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Epigenetic modifications are widely accepted as playing a critical role in the regulation of gene expression and thereby
contributing to the determination of the phenotype of multicellular organisms. In general, these marks are cleared and re-
established each generation, but there have been reports in a number of model organisms that at some loci in the genome
this clearing is incomplete. This phenomenon is referred to as transgenerational epigenetic inheritance. Moreover, recent
evidence shows that the environment can stably influence the establishment of the epigenome. Together, these findings
suggest that an environmental event in one generation could affect the phenotype in subsequent generations, and these
somewhat Lamarckian ideas are stimulating interest from a broad spectrum of biologists, from ecologists to health workers.

Epigenetics became an established discipline in the 1970s and

1980s as a result of work carried out by geneticists using model

organisms such as Drosophila (Henikoff 1990). Originally, this re-

search area aimed to understand those instances in which stable

changes in genome function could not be explained by changes in

DNA sequence. This definition suited Waddington’s original purpose,

i.e., to explain how a multicellular organism could develop from

one genome (Waddington 1942). More recently, with increasing

knowledge of the underlying molecular mechanisms, the field has

taken on a more biochemical flavor (Bird 2007; Kouzarides 2007).

Constant progress is being made in the identification of epigenetic

marks, i.e., the molecular marks to the chromosome that influence

genome function, and while DNA methylation remains the most

extensively studied, the importance of histone modifications as

well as the contribution of RNA has become increasingly clear.

There has always been much interest in the idea that some

epigenetic marks can be inherited across generations. However, de-

spite the fact that these marks are considered relatively stable during

development (i.e., transmissible across mitosis), in theory they must

undergo reprogramming in primordial germ cells (PGCs) and in the

zygote to ensure the totipotency of cells of the early embryo, en-

abling them to differentiate down any pathway. For transgenera-

tional epigenetic inheritance to occur at a particular locus, this re-

programming must be bypassed (Hadchouel et al. 1987; Roemer

et al. 1997; Morgan et al. 1999). Recent reports that the establish-

ment of epigenetic states can be altered by the environment, com-

bined with the idea that epigenetic states can be inherited across

generations, has resurrected an interest from the scientific commu-

nity in Lamarckism. Here, we will highlight recent developments in

our understanding of transgenerational epigenetic inheritance in

multicellular organisms and discuss how alterations of the epi-

genotype might contribute to the determination of the adult phe-

notype of future generations. In particular, recent advances in our

ability to study the integrity of the genome will help to identify true

epigenetic phenomena.

Naturally occurring epialleles

Some of the earliest evidence for transgenerational epigenetic in-

heritance came from studies in plants (Bender and Fink 1995;

Jacobsen and Meyerowitz 1997; Soppe et al. 2000; Rangwala et al.

2006). One of the oldest examples involves a change in flower

symmetry from bilateral to radial in Linaria vulgaris. This change

appears to be explained by a change in DNA methylation rather

than DNA sequence. The phenotype of the flower correlates tightly

with the degree of DNA methylation at the promoter of the Lcyc

gene, and the presence or absence of DNA methylation at the

promoter correlates with its silent or active state, respectively.

Occasionally, reversions to wild-type flowers occur in one branch

of a plant, concomitant with hypomethylation at the locus (Cubas

et al. 1999). Sequencing of around 1 kb upstream of the Lcyc locus

did not detect any differences between wild-type and mutant

plants (Cubas et al. 1999). It is still not clear how the silent state is

maintained across generations at the locus. It is important to note

that care has to be taken when meiotically heritable changes in

phenotype are described as epigenetic, because in most systems it

is almost impossible to completely rule out mutations either at the

locus or elsewhere in the genome that could contribute directly or

indirectly to the phenotype. Only recently it was shown that the

bal variant in Arabidopsis, which was long thought to have an

underlying epigenetic explanation, arose from a gene duplication,

and that the duplication alone is necessary and sufficient for the

phenotype observed in the bal variant (Yi and Richards 2009).

Duplicated regions of genomes are difficult to detect and therefore

difficult to rule out.

It was shown recently that altered patterns of DNA methyla-

tion in plants (as seen in ddm1 or met1 mutants) can be heritable

over many generations, even following backcrossing to wild-type

plants (Johannes et al. 2009; Reinders et al. 2009). However, at

some specific loci this is not the case; the methylation state reverts

to that of the wild-type state. The reason for these differences is not

clear.

The best evidence for transgenerational epigenetic inheri-

tance in the mouse comes from the study of epialleles, such as

agouti viable yellow and axin fused, in which DNA methylation

levels of intracisternal A particle (IAP) retrotransposons control the

expression of the neighboring gene. Alleles of this type are referred

to as epialleles because the epigenetic state of the IAP transcrip-

tional control element determines the phenotype. IAP elements

are among a small group of long terminal repeat (LTR) retrotrans-

posons, and it is interesting that this group appears to be resistant

to the erasure of DNA methylation during reprogramming events

in the gametes and early embryos (Morgan et al. 1999; Lane et al.

2003; Rakyan et al. 2003; Popp et al. 2010). Variable phenotypes
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(a range of coat colors from yellow, yellow and brown patches, to

brown) are observed in inbred (and, therefore, presumably iso-

genic) mice carrying an agouti viable yellow allele, and this cor-

relates with the DNA methylation status of the IAP. The epigenetic

state can be transmitted to the next generation, maternally for

agouti viable yellow and both maternally and paternally for axin-

fused (Morgan et al. 1999; Rakyan and Whitelaw 2003; Rakyan

et al. 2003; Blewitt et al. 2006). Although the Avy and the axin-fused

loci are the best-characterized epialleles in the mouse, the epige-

netic marks that facilitate transgenerational epigenetic inheritance

are not known. The simplest explanation has always been that

DNA methylation at the locus escapes the reprogramming events.

However, at least one study has shown that in blastocysts, fol-

lowing maternal transmission, DNA methylation at Avy is com-

pletely lost, suggesting that DNA methylation is not the inherited

mark (Blewitt et al. 2006).

Transgenerational epigenetic inheritance at transgenes

There has been a long history of reports of epigenetic silencing at

transgenes both in animals and plants (Hadchouel et al. 1987;

Allen et al. 1990; Dorn et al. 1993; Kearns et al. 2000; Matzke et al.

2000; Sutherland et al. 2000; Lane et al. 2003; Xing et al. 2007). In

some cases these silent states have been shown to be passed on to

the next generation. For example, a transgene construct, consist-

ing of polycomb response element (PRE), Fab-7, placed upstream

of a GAL4 UAS-inducible reporter gene, provided the first evidence

for transgenerational epigenetic inheritance in Drosophila (Cavalli

and Paro 1998, 1999). During embryogenesis the normally silent

state of the Fab7-PRE could be switched to active. This active state

was stably maintained through many rounds of mitosis, but also

through meiosis in the absence of the initial GAL4 inducer (Paro

et al. 1998; Cavalli and Paro 1999).

A recent study in Arabidopsis has shown that after extreme

temperature or UV-B stress, a silent transgene and some endogenous

transposable elements were activated, and these changes were her-

itable for two generations. Interestingly, the loss of silencing at these

loci correlated with an increase in histone acetylation, a mark

known to be associated with active transcription, but was not accom-

panied by a loss of DNA methylation (Lang-Mladek et al. 2010).

However, the changes in histone acetylation may well be a response

to the change in transcriptional activity rather than a driver.

The molecular basis for the meiotic memory in both of these

cases of transgenerational epigenetic inheritance at transgenes re-

mains unknown.

Paramutation

Paramutation and paramutation-like phenomena have been de-

scribed in plants, fungi, and mammals, and most extensively studied

in maize. Paramutation involves an allelic interaction (in trans) that

leads to a heritable change in gene expression. At the b1 locus the

‘‘paramutagenic’’ B9 allele (normally associated with pale plants)

changes the epigenetic state of the ‘‘paramutable’’ B-I allele (nor-

mally associated with dark plants) when crossed, which results in

a phenotypic change at the B-I allele from dark purple to lightly

pigmented mature plant tissues. No changes from B9 to B-I have been

observed, making the B9 allele extremely stable over many genera-

tions (Arteaga-Vazquez and Chandler 2010). While the presence of

tandem repeats in cis has been shown to play an important role in

the b1 paramutation system, the molecular basis of these phenom-

ena has been has been difficult to understand (Stam et al. 2002).

Exciting results have been obtained recently from forward

genetic screens using the b1 locus and another paramutable locus,

pl1, and several genes required for paramutation have been un-

covered (Dorweiler et al. 2000; Alleman et al. 2006; Erhard et al.

2009; Sidorenko et al. 2009; Stonaker et al. 2009). To date, the

majority of the genes identified overlap with factors required for

small RNA-mediated silencing (Arteaga-Vazquez and Chandler

2010). An RNA-dependent RNA polymerase has been shown to be

absolutely required for the establishment and maintenance of

paramutation (Alleman et al. 2006; Sidorenko and Chandler 2008).

A paramutation-like phenomenon has also been observed in

the mouse. This involves the inheritance of a white-tail phenotype

caused by an insertional mutation (a transgene was inserted

downstream from the Kit promoter that produces an aberrant

transcript) at the Kit locus, resulting in no KIT protein. Upon

analysis of the offspring of heterozygous intercrosses (i.e., when

breeding mice heterozygous for this mutant Kit allele) the number

of phenotypically wild-type mice was less than that expected by

Mendelian rules. Further analysis revealed that wild-type offspring

were generated in the expected Mendelian ratio, but that most had

maintained the mutant phenotype, displaying white tail tips.

Importantly, this mutant phenotype (Kit*) could be transmitted

by the genotypically wild-type mice to the next generation

(Rassoulzadegan et al. 2006). A role for RNA in this paramutation-

like phenomenon was proposed because elevated RNA levels were

found in the sperm of mice heterozygous for the Kit mutation

and in Kit* wild-type males. Paramutation could be induced fol-

lowing microinjection of microRNAs targeted to the Kit locus

(Rassoulzadegan et al. 2006). However, concerns have been raised

regarding the particular phenotype. The white tail is found sur-

prisingly frequently in inbred C57BL/6 mice obtained from the

Jackson Lab, i.e., those that we can be confident did not have an-

cestors carrying the Kit tmlAlf allele (Arnheiter 2007). Similar para-

mutation-like phenomena have been reported by the same group

at some other loci in the mouse (Wagner et al. 2008; Grandjean

et al. 2009).

In the case of paramutation in the mouse, it seems that the

amount of RNA, originally present to trigger the response, is im-

portant for the transgenerational inheritance of the phenotype

(Grandjean et al. 2009). A similar observation was described in

C. elegans, where it was shown that heritable silencing of the oo-

cyte maturation factor (oma-1) following dsRNA injection is dose

dependent (Alcazar et al. 2008). Long-term silencing effects lasted

three to four generations, but dropped significantly afterward. This

transgenerational silencing has also been described with other

target genes (Grishok et al. 2000; Vastenhouw et al. 2006). While

molecular mechanisms for this transgenerational silencing in

worms remain unknown, it has been shown that the silencing can

be transmitted independently of the originally targeted locus, in-

dicating a mobile silencing signal (Grishok et al. 2000; Alcazar et al.

2008). Alcazar and colleagues propose that RNA molecules are the

inherited signal (Alcazar et al. 2008).

Epigenetics and environment

Throughout their life cycle, organisms are constantly exposed to

environmental influences that pose a threat to the stability of their

genome and/or epigenome. Several cases have been reported in

various organisms, in which environmental influences such as

exposure to chemicals (Anway et al. 2005; Vandegehuchte et al.

2009), nutritional supplements/nutrient availability (Wolff et al.

1998; Cooney et al. 2002; Dolinoy et al. 2006; Kaminen-Ahola
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et al. 2010), maternal behavior (Weaver et al. 2004), pathogens

(Boyko et al. 2007), or temperature (Lang-Mladek et al. 2010) cause

alterations in gene expression that persist throughout life and

sometimes appear to be transmitted to the next generation.

Honeybees provide an interesting example of where a change

in nutritional input dramatically alters the phenotype of the de-

veloping, genetically identical larvae. In the wild, larvae fed with

royal jelly become queens, which differ significantly in their phys-

iology from that of workers. It has been shown recently that down-

regulation of the bee’s DNA methyltransferase, during a critical

‘‘decision-making’’ period in larval development, results in the

emergence of an increased number of queens from the larvae not

fed royal jelly (Kucharski et al. 2008). These studies highlight the

importance of DNA methylation as an intermediary between the

environment and the developmental outcomes.

A recent study in the mouse reported that ethanol con-

sumption by pregnant females can influence the adult phenotype

of the developing embryos. Developmental abnormalities (de-

crease in body weight, smaller skull size, and differences in cranial

shape) were observed in adolescent offspring from mothers that

were exposed to ethanol during the first half of pregnancy

(Kaminen-Ahola et al. 2010). Moreover, using the epigenetically

sensitive agouti viable yellow (Avy) as a read-out system, it was

shown that ethanol exposure led to an increase in transcriptional

silencing associated with hypermethylation at the Avy locus and

a shift toward pseudoagouti (brown) (Kaminen-Ahola et al. 2010).

It remains to be determined whether the effects observed after

ethanol exposure can be transmitted to the next generations or are

restricted to directly exposed animals. It is important to remember

that when transgenerational phenomena are observed in mice that

have been exposed to environmental stresses during pregnancy,

not only the mother, but the F1 generation (embryo) and the de-

veloping germ line of the F2 generation are also exposed to these

triggers (Youngson and Whitelaw 2008).

Another instance in which the Avy allele has been used as

a biosensor revealed a shift of coat color toward pseudoagouti after

feeding the mice a methyl-rich diet (Wolff et al. 1998; Cooney et al.

2002; Waterland and Jirtle 2003; Cropley et al. 2006, 2007;

Waterland et al. 2006, 2007). DNA methylation at the Avy locus was

found to be increased in animals that were fed with a methyl-rich

diet (Waterland and Jirtle 2003). Follow-up studies were performed

to determine whether increased DNA methylation levels at Avy

were inherited to the next generation. Waterland et al. (2007)

came to the conclusion that the acquired DNA methylation marks

were not transgenerationally inherited, whereas using a slightly

different breeding strategy, Cropley et al. (2006) reported the

opposite.

An epigenetic memory of stress has been observed in dande-

lions (Taraxacum officinale) (Verhoeven et al. 2010). Dandelions

are apomictic, i.e., they reproduce through unfertilized seeds, and

are therefore assumed to be genetically identical, providing the

opportunity of studying epigenetic variation in the absence of

genotypic variation. In a recent study, isogenic dandelions were

exposed to a variety of stresses (biotic and abiotic) and, together

with the first generation of unstressed offspring, were analyzed

for genome-wide DNA methylation changes using methylation-

sensitive amplified-fragment-length polymorphism. The results

showed that stress-induced DNA methylation changes occurred,

and that these changes were transmitted to the next generation

(Verhoeven et al. 2010). The nature of the differentially methyl-

ated loci, i.e., whether they are genes or transposable elements, is

not yet clear. Moreover, in the absence of a complete genome se-

quence it is hard to rule out underlying genetic changes. Despite

the technical challenges in studying dandelions, they provide

an interesting example of a situation in which genetic variation

is limited and where transgenerational epigenetic inheritance

could provide a useful mechanism for adaptation to environmental

changes.

Whereas inbred mouse strains and apomictic dandelions

provide an opportunity to study epigenetic variation in a situation

in which genetic variation is greatly mimimized, the situation

is different in outbred populations, such as humans. Studies in

monozygotic (MZ) twin pairs, which are genetically identical, pro-

vide some evidence for epigenetic variation between individuals

within a twin pair (Fraga et al. 2005; Mill et al. 2006; Oates et al.

2006; Kaminsky et al. 2009). However, a more recent genome-wide

study of the genetic, epigenetic, and transcriptomic differences in

monozygotic twins discordant for multiple sclerosis failed to find

any significant genetic or epigenetic differences (Baranzini et al.

2010). Clearly, more work needs to be carried out in this area. MZ

twins provide a unique opportunity to unravel the extent to which

the epigenome is hard-wired in humans.

The effects of environmental influences and the possibility

that the resulting epigenetic alterations are heritable to the next

generation are of considerable interest to those studying disease in

humans. A recent study investigated the long-term effects of pre-

natal exposure to famine on DNA methylation at the imprinted

IGF2 gene. Individuals conceived during the Dutch Hunger Winter

(1944–1945) showed hypomethylation at the IGF2 differentially

methylated region (DMR) when analyzed six decades later. In-

terestingly, no differences in DNA methylation were observed in

individuals exposed to famine late in gestation. The finding sug-

gests that the protein-deficient diet of the mother contributed to

the loss of DNA methylation at the IGF2 DMR (Heijmans et al.

2008). It is difficult to tease out cause and effect. The loss of meth-

ylation in old age may be a consequence of some as yet unknown

physiological changes. Unfortunately, in this study there is no re-

cord of DNA methylation patterns earlier in development. A pro-

spective cohort study would be best, and epidemiologists are now

collecting biospecimens from MZ twins at birth (Foley et al. 2009).

This will provide us with exciting new data in the coming decades.

A large epidemiological study carried out in Sweden reported

that early paternal smoking was associated with a greater body

mass index in sons (Pembrey et al. 2006). Additionally, they found

a correlation between mortality risk ratio of grandsons and pater-

nal grandfather’s food supply in mid-childhood. The mortality risk

ratio of the granddaughters was linked to the paternal grand-

mother’s food supply (Pembrey et al. 2006). While it is possible to

explain these observations based on transgenerational epigenetic

inheritance, other equally plausible explanations exist. In these

types of studies, cultural confounders are almost impossible to rule

out.

An epimutation in humans has been described in an in-

dividual with hereditary nonpolyposis colorectal cancer. The pa-

tient had altered DNA methylation patterns at one allele of MLH1,

a DNA mismatch repair gene. Silencing of the MLH1 allele was

detectable in all three germ layers, suggesting that an epimutation

had occurred in the parental germ line. Some siblings inherited the

same allele in an unmethylated state, and no DNA mutations were

identified in the MLH1 coding or promoter regions, supporting

the idea that this was a case of transgenerational epigenetic in-

heritance (Hitchins et al. 2005). However, a mechanism for the

MLH1 epimutation has yet to be identified, and trans-acting ge-

netic alterations cannot be ruled out (Hesson et al. 2010). There is
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increasing evidence that trans-effects can influence the epigenetic

state of a locus so that undetected copy number variations, large

duplications, and inversions anywhere in the genome could be the

cause of the effect (Hesson et al. 2010).

Toward a molecular mechanism

In those cases in which transgenerational epigenetic inheritance

has been observed, the underlying molecular mechanisms are

poorly understood. The recent discovery that germ-line cells con-

tain large numbers of different small RNA species in mice, flies, and

plants suggests a novel way of transmitting epigenetic information

through the germ line (Aravin and Hannon 2008; Mosher et al.

2009; Slotkin et al. 2009; Teixeira et al. 2009). Indeed, maternal

transmission of Piwi-interacting RNAs (piRNAs) in Drosophila has

been shown to influence fertility of the offspring via piRNA-directed

silencing of transposable elements in a phenomenon termed hybrid

dysgenesis (Brennecke et al. 2008). In mammals, microRNAs have

been implicated as the trigger for a paramutation-like phenomenon,

and this has been discussed above. However, the involvement of

other classes of small RNAs in transgenerational epigenetic inheri-

tance in mammals remains to be determined.

As we have indicated already, transgenerational epigenetic

inheritance does appear to preferentially occur at transgenes, trans-

posable elements, or genes that are under the transcriptional control

of transposable elements. It has been suggested that what makes

these states special is that they involve insertions, which, when

heterozygous, trigger events such as ‘‘meiotic silencing of unpaired

DNA’’ (MSUD), a process that has been extensively studied in

Neurospora (Shiu et al. 2001).

Until recently, a role for chromatin in transgenerational epi-

genetic inheritance in mammals was considered unlikely, because

in sperm the histones are replaced by smaller, arginine-rich prot-

amines. This replacement would erase any epigenetic modification

at histone tails, thereby preventing epigenetic inheritance. How-

ever, it has now become clear that some nucleosomes are retained,

and these are not random remnants of insufficient clearance of

epigenetic marks, but enriched at specific loci important for em-

bryonic development. High levels of H3K27me3, H3K4me2, and

H3K4me3 are found at these loci (Hammoud et al. 2009a,b;

Brykczynska et al. 2010). Brykczynska et al. (2010) propose that

H3K27me3 might be the epigenetic modification that is trans-

mitted paternally to the next generation.

While the mechanisms of inheritance of histone modifica-

tions in mammals are still under debate, there is at least one report

in C. elegans demonstrating the importance of complete erasure

of H3K4me2 patterns in the germ line to prevent transmission of

this epigenetic mark to the next generation (Katz et al. 2009). The

absence of the H3K4me2 demethylase LSD1/KDM1 in C. elegans

over many generations was shown to result in a significant in-

crease of H3K4me2 levels at genes required for spermatogenesis.

The accumulation of active marks was shown to correlate with an

increase in gene expression at these loci (Katz et al. 2009).

It has also been shown that haploinsufficiency for DNMT1 (a

DNA methyltransferase) and SNF2H (SMARCA5) (a chromatin re-

modeler) in male mice can trigger phenotypic abnormalities in the

offspring that did not inherit the mutated gene (Chong et al. 2007).

These are referred to as paternal effects. Chong and colleagues

proposed a model whereby a shift in dosage (or the compromised

function) of epigenetic modifiers can modify the epigenome of

wild-type gametes at regions that are not cleared, and that these

can, in turn, act in trans on alleles introduced only via the egg. It

will be interesting to see whether haploinsufficiency for other pro-

teins involved in epigenetic reprogramming display similar effects.

Conclusion and future directions

Multicellular organisms have evolved complex mechanisms to

clear epigenetic states between generations. However, in some cases

these mechanisms can be circumvented. Recent studies across a

wide range of species have strengthened the idea that the direct

inheritance of RNA molecules and of chromatin states does occur,

making these plausible explanations. The development of high-

throughput methods of sequencing both RNA and DNA in combi-

nation with antibodies specific to particular histone modifications

will enable us to fully characterize the epigenetic marks across the

entire genome of gametes and early embryos in the near future.

Together, these studies will provide us with exciting new insights on

how and to what extent transgenerational epigenetic inheritance

occurs in various organisms. Certainly, we are only at the begin-

ning, and most likely we will have to revise our current models

about the nature and stability of the epigenetic marks to fully

understand this mechanism.
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