4 on histone 3 (H3me3K4)
is associated with promoter regions of active genes, and
monomethylation at histone 3 at lysine 4 (H3me1K4) is
associated with enhancers. Histone methylation could
also act as a suppressive signal of gene expression; for
example, H3me2K9 and H3meK27 [60]. It is still unclear
whether there is a biochemical mechanism that faithfully
replicates discrete chromatin states and how this is accom-
plished [61].

If chromatin modification states serve as cross-genera-
tional epigenetic signals there should be a mechanism that
links parental exposures to discrete changes at particular
addresses in chromatin in specific tissues. Very recent data
generated using Caenorhabditis elegans provide evidence
for transmission of male gamete-mediated chromatin
states through several rounds of replication, although it
remains to be seen if such a mechanism is conserved in
mammals [61].

Small noncoding RNA (sncRNA)

There are several classes of sncRNAs, including miRNAs
(hairpin RNAs with imperfect complementarity to multi-
ple targets), siRNAs (with perfect complementarity to
targets) [62] and PIWI-interacting RNAs (piRNAs)
[63,64] (which specialize in targeting transposon tran-
scription in germ cells and are of particular interest for
gamete-mediated transgenerational epigenetic inheri-
tance [65]). There is strong evidence that noncoding RNAs
play a role in transgenerational silencing [66]. In addition
to the conserved post-transcriptional roles of miRNA and
siRNA in RNA interference (RNAi) resulting in decreased
gene expression [62], siRNA and piRNA play a nuclear
epigenetic role by targeting specific loci for either histone
[67–69] or DNA methylation. The unique sequence iden-
tity of sncRNAs, and the complementarity with both
mRNA and DNA, positions these molecules as excellent
candidates for delivering epigenetic grooming enzymes
to particular loci. The fact that sncRNA can be released
from one cell and be systematically distributed [70–72]
creates an opportunity for delivering signals from a
tissue that senses the experience (such as the brain) to
germ cells.

The first demonstration of a nuclear epigenetic role for
siRNA was the co-transcriptional silencing (in cis) of
repeats in heterochromatin that was discovered in the
yeast Schizosaccharomyces pombe [67–69]. Sequence spec-
ificity of silencing is achieved by targeting the siRNA to
nascent complementary RNA molecules as they are being
transcribed on their genomic loci, thus delivering the
siRNA effector molecule the Argonaut 1 (Ago1) protein
in close proximity to the silenced locus. Ago1 interacts
with the H3K9 methyltransferase Clr4, recruiting it to
the locus resulting in silencing through histone H3K9
methylation [67–69].

SiRNA and miRNA may also direct DNA methylation,
a mechanism which was first proposed in Arabidopsis
thaliana [73,74]. miRNA-directed DNA methylation points
to a potential mechanism for site-specific gene silencing
that would be stable both mitotically and meiotically.
piRNAs are transcribed from piRNA clusters and play
an important role in silencing transposable elements, as
first described in Drosophila [75]. The piRNA effector
protein PIWI interacts with heterochromatin protein IA,
and this interaction is required for silencing of transpo-
sons. There are two PIWI homologs in the mouse (MILI
[63] and MIWI2 [76]) which are involved in silencing of
transposons in germ cells. MIWI2, which is expressed in
the nucleus, is believed to be the effector molecule that
targets de novo methylation to transposons; however, no
direct interaction has been demonstrated with a de novo
DNMT. piRNA pathways are also utilized in the mouse
germline to silence parentally imprinted genes (Box 2)
[77,78].
137



Box 2. Germline silencing by RNA-mediated DNA

methylation

Because small noncoding RNAs (sncRNAs) can be distributed across

cell barriers [70–72], sncRNA responses triggered in a tissue that

reacts to experience could potentially be redistributed to gametes and

transferred to the offspring. However, the involvement of sncRNA in

nongenetic germline-mediated inheritance across more than two

generations requires a mechanism for memorizing the initial effect of

the RNA in the gametes that would resist epigenetic reprogramming

in primordial germ cells. Parental imprinting and transposon silen-

cing that are mediated by sncRNAs do not resist germ cell

reprogramming. In fact they are developmentally reprogrammed by

de novo induction of sncRNAs [78]. How could new parental

experiences trigger a ‘de novo’ induced sncRNA event that would

persist in the progeny for many generations?

One possible mechanism is replication of new noncoding RNAs by

RNA polymerase. In Caenorhabditis elegans long-term silencing of

viral DNA through the RNAi machinery is transmitted in a non-

Mendelian manner and requires the RNA-dependent RNA polymerase

rrf-1 [121]. Another possible mechanism is that sncRNAs might induce

specific changes in DNA methylation in vertebrates, and histone

methylation in other animals, which might maintain a silencing event

initially triggered by RNA through several generations, if indeed these

DNA methylation and histone methylation marks resist epigenetic

reprogramming in primordial germ cells and after fertilization. Such a

chromatin/DNA-based mechanism could potentially perpetuate the

initial RNA signal even after the original RNAs are depleted. For

example, in C. elegans a piRNA-dependent foreign RNA can trigger

highly-stable long-term silencing lasting at least 20 generations. The

inheritance of the phenotype becomes independent of the original

piRNA, but requires the maintenance of chromatin silencing [65].
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Non-gamete mediated multigenerational transmission
of parental experience and its epigenetic underpinning
If multigenerational transmission of ancestral experiential
memory evolved to increase survival and fitness, such a
mechanism should be able to modulate phenotypes crucial
for survival, such as reproduction, mate selection, diet and
feeding habits, and flight from threat. It is plausible then
that nongenetic inheritance would function at different
timescales depending on the nature of the ancestral expe-
rience. Maintaining plasticity in response to dynamic
environments requires generation-limited and reversible
reprogramming (Box 1). By contrast, a permanent change
in habitat requires a stable multi-generational phenotypic
transformation (Box 2).

Parental experiences and epigenetic-mediated

multigenerational transmission

It has been long known both in human and rodents that the
quality of perinatal care is associated with trajectories of
physical and mental health later in life. For example,
natural variation in maternal care between high licking-
and-grooming (high-LG) mothers and low licking-and-
grooming (low-LG) rat mothers is associated with pheno-
typic differences in the response to stress and anxiety in
their adult offspring [79,80] (Figure 2). Cross-fostering
experiments demonstrated that that these differences
were not genetic (and are not gamete-mediated) because
they were driven by the fostering mother [80]. The gluco-
corticoid receptor (GR), encoded by Nr3c1, is expressed at
lower levels in the adult offspring of low-LG mothers, and
these animals exhibit a heightened stress response
[79,80]. Weaver et al. demonstrated differences in DNA
138
methylation and histone acetylation in the Nr3c1 promoter
in response to differences in maternal LG behavior that
emerged early in life and remained stable into adulthood,
regulating expression of (Nr3c1) GR [11]. Later studies
showed that the differences in DNA methylation are not
limited to Nr3c1, but that hundreds of genes show differen-
tial expression between offspring of high- and low-LG
mothers [81] and that differences in DNA methylation span
broad genomic regions and gene networks, including the
protocadherin (Pcdh) gene family [82]. The maternal effect
on offspring phenotype could be reversed by epigenetic
manipulations. Methionine is a precursor of the DNA and
histone methylation cofactor SAM, and injection of methio-
nine reverted high-LG offspring to exhibit stress and anxi-
ety behaviors resembling low-LG offspring [83], whereas
TSA (HDAC inhibitor) injection reverted low-LG adult off-
spring to behaviors that resembled high-LG animals, sug-
gesting a causal relationship between DNA methylation and
transmission of the phenotypes [11]. Interestingly, these
phenotypes could be transmitted across several generations
in the absence of gamete transmission because the offspring
of high-LG mothers exhibit high-LG maternal care behav-
ior, and this in turn epigenetically programs their offspring.
In support of this hypothesis, female offspring of high LG
mothers exhibit differences in the state of methylation of the
estrogen receptor (ER) a1b promoter and estrogen receptor-
a expression in the medial preoptic area (MPOA); differ-
ences in ERa receptor expression in the MPOA are associ-
ated with differences in their maternal behavior [12].

What is the mechanism that transmits signals from
maternal behavior to the offspring epigenome in a given
tissue? Firing of 5-HT receptors in the neonatal hippocam-
pi in response to maternal LG triggers a signaling pathway
resulting in cAMP-mediated induction of the transcription
factor nerve growth factor (NGF)-induced clone A
(NGFIA), which then delivers the transcription factor
CREB binding protein (CBP) [84] and methyl-CpG binding
domain protein 2 (MBD2) to the Nr3c1 promoter [85]. This
provides a plausible paradigm for a molecular chain of
events between parental behavior and programming of the
offspring genome in target tissues at specific genomic loci.
The epigenetic response to parental experience engages
known physiological systems that evolved to respond to
experience, and this response targets particular functional
gene pathways relevant to parental behavioral signals.
Such a mode of multigenerational reprogramming is stable
on the one hand, but plastic and reversible on the other,
and is attuned to changes in the social environment.

It is extremely difficult to prove causation in human

studies of DNA methylation.

It is possible to compare evolutionarily conserved
responses in humans with animals that could be tested
in randomized controlled experiments. Elevated DNA
methylation in the Nr3c1 promoter has been reported in
adult humans who were abused as children [86]. Similarly
to observations from rat studies, the differences in DNA
methylation covered broad genomic regions [82] and the
span of the Pcdh gene family locus was differentially
methylated in humans who were subjected to child
abuse [19], consistent with the hypothesis that response



Box 3. Gamete-mediated multigenerational transmission of

parental preconception dietary experience and exposure to

cocaine

Adaptive feeding behaviors and metabolic phenotypes are crucial for

survival, therefore it is plausible that multigenerational inheritance of

metabolic responses exist. In support of this hypothesis, feeding

male mice with chronic high-fat diets results in reprogramming of

pancreatic b cell functions in their female offspring: early onset of

impaired insulin secretion and glucose tolerance with normal

adiposity. A few hundred genes showed altered expression in b islets

and a change in methylation of the Il13ra2 gene in b-islet cells was

demonstrated [122]. Wide changes in the transcriptome also occur in

retroperitoneal white adipose tissue, and several gene networks were

commonly affected in both tissues [123]. The data are consistent with

alterations in early developmental networks. Because this phenotype

is paternally transmitted it must involve sperm-mediated transmis-

sion. However, while the data demonstrate a sex-specific transge-

nerational epigenetic response to parental dietary challenge, it

remains unclear whether the DNA methylation changes occurred in

sperm, and whether these particular changes are functionally

relevant. How were the changes in sperm, if any, transmitted to the

pancreas? And could these epigenetic and phenotypic differences be

transgenerationally transmitted and escape erasure during primordial

germ cell reprogramming?

Male mice trained to self-administer cocaine sired male offspring

who developed a response to cocaine phenotype that was character-

ized by delayed acquisition and reduced maintenance of cocaine self-

administration [124]. Brain-derived neurotrophic factor (BDNF) was

expressed at higher levels in the offspring prefrontal cortex (PFC), and

the promoter of the gene displayed increased histone acetylation in

the PFC. There was no noted difference in DNA methylation.

Remarkably, there was also increased histone acetylation in the

promoters of BDNF in the sperm of the father. The key question,

however, is how was histone acetylation in BDNF in sperm triggered

by cocaine self-administration, which is believed to be mostly

appraised and processed in the brain? In addition, there is no known

mechanism for propagation of histone acetylation. How was this

acetylation signal transmitted from the sperm to the brain in the

offspring through all the stages of differentiation, organogenesis, and

neurodevelopment? Again it is unclear whether the effect is

transgenerational and is only mediated by exposed paternal sperm,

or whether it could be passed down to progeny via the offspring

sperm [124]. In any case, these data raise the provocative prospect

that male drug abuse pre-conception will have long-term phenotypic

consequences in children who were never exposed to the drug [125].
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of neonates to parental deprivation, or abuse, is evolution-
arily conserved [19].

Natural disasters also offer a unique opportunity for a
randomized study in humans. To test whether maternal
exposure to objective stress during pregnancy would result
in alterations in DNA methylation in offspring, DNA meth-
ylation in T cells derived from children whose mother was
pregnant with them during the Quebec ice storm of 1998 was
analyzed. A correlation was observed between the level of
DNA methylation in several genes and the level of objective
stress that the mother suffered during pregnancy [87]. These
data strongly support the hypothesis that, in humans as well
as in rodents, maternal experiences can be translated into
epigenetic changes in offspring genomes.

Placenta-mediated transmission

The placenta is able to register maternal stress and is
involved in the transmission of phenotypes to the fetuses
that remain into adulthood [88,89]. Maternal dietary expo-
sures have long been known to impact upon programming
in the offspring. Particularly important is the link between
maternal gestation diabetes in humans and increased risk
for development of type 2 diabetes in the offspring. Several
studies have recently demonstrated genome-wide altera-
tions in DNA methylation in placentae, particularly in
metabolism-associated genes, of babies born to mothers
with gestational diabetes [90–93].

Gamete-mediated multigenerational transmission of
parental experience
Exposure of either male or female gametes could change
their epigenetic state and lead to phenotypic changes in the
offspring that develop from these gametes (Figure 1). Al-
though the main focus to date has been on the effect of
gestational exposure of gametes, spermatogenesis con-
tinues throughout adult life, and it is therefore possible
that preconception adult paternal experience might have
an impact on the offspring. The question is whether these
exposures are limited to chemical exposures or whether
behavioral experiences might also be transmitted through
the gametes to the next generation (Box 3).

Hormones, and particularly stress hormones, may link
behavioral experience and tissues outside the brain such as
sperm, which has been shown to contain glucocorticoid
receptors [94–96]. Interestingly, Belyaev and colleagues
demonstrated in the early 1980s that hydrocortisone injec-
tions of male mice that carried a mutation in the (fused) Fu
gene (Axin1) could result in a decrease in the number of
phenotypically Fu offspring. Their experiment ruled out
differential death of gametes or embryos that expressed
the Fu gene, and they concluded that this might be caused
by a decrease in penetrance, although the mechanism was
unknown at the time [97]. Interestingly, the gene can pass
from an active to inactive state at a high rate, which is
consistent with epigenetic regulation [98]. Exposure of
adult male mice to synthetic glucocorticoids was examined
to determine any effect on the phenotype of offspring
conceived after exposure [99]. Differences in mineralocor-
ticoid receptor (Nr3c2; MR), estrogen a receptor (Nr3a1;
ERS1), and glucocorticoid receptor (Nr3c1; GR) expression
in the hippocampus and kidney were observed in these
offspring. Because the only vehicle of transmission be-
tween the fathers and their offspring was sperm, this study
demonstrates that glucocorticoids can modulate sperm
even in adult animals and that this could be transmitted
to the next generation. While the study did not document
gene-specific changes in sperm DNA methylation, a global
change in non-CG methylation was noted (methylation of
cytosines outside the consensus CG dinucleotides) [99].

SncRNAs may also link the brain and sperm. Male
offspring of mice subjected to prenatal chronic variable
stress during pregnancy develop a dysmasculinized and
stress-sensitive phenotype, and transmit mainly the phe-
notype of dysmaculinized gene expression to the next
generation (F2), supporting germline-mediated transmis-
sion of this phenotype [100]. Examination of miRNA ex-
pression in the brain identified two miRNAs that showed
significant paternal stress effects [100]. These miRNA both
regulate b-glycan mRNA, which was previously implicated
in release of gonadal hormones. In this study the effects on
F3 were not examined, and it is therefore unclear whether
the effects are transgenerational.
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In a more recent study, males were exposed to chronic
stress either before or after puberty. The offspring of both
groups of such stressed mice exhibited a blunted hypotha-
lamic–pituitary–adrenal axis response, but no other
notable behavioral measures. Because these effects were
transmitted by paternal sperm it is hypothesized that the
sperm of the fathers could be epigenetically programmed
even during adulthood, as has been suggested from the
effects of glucocorticoid treatment of adult mice [99]. Nine
miRNAs were differentially expressed in the sperm of
stressed mice, some of which target important develop-
mental genes, including Dnmt31 [101].

Gamete-mediated transgenerational inheritance of
ancestral behavioral, toxic, and addictive experiences
There is increasing evidence for nongenetic gamete-medi-
ated transgenerational inheritance of responses to several
types of paternal experiences, including diet, stressful and
adverse social experiences, and exposure to toxins and
drugs of addiction, which is mediated via inheritance of
epigenetic states. There is also new evidence of transge-
nerational transmission of ancestral experience of organ
injury (Box 4).

Environmental toxin exposure

There is a significant body of evidence for multigenerational
epigenetic inheritance in plants, worms, and fungi
[102,103]. The first evidence in mammals for a bona fide
(F3 transmission; Figure 1) transgenerational epigenetic
transmission came from experiments exposing pregnant
rats to the endocrine disruptor vinclozolin during the gesta-
tional period of gonadal sex determination [104]. Exposed
offspring exhibited reduced fertility and sperm counts. Im-
portantly, the effect lasted through to the F4 generation.
DNA methylation is the only epigenetic mechanism known
to be copied through cell divisions and, if DNA methylation
plays a role in transmission through generations, changes in
DNA methylation should be detected in sperm. In this study,
Box 4. Transgenerational transmission of ancestral

experience of organ injury

An unusual example of transgenerational transmission of ancestral

experience is the observation that an experience of liver injury in

rodent male ancestors reduces liver fibrogenesis in F2 male

offspring. Molecularly, it is characterized by elevation in hepatic

expression of the antifibrogenic factor peroxisome proliferator-

activated receptor g (PPAR-g) and reduction in the levels of the

profibrogenic factor transforming growth factor b1 (TGF-b1). DNA

methylation differences are detected in both genes in the liver of F2

offspring of injured ancestors, showing persistence of the DNA

methylation mark in the liver. This study addresses one of the

mysteries of sperm-mediated epigenetic transmission; how does a

target tissue which experiences such exposure communicate this

exposure to the sperm? Transfer of serum from the injured rat to the

uninjured rats induced a modest increase in PPAR-g-associated

H3K27me3, and a 15-fold enrichment of H2A.Z in the uninjured rat

sperm, suggesting that the injured livers secrete a soluble factor that

alters chromatin in sperm; however, the nature of this factor

remains unknown. Moreover, it is still unknown how the sperm

modification state is replicated, escapes reprogramming, and is

translated through embryogenesis and liver development to a

particular DNA methylation alteration in the offspring liver [126].
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DNA methylation differences in sperm were detected by a
combination of methylation-sensitive restriction enzyme
digestion and PCR amplification in F1 mice, and one
region was shown to be different up to the F3 generation,
suggesting that this DNA methylation difference escaped
primordial germ cell (as well as early developmental) repro-
gramming [104]. Although the doses used were higher
than usually found in the environment, the study provided
first proof of principle that mechanisms for transgenera-
tional transmission of environmental exposures are associ-
ated with changes in DNA methylation in sperm. Sex-
specific changes in the transcriptome were observed in
the brain, as well as differences in anxiety-related beha-
viors, suggesting that there is a mechanism that transmits
the epigenetic signal from sperm to brain during develop-
ment [105].

Further work has investigated the phenotypic scope of
genome-wide changes in DNA methylation in sperm
through generations and expanded this line of analysis
to other environmental toxicants [106]. For example, the
plastic-derived endocrine disruptor compounds bisphenol-
A (BPA), bis(2-ethylhexyl)phthalate (DEHP), and dibutyl
phthalate (DBP) triggered pubertal abnormalities, testis
disease, obesity, and ovarian disease (primary ovarian
insufficiency and polycystic ovaries) in animals of the F3
generation, while kidney and prostate disease were ob-
served only in the F1 generation [106]. 197 differential
DNA methylation regions (DMR) in gene promoters were
revealed in the F3 generation sperm epigenome, and some
of these promoters were previously shown to be associated
with the pathologies triggered by exposure [106]. Similar
conclusions were derived using jet fuel [107] and dichlor-
odiphenyltrichloroethane (DDT) [108].

The differential DNA methylation regions identified for
different environmental exposures do not overlap. Howev-
er, they all have a common structural feature – the differ-
ential methylation sites occur in regions with a very low
density of CGs [109].

Interestingly, exposure to endocrine disruptors defines
not only phenotype but also mate preference in a sex-
dependent way: females three generations removed from
the exposure discriminate and prefer males who do not
have a history of exposure, whereas similarly epigeneti-
cally imprinted males do not exhibit such a preference
[110]. Such a mechanism could have an impact on how a
history of environmental exposures might affect the evo-
lution of species [110].

Early-life stress and social adversity

Depressive phenotypes and altered responses to adverse
environments are phenotypes that are triggered in male
mice by maternal chronic and unpredictable separation
during early life [111]. These phenotypes are then trans-
mitted to their offspring over up to two generations and,
because these phenotypes are transmitted from the fathers
despite the fact that the mothers are normal, they must
result from sperm-mediated transmission [111]. There is
sexual dimorphism and ‘skipping a generation’ in the
transmission of the phenotypes to the F2 and F3 genera-
tion, an observation that has been repeated in several
studies of epigenetic transgenerational transmission in
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animals and in humans. For example, in the forced swim
test the males (but not females) were different from con-
trols in the F2 generation, but females (and not males)
were different in the F3 generation. The authors tested the
hypothesis that changes in DNA methylation in F1 sperm
might mediate the nongenetic transmission by showing
that a few genes (such as methyl CpG binding protein 2,
MeCP2) were differentially methylated in the F1 sperm
and in the F2 brain [111]. This remarkable observation
suggests that the maternal separation altered DNA meth-
ylation in sperm, and that this pattern survived repro-
gramming during early development and was replicated
during brain development in the F2 generation. The
DNA methylation pattern was partly maintained in the
sperm of the F2 generation, which is a prerequisite for
transgenerational transmission via DNA methylation
[111]. These data show that a behavioral exposure could
alter DNA methylation in the sperm, which points to
the possibility that behavioral experiences of ancestral
generations can be registered in the epigenome and be
maintained across both reprogramming during early de-
velopment and during primordial germ cell differentiation,
as well as during organogenesis. It is nevertheless
difficult to conceive a mechanistic framework for these
events, and it is particularly difficult to understand how
experiences registered in the brain might be transmitted to
the sperm. Moreover, it is unknown how methylation
patterns in sperm could guide specific methylation states
in the brain.

One possible mediator of response to behavioral signals
is noncoding RNA. Recent work using a model of early-life
trauma in mice that involves unpredictable maternal sep-
aration combined with unpredictable maternal stress
shows transgenerational transmission of altered behavior-
al and metabolic phenotypes. This work identified noncod-
ing RNA expressed in the sperm as a mediator of
nongenetic transmission [112]. A definitive proof that
sperm RNA mediates transgenerational transmission
was provided by showing that injecting sperm RNAs from
traumatized males into fertilized wild type oocytes repro-
duced the alterations in behavior in the offspring. Subse-
quently, differences in miRNA expression were seen in
hippocampus and serum, but not sperm, in the F2 genera-
tion, suggesting that the miRNA is not transmitted
transgenerationally in the sperm. At the F3 generation
differences in phenotypes were noted, but no miRNA dif-
ferences were detected. Other epigenetic mechanism(s)
may have embedded the original miRNA response in the
sperm epigenome, and these mechanisms must be accu-
rately replicated through meiosis and mitosis. It is tempt-
ing to suggest that the initial miRNA signal results in a
change in DNA methylation in the F2 sperm, that is then
maintained and replicated through meiosis and mitosis
([113] for a recent thorough discussion of epigenetic regu-
lation of heritable RNA).

Transgenerational transmission of odor fear

conditioning

The olfactory system is crucial for species survival, associ-
ating odors with distinct threats and developing a charac-
teristic adaptive and protective behavioral response. It
stands to reason that transmission of ancestral memory
of association between smell and danger would increase
the survival of a species. The question is whether acquisi-
tion of a fear response to a predator smell is solely defined
by natural selection, or whether epigenetic mechanisms
have evolved to address this challenge. Dias and Ressler
trained mice in one generation to associate a specific odor
(acetophenone), with mild foot-shocks as a fear threat.
Remarkably, their study shows that when mice are trained
with acetophenone the F1 and F2 generations respond
with a heightened startle response to acetophenone (but
not propranolol), and when the ancestors are trained with
propranolol their descendants respond to propanolol and
not to acetophenone. The authors show that the response is
transmitted through either the male or female germline for
up to two generations, suggesting that sperm and egg DNA
register the exposure as an epigenetic mark. In vitro
fertilization using sperm from a specific-odor conditioned
mouse results in increased size of odor-specific glomeruli in
the olfactory bulb [114].

Sperm DNA methylation is a plausible heritable epige-
netic mark on DNA and is an excellent signal to mediate
this mode of transmission. The gene encoding the olfactory
receptor that the mice were trained to associate with a
fearful experience is differentially methylated in the
sperm, and this differential methylation remains in F1
and F2 generations, indicating that it escapes both the
post-fertilization and primordial germ cell erasures of
DNA methylation as a true transgenerational epigenetic
mark [114]. Surprisingly, the same receptor is not differ-
entially methylated in the target tissue, raising the ques-
tion of how the DNA methylation signal in the sperm is
transmitted during neurodevelopment and is translated
into differential expression relevant to the brain pheno-
type? Moreover, how does an epigenetic mark in sperm
dictate the formation of the complex network that associ-
ates fear and smell in particular neurons in a defined
anatomical distribution in the brain during neuronal de-
velopment? This question has been common in almost all
transgenerational data. The scope and the relative impact
of this mechanism in introducing new traits in vertebrate
and human evolution remains unknown, and these data
have far-reaching implications. It should be of no surprise
that the paper describing transgenerational transmission
of odor fear conditioning has been recently challenged
[115]; however, there was no experimental evidence for
this challenge. Replication with other fear-conditioned
odor paradigms and other strains of mice or perhaps even
other species will be crucial for the general acceptance of
these provocative results.

Concluding remarks and future perspectives
Many questions remain regarding the strength and signif-
icance of transgenerational phenotypes and further repli-
cation is required. Particularly important is estimating
how widespread transgenerational nongenetic inheritance
is in humans. There are lingering doubts about whether
stable transgenerational effects are truly epigenetic, or
whether they are genetic differences that are misconstrued
as nongenetic inheritance. With accumulating evidence,
confidence in this process is increasing. However, despite
141



Box 5. Outstanding questions

� How does experience sensed by the brain (or other tissues) of the

parent lead to an epigenetic change in the gamete?

� What defines the specificity of the response in the gamete

genome, and how does it register a complex experience that

requires fine-tuning of multiple gene expression circuits in

multiple tissues (e.g., reprogramming associated with fear

conditioning or metabolic control)?

� How does the epigenetic change escape reprogramming and how

is it replicated across generations?

� How is the epigenetic change in sperm translated to a network of

epigenetic instructions during embryonic development, leading to

the establishment of particular gene expression programs in

particular tissues?
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advances in understanding the epigenetic biochemistry
and developmental mechanisms involved, there are fun-
damental mysteries that are difficult to unravel with
current understanding (Box 5).

Although epidemiological and animal experiments have
provided support for the different forms of nongenetic
inheritance, in the absence of a plausible mechanism the
interpretation of these data remains a matter of intense
controversy. The cardinal issue is defining a fundamental
common mechanism (or several different mechanisms)
that can explain the different modes of nongenetic inheri-
tance.

Acknowledgments
Work in laboratory of M.S. was funded by the Canadian Institute of
Health Research and the Sackler Program in Psychobiology and
Epigenetics at McGill University.

References
1 Laforsch, C. and Tollrian, R. (2004) Embryological aspects of

inducible morphological defenses in Daphnia. J. Morphol. 262,
701–707

2 Grossniklaus, U. et al. (2013) Transgenerational epigenetic
inheritance: how important is it? Nat. Rev. Genet. 14, 228–235

3 Pembrey, M.E. (2010) Male-line transgenerational responses in
humans. Hum. Fertil. 13, 268–271

4 Pembrey, M.E. et al. (2006) Sex-specific, male-line transgenerational
responses in humans. Eur. J. Hum. Genet. 14, 159–166

5 Ravelli, G.P. et al. (1976) Obesity in young men after famine exposure
in utero and early infancy. N. Engl. J. Med. 295, 349–353

6 Heijmans, B.T. et al. (2008) Persistent epigenetic differences
associated with prenatal exposure to famine in humans. Proc. Natl.
Acad. Sci. U.S.A. 105, 17046–17049

7 Veenendaal, M.V. et al. (2013) Transgenerational effects of prenatal
exposure to the 1944-45 Dutch famine. BJOG 120, 548–553

8 Seisenberger, S. et al. (2012) The dynamics of genome-wide DNA
methylation reprogramming in mouse primordial germ cells. Mol. Cell
48, 849–862

9 Santos, F. et al. (2002) Dynamic reprogramming of DNA methylation
in the early mouse embryo. Dev. Biol. 241, 172–182

10 Oswald, J. et al. (2000) Active demethylation of the paternal genome
in the mouse zygote. Curr. Biol. 10, 475–478

11 Weaver, I.C. et al. (2004) Epigenetic programming by maternal
behavior. Nat. Neurosci. 7, 847–854

12 Champagne, F.A. et al. (2006) Maternal care associated with
methylation of the estrogen receptor-alpha1b promoter and
estrogen receptor-alpha expression in the medial preoptic area of
female offspring. Endocrinology 147, 2909–2915

13 Haig, D. (2004) The (dual) origin of epigenetics. Cold Spring Harb.
Symp. Quant. Biol. 69, 67–70

14 Holliday, R. (2006) Epigenetics: a historical overview. Epigenetics 1,
76–80

15 Holliday, R. (1994) Epigenetics: an overview. Dev. Genet. 15, 453–457
142
16 Jablonka, E. and Lamb, M.J. (2002) The changing concept of
epigenetics. Ann. N. Y. Acad. Sci. 981, 82–96

17 Waddington, C.H. (1959) Canalization of development and genetic
assimilation of acquired characters. Nature 183, 1654–1655

18 Szyf, M. (2012) The early-life social environment and DNA
methylation. Clin. Genet. 81, 341–349

19 Suderman, M.M. et al. (2012) Conserved epigenetic sensitivity to early
life experience in the rat and human hippocampus. Proc. Natl. Acad.
Sci. U.S.A. 109, 17266–17272

20 Razin, A. and Riggs, A.D. (1980) DNA methylation and gene function.
Science 210, 604–610

21 Strahl, B.D. and Allis, C.D. (2000) The language of covalent histone
modifications. Nature 403, 41–45

22 Bartel, D.P. (2004) MicroRNAs: genomics, biogenesis, mechanism,
and function. Cell 116, 281–297

23 Mohammad, F. et al. (2012) Long noncoding RNA-mediated
maintenance of DNA methylation and transcriptional gene
silencing. Development 139, 2792–2803

24 Flanagan, J.M. and Wild, L. (2007) An epigenetic role for noncoding
RNAs and intragenic DNA methylation. Genome Biol. 8, 307

25 Gold, M. et al. (1966) Methylation of DNA. J. Gen. Physiol. 49, 5–28
26 Drahovsky, D. and Morris, N.R. (1971) Mechanism of action of rat

liver DNA methylase I. Interaction with double-stranded methyl-
acceptor DNA. J. Mol. Biol. 57, 475–489

27 Adams, R.L. et al. (1975) DNA methylation in nuclei and studies using
a purified DNA methylase from ascites cells. In Post-Synthetic
Modification of M Macromolecules (Antoni, F. and Faragom, A.,
eds), pp. 39–48, North-Holland

28 Kriaucionis, S. and Heintz, N. (2009) The nuclear DNA base 5-
hydroxymethylcytosine is present in Purkinje neurons and the
brain. Science 324, 929–930

29 Ito, S. et al. (2010) Role of Tet proteins in 5mC to 5hmC conversion,
ES-cell self-renewal and inner cell mass specification. Nature 466,
1129–1133

30 Razin, A. and Szyf, M. (1984) DNA methylation patterns. Formation
and function. Biochim. Biophys. Acta 782, 331–342

31 Lister, R. et al. (2013) Global epigenomic reconfiguration during
mammalian brain development. Science 341, 1238905

32 Lister, R. et al. (2009) Human DNA methylomes at base resolution
show widespread epigenomic differences. Nature 462, 315–322

33 Pastor, W.A. et al. (2011) Genome-wide mapping of 5-
hydroxymethylcytosine in embryonic stem cells. Nature 473, 394–397

34 Comb, M. and Goodman, H.M. (1990) CpG methylation inhibits
proenkephalin gene expression and binding of the transcription
factor AP-2. Nucleic Acids Res. 18, 3975–3982

35 Lewis, J.D. et al. (1992) Purification, sequence, and cellular
localization of a novel chromosomal protein that binds to
methylated DNA. Cell 69, 905–914

36 Jones, P.L. et al. (1998) Methylated DNA and MeCP2 recruit histone
deacetylase to repress transcription. Nat. Genet. 19, 187–191

37 Nan, X. et al. (1998) Transcriptional repression by the methyl-CpG-
binding protein MeCP2 involves a histone deacetylase complex.
Nature 393, 386–389

38 Baubec, T. et al. (2013) Methylation-dependent and -independent
genomic targeting principles of the MBD protein family. Cell 153,
480–492

39 Yang, X. et al. (2014) Gene body methylation can alter gene expression
and is a therapeutic target in cancer. Cancer Cell 26, 577–590

40 Hellman, A. and Chess, A. (2007) Gene body-specific methylation on
the active X chromosome. Science 315, 1141–1143

41 Aran, D. et al. (2011) Replication timing-related and gene body-
specific methylation of active human genes. Hum. Mol. Genet. 20,
670–680

42 Gruenbaum, Y. et al. (1981) Sequence specificity of methylation in
higher plant DNA. Nature 292, 860–862

43 Gruenbaum, Y. et al. (1981) Methylation of CpG sequences in
eukaryotic DNA. FEBS Lett. 124, 67–71

44 Gruenbaum, Y. et al. (1982) Substrate and sequence specificity of a
eukaryotic DNA methylase. Nature 295, 620–622

45 Gopalakrishnan, S. et al. (2009) DNMT3B interacts with constitutive
centromere protein CENP-C to modulate DNA methylation and
the histone code at centromeric regions. Hum. Mol. Genet. 18,
3178–3193

http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0635
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0635
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0635
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0645
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0645
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0650
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0650
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0655
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0655
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0660
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0660
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0665
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0665
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0665
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0670
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0670
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0675
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0675
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0675
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0680
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0680
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0685
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0685
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0690
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0690
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0695
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0695
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0695
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0695
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0700
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0700
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0705
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0705
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0710
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0715
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0715
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0720
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0720
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0725
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0725
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0730
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0730
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0730
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0735
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0735
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0740
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0740
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0745
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0745
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0750
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0750
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0750
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0755
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0755
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0760
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0765
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0765
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0765
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0640
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0640
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0640
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0640
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0770
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0770
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0770
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0775
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0775
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0775
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0780
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0780
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0785
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0785
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0790
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0790
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0795
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0795
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0800
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0800
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0800
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0805
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0805
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0805
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0810
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0810
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0815
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0815
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0815
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0820
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0820
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0820
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0825
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0825
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0830
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0830
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0835
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0835
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0835
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0840
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0840
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0845
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0845
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0850
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0850
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0855
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0855
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0855
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0855


Review Trends in Molecular Medicine February 2015, Vol. 21, No. 2
46 Walton, E. et al. (2011) Maintenance of DNA methylation: Dnmt3b
joins the dance. Epigenetics 6, 1373–1377

47 Okano, M. et al. (1999) DNA methyltransferases Dnmt3a and Dnmt3b
are essential for de novo methylation and mammalian development.
Cell 99, 247–257

48 Seisenberger, S. et al. (2012) The dynamics of genome-wide DNA
methylation reprogramming in mouse primordial germ cells. Mol. Cell

49 Reik, W. et al. (2001) Epigenetic reprogramming in mammalian
development. Science 293, 1089–1093

50 Lane, N. et al. (2003) Resistance of IAPs to methylation
reprogramming may provide a mechanism for epigenetic
inheritance in the mouse. Genesis 35, 88–93

51 Jenuwein, T. (2001) Re-SET-ting heterochromatin by histone
methyltransferases. Trends Cell Biol. 11, 266–273

52 Wade, P.A. et al. (1997) Histone acetylation: chromatin in action.
Trends Biochem. Sci. 22, 128–132

53 Shiio, Y. and Eisenman, R.N. (2003) Histone sumoylation is
associated with transcriptional repression. Proc. Natl. Acad. Sci.
U.S.A. 100, 13225–13230

54 Shilatifard, A. (2006) Chromatin modifications by methylation and
ubiquitination: implications in the regulation of gene expression.
Annu. Rev. Biochem. 2432, 243–269

55 Holbert, M.A. and Marmorstein, R. (2005) Structure and activity of
enzymes that remove histone modifications. Curr. Opin. Struct. Biol.
15, 673–680

56 Perry, M. and Chalkley, R. (1982) Histone acetylation increases the
solubility of chromatin and occurs sequentially over most of the
chromatin. A novel model for the biological role of histone
acetylation. J. Biol. Chem. 257, 7336–7347

57 Lee, D.Y. et al. (1993) A positive role for histone acetylation in
transcription factor access to nucleosomal DNA. Cell 72, 73–84

58 Peters, A.H. and Schubeler, D. (2005) Methylation of histones: playing
memory with DNA. Curr. Opin. Cell Biol. 17, 230–238

59 Kooistra, S.M. and Helin, K. (2012) Molecular mechanisms and
potential functions of histone demethylases. Nat. Rev. Mol. Cell
Biol. 13, 297–311

60 Roh, T.Y. et al. (2006) The genomic landscape of histone modifications
in human T cells. Proc. Natl. Acad. Sci. U.S.A. 103, 15782–15787

61 Gaydos, L.J. et al. (2014) Gene repression. H3K27me and PRC2
transmit a memory of repression across generations and during
development. Science 345, 1515–1518

62 McManus, M.T. and Sharp, P.A. (2002) Gene silencing in mammals by
small interfering RNAs. Nat. Rev. Genet. 3, 737–747

63 Aravin, A.A. et al. (2007) Developmentally regulated piRNA clusters
implicate MILI in transposon control. Science 316, 744–747

64 Lau, N.C. et al. (2006) Characterization of the piRNA complex from
rat testes. Science 313, 363–367

65 Ashe, A. et al. (2012) piRNAs can trigger a multigenerational
epigenetic memory in the germline of C. elegans. Cell 150, 88–99

66 Castel, S.E. and Martienssen, R.A. (2013) RNA interference in the
nucleus: roles for small RNAs in transcription, epigenetics and
beyond. Nat. Rev. Genet. 14, 100–112

67 Volpe, T. and Martienssen, R.A. (2011) RNA interference and
heterochromatin assembly. Cold Spring Harb. Perspect. Biol. 3, a003731

68 Volpe, T. et al. (2003) RNA interference is required for normal
centromere function in fission yeast. Chromosome Res. 11, 137–146

69 Volpe, T.A. et al. (2002) Regulation of heterochromatic silencing and
histone H3 lysine-9 methylation by RNAi. Science 297, 1833–1837

70 Dorval, V. et al. (2013) Circulating microRNAs in Alzheimer’s disease:
the search for novel biomarkers. Front. Mol. Neurosci. 6, 24

71 Creemers, E.E. et al. (2012) Circulating microRNAs: novel biomarkers
and extracellular communicators in cardiovascular disease? Circ. Res.
110, 483–495

72 Mitchell, P.S. et al. (2008) Circulating microRNAs as stable blood-
based markers for cancer detection. Proc. Natl. Acad. Sci. U.S.A. 105,
10513–10518

73 Dalakouras, A. and Wassenegger, M. (2013) Revisiting RNA-directed
DNA methylation. RNA biology 10, 453–455

74 Wassenegger, M. et al. (1994) RNA-directed de novo methylation of
genomic sequences in plants. Cell 76, 567–576

75 Brennecke, J. et al. (2007) Discrete small RNA-generating loci as
master regulators of transposon activity in Drosophila. Cell 128,
1089–1103
76 Carmell, M.A. et al. (2007) MIWI2 is essential for spermatogenesis
and repression of transposons in the mouse male germline. Dev. Cell
12, 503–514

77 Kuramochi-Miyagawa, S. et al. (2008) DNA methylation of
retrotransposon genes is regulated by Piwi family members MILI
and MIWI2 in murine fetal testes. Genes Dev. 22, 908–917

78 Watanabe, T. et al. (2011) Role for piRNAs and noncoding RNA in de
novo DNA methylation of the imprinted mouse Rasgrf1 locus. Science
332, 848–852

79 Liu, D. et al. (1997) Maternal care, hippocampal glucocorticoid
receptors, and hypothalamic-pituitary-adrenal responses to stress.
Science 277, 1659–1662

80 Francis, D. et al. (1999) Nongenomic transmission across generations
of maternal behavior and stress responses in the rat. Science 286,
1155–1158

81 Weaver, I.C. et al. (2006) Maternal care effects on the hippocampal
transcriptome and anxiety-mediated behaviors in the offspring that
are reversible in adulthood. Proc. Natl. Acad. Sci. U.S.A. 103, 3480–
3485

82 McGowan, P.O. et al. (2011) Broad epigenetic signature of maternal
care in the brain of adult rats. PLoS ONE 6, e14739

83 Weaver, I.C. et al. (2005) Reversal of maternal programming of stress
responses in adult offspring through methyl supplementation:
altering epigenetic marking later in life. J. Neurosci. 25, 11045–11054

84 Weaver, I.C. et al. (2007) The transcription factor nerve growth factor-
inducible protein a mediates epigenetic programming: altering
epigenetic marks by immediate-early genes. J. Neurosci. 27, 1756–1768

85 Weaver, I.C. et al. (2014) The methylated-DNA binding protein MBD2
enhances NGFI-A (egr-1)-mediated transcriptional activation of the
glucocorticoid receptor. Philos. Trans. R. Soc. Lond. B: Biol. Sci. 369

86 McGowan, P.O. et al. (2009) Epigenetic regulation of the
glucocorticoid receptor in human brain associates with childhood
abuse. Nat. Neurosci. 12, 342–348

87 Cao-Lei, L. et al. (2014) DNA methylation signatures triggered by
prenatal maternal stress exposure to a natural disaster: project ice
storm. PLoS ONE 9, e107653

88 Howerton, C.L. et al. (2013) O-GlcNAc transferase (OGT) as a
placental biomarker of maternal stress and reprogramming of CNS
gene transcription in development. Proc. Natl. Acad. Sci. U.S.A. 110,
5169–5174

89 Howerton, C.L. and Bale, T.L. (2014) Targeted placental deletion of
OGT recapitulates the prenatal stress phenotype including
hypothalamic mitochondrial dysfunction. Proc. Natl. Acad. Sci.
U.S.A. 111, 9639–9644

90 Quilter, C.R. et al. (2014) Impact on offspring methylation patterns of
maternal gestational diabetes mellitus and intrauterine growth
restraint suggest common genes and pathways linked to
subsequent type 2 diabetes risk. FASEB J. 28, 4868–4879

91 West, N.A. et al. (2013) Exposure to Maternal Diabetes in Utero and
DNA Methylation Patterns in the Offspring. Immunometabolism 1,
1–9

92 Ruchat, S.M. et al. (2013) Gestational diabetes mellitus epigenetically
affects genes predominantly involved in metabolic diseases.
Epigenetics 8, 935–943

93 Nomura, Y. et al. (2014) Global methylation in the placenta and
umbilical cord blood from pregnancies with maternal gestational
diabetes, preeclampsia, and obesity. Reprod Sci. 21, 131–137

94 Sasagawa, I. et al. (2001) Stress and testicular germ cell apoptosis.
Arch. Androl. 47, 211–216

95 Schultz, R. et al. (1993) Localization of the glucocorticoid receptor in
testis and accessory sexual organs of male rat. Mol. Cell. Endocrinol.
95, 115–120

96 Kaufmann, S.H. et al. (1992) Evidence that rodent epididymal sperm
contain the Mr approximately 94,000 glucocorticoid receptor but lack
the Mr approximately 90,000 heat shock protein. Endocrinology 130,
3074–3084

97 Belyaev, D.K. et al. (1983) Effect of hydrocortisone on the phenotypic
expression and inheritance of the Fused gene in mice. Theor. Appl.
Genet. 64, 275–281

98 Belyaev, D.K. et al. (1981) Inheritance of alternative states of the
fused gene in mice. J. Hered. 72, 107–112

99 Petropoulos, S. et al. (2014) Adult glucocorticoid exposure leads to
transcriptional and DNA methylation changes in nuclear steroid
143

http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0860
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0860
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0865
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0865
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0865
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0870
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0870
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0875
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0875
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0880
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0880
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0880
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0885
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0885
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0890
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0890
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0895
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0895
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0895
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0900
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0900
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0900
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0905
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0905
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0905
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0910
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0910
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0910
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0910
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0915
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0915
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0920
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0920
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0925
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0925
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0925
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0930
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0930
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0935
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0935
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0935
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0940
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0940
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0945
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0945
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0950
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0950
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0955
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0955
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0960
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0960
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0960
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0965
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0965
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0970
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0970
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0975
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0975
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0980
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0980
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0985
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0985
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0985
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0990
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0990
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0990
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0995
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref0995
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1000
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1000
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1005
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1005
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1005
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1010
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1010
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1010
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1015
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1015
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1015
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1020
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1020
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1020
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1025
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1025
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1025
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1030
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1030
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1030
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1035
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1035
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1035
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1035
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1040
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1040
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1045
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1045
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1045
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1050
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1050
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1050
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1055
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1055
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1055
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1060
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1060
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1060
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1065
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1065
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1065
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1070
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1070
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1070
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1070
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1075
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1075
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1075
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1075
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1080
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1080
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1080
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1080
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1085
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1085
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1085
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1090
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1090
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1090
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1095
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1095
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1095
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1100
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1100
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1105
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1105
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1105
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1110
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1110
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1110
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1110
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1115
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1115
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1115
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1120
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1120
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1125
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1125


Review Trends in Molecular Medicine February 2015, Vol. 21, No. 2
receptors in the hippocampus and kidney of mouse male offspring.
Biol. Reprod. 90, 43

100 Morgan, C.P. and Bale, T.L. (2011) Early prenatal stress
epigenetically programs dysmasculinization in second-generation
offspring via the paternal lineage. J. Neurosci. 31, 11748–11755

101 Rodgers, A.B. et al. (2013) Paternal stress exposure alters sperm
microRNA content and reprograms offspring HPA stress axis
regulation. J. Neurosci. 33, 9003–9012

102 Jablonka, E. and Raz, G. (2009) Transgenerational epigenetic
inheritance: prevalence, mechanisms, and implications for the study
of heredity and evolution. Q. Rev. Biol. 84, 131–176

103 Jablonka, E. (2013) Epigenetic inheritance and plasticity: the
responsive germline. Prog. Biophys. Mol. Biol. 111, 99–107

104 Anway, M.D. et al. (2005) Epigenetic transgenerational actions of
endocrine disruptors and male fertility. Science 308, 1466–1469

105 Skinner, M.K. et al. (2008) Transgenerational epigenetic programming
of the brain transcriptome and anxiety behavior. PLoS ONE 3, e3745

106 Manikkam, M. et al. (2013) Plastics derived endocrine disruptors (BPA,
DEHP and DBP) induce epigenetic transgenerational inheritance of
obesity, reproductive disease and sperm epimutations. PLoS ONE 8,
e55387

107 Tracey, R. et al. (2013) Hydrocarbons (jet fuel JP-8) induce epigenetic
transgenerational inheritance of obesity, reproductive disease and
sperm epimutations. Reprod. Toxicol. 36, 104–116

108 Skinner, M.K. et al. (2013) Ancestral dichlorodiphenyltrichloroethane
(DDT) exposure promotes epigenetic transgenerational inheritance of
obesity. BMC Med. 11, 228

109 Skinner, M.K. and Guerrero-Bosagna, C. (2014) Role of CpG deserts
in the epigenetic transgenerational inheritance of differential DNA
methylation regions. BMC Genomics 15, 692

110 Crews, D. et al. (2007) Transgenerational epigenetic imprints on
mate preference. Proc. Natl. Acad. Sci. U.S.A. 104, 5942–5946

111 Franklin, T.B. et al. (2010) Epigenetic transmission of the impact of
early stress across generations. Biol. Psychiatry 68, 408–415

112 Gapp, K. et al. (2014) Implication of sperm RNAs in transgenerational
inheritance of the effects of early trauma in mice. Nat. Neurosci. 17,
667–669
144
113 Liebers, R. et al. (2014) Epigenetic regulation by heritable RNA. PLoS
Genet. 10, e1004296

114 Dias, B.G. and Ressler, K.J. (2013) Parental olfactory experience
influences behavior and neural structure in subsequent generations.
Nat. Neurosci. 17, 89–96

115 Francis, G. (2014) Too much success for recent groundbreaking
epigenetic experiments. Genetics 198, 449–451

116 Waterland, R.A. and Jirtle, R.L. (2003) Transposable elements:
targets for early nutritional effects on epigenetic gene regulation.
Mol. Cell. Biol. 23, 5293–5300

117 Dolinoy, D.C. et al. (2006) Maternal genistein alters coat color and
protects Avy mouse offspring from obesity by modifying the fetal
epigenome. Environ. Health Perspect. 114, 567–572

118 Dolinoy, D.C. et al. (2007) Maternal nutrient supplementation
counteracts bisphenol A-induced DNA hypomethylation in early
development. Proc. Natl. Acad. Sci. U.S.A. 104, 13056–13061

119 Waterland, R.A. et al. (2007) Diet-induced hypermethylation at agouti
viable yellow is not inherited transgenerationally through the female.
FASEB J. 21, 3380–3385

120 Cropley, J.E. et al. (2012) The penetrance of an epigenetic trait in mice
is progressively yet reversibly increased by selection and
environment. Proc. Biol. Sci. 279, 2347–2353

121 Rechavi, O. et al. (2014) Starvation-induced transgenerational
inheritance of small RNAs in C. elegans. Cell 158, 277–287

122 Ng, S.F. et al. (2010) Chronic high-fat diet in fathers programs beta-
cell dysfunction in female rat offspring. Nature 467, 963–966

123 Ng, S.F. et al. (2014) Paternal high-fat diet consumption induces
common changes in the transcriptomes of retroperitoneal adipose
and pancreatic islet tissues in female rat offspring. FASEB J. 28,
1830–1841

124 Vassoler, F.M. et al. (2013) Epigenetic inheritance of a cocaine-
resistance phenotype. Nat. Neurosci. 16, 42–47

125 Vassoler, F.M. et al. (2014) The impact of exposure to addictive
drugs on future generations: Physiological and behavioral effects.
Neuropharmacology 76, 269–275

126 Zeybel, M. et al. (2012) Multigenerational epigenetic adaptation of the
hepatic wound-healing response. Nat. Med. 18, 1369–1377

http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1125
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1125
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1130
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1130
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1130
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1135
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1135
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1135
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1140
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1140
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1140
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1145
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1145
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1150
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1150
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1155
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1155
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1160
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1160
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1160
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1160
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1165
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1165
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1165
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1170
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1170
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1170
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1175
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1175
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1175
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1180
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1180
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1185
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1185
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1190
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1190
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1190
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1195
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1195
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1200
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1200
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1200
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1205
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1205
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1210
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1210
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1210
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1215
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1215
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1215
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1220
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1220
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1220
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1225
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1225
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1225
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1230
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1230
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1230
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1235
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1235
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1240
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1240
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1245
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1245
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1245
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1245
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1250
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1250
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1255
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1255
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1255
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1260
http://refhub.elsevier.com/S1471-4914(14)00218-4/sbref1260

	Nongenetic inheritance and transgenerational epigenetics
	Evidence for nongenetic multigenerational transmission of parental experience
	Epigenetic mechanisms as possible mediators of responses to the environment
	DNA methylation and heritability
	Histone modification and heritability
	Small noncoding RNA (sncRNA)

	Non-gamete mediated multigenerational transmission of parental experience and its epigenetic underpinning
	Parental experiences and epigenetic-mediated multigenerational transmission
	It is extremely difficult to prove causation in human studies of DNA methylation.
	Placenta-mediated transmission

	Gamete-mediated multigenerational transmission of parental experience
	Gamete-mediated transgenerational inheritance of ancestral behavioral, toxic, and addictive experiences
	Environmental toxin exposure
	Early-life stress and social adversity
	Transgenerational transmission of odor fear conditioning

	Concluding remarks and future perspectives
	Acknowledgments
	References


