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Review

Epigenetics refers to factors around the genome that do
not directly involve DNA sequence to regulate the gen-
ome. Epigenetic regulation of the genome involves factors
such as chromatin structure, histone modifications and
DNA methylation. The DNA sequence of the genome is
the essential building block of the individual and species.
Therefore, the stability of the genome sequence is critical
and is not readily mutated, modified or altered. The
majority of environmental factors and toxicants have not
been shown to directly modify DNA sequence, but pro-
mote more complex molecular origins of disease (Cunn-
iff, 2001; Zlotogora, 2003). Many environmental factors
from nutrition to environmental toxicants can alter epi-
genetic factors such as DNA methylation or chromatin
structure (Issa, 2002; Gluckman & Hanson, 2004). A con-
sideration of this environment-genome interaction
requires epigenetic regulation to be considered as a com-
ponent of the molecular basis of these environmental
interactions with the genome.

A transgenerational phenomenon is defined as the abil-
ity of an acquired physiological phenotype or disease to
be transmitted to subsequent generations through the
germline. A refinement of this definition is that the subse-
quent generation is not directly exposed to the environ-
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The ability of an environmental exposure (i.e. endocrine disruptor) during sex
determination to reprogramme the male germline and promote an epigenetic
transgenerational disease phenotype suggests that environmental factors and
compounds may permanently alter the germline epigenome. This epigenetic
transgenerational phenomenon will be discussed with respect to adult-onset
germline disease (e.g. testicular cancer). A thorough literature review is not
provided, rather a perspective is provided on how this epigenetic transgenera-
tional toxicology should be considered in germ cell disease and testicular

mental factor or toxicant. For example, the exposure of
a gestating mother exposes the FO generation mother, the
F1 generation embryo and the germline of the F2 genera-
tion (Fig. 1). As multiple generations are exposed, the
phenotypes in the FO, F1 and F2 generations could be
due to the toxicology of the direct exposure and not
necessarily transmitted through an alternate mechanism.
Therefore, in the example above, the F3 generation would
be the first unequivocal transgenerational generation. This
does not rule out that the F2 generation does not involve
a transgenerational phenotype, but simply points out
a limitation to this conclusion due to the direct exposure.
A multigenerational exposure can transmit a phenotype
due to the toxicology of the direct exposure; however,
a transgenerational phenotype requires the transmission
of a phenotype independent of direct exposure.
Environmental exposures have been reported to pro-
mote several transgenerational disease states (Anway &
Skinner, 2006). Generally, an embryonic or early postnatal
exposure is required for these transgenerational pheno-
types to develop. An example includes the ability of an
embryonic diethylstibesterol exposure to promote F2 gen-
eration female and male reproductive tract defects (New-
bold et al., 1998). Another example is the ability of
embryonic nutritional defects (i.e. caloric restriction) to
promote an F2 generation diabetes phenotype (Zambrano
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Figure 1 Epigenetic transgenerational adult onset disease transmitted
through the male germline.

et al., 2005). The reproducibility and frequency of these
disease phenotypes suggests that they are likely epigenetic
and not the outcome of DNA sequence mutations. The
potential that these exposure phenotypes are epigenetic
transgenerational phenotypes remains to be directly dem-
onstrated, but suggests such a phenomenon may exist.
Recently the observation was made that the transient
exposure of an FO generation gestating rat at the time of
embryonic sex determination to an endocrine disruptor
can promote an adult-onset disease of spermatogenic
defects and male subfertility in 90% of all male progeny
across four generations (F1-F4) (Anway et al., 2005)
(Fig. 1). This transgenerational phenotype was only trans-
mitted through the male germline (sperm) and was not
passed through the female germline (oocyte). Currently it
is unknown why the phenotype is only transmitted
through the male germline, but may involve a protection
of the oocyte due to its arrest in meiosis or unique mech-
anisms found only in male testis development. Prior to
120 days of age the primary disease phenotype was a male
testis and spermatogenic cell defect (Anway et al., 2005,
2006b). When the animals were allowed to age up to
1 year the transgenerational disease phenotype included
the development of numerous disease states involving a
20% frequency of tumour development, 50% frequency
of prostate disease, 40% frequency in kidney disease, 30%
immune abnormalities and 30% severe infertility in the
males of FI-F4 generations (Anway et al, 2006a).
Females also developed transgenerational disease, but did
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not transmit it to subsequent generations. The clinical
pathology and disease phentotypes have been thoroughly
described (Anway ef al., 2006a), but no testicular cancer
was observed. This transgenerational (F1-F4) phenotype
was induced by exposure to the endocrine disruptor vinc-
lozolin, which is an anti-androgenic compound used as
a fungicide in the fruit industry (e.g. wineries) (Kelce
et al., 1994). The phenotype was also promoted by the
pesticide methoxychlor which is a mixture of oestrogenic
anti-oestrogenic and anti-androgenic metabolites (Anway
et al., 2005). The ability of endocrine disruptors to pro-
mote adult-onset disease has been previously reviewed
(Gluckman & Hanson, 2004). This is a large class of envi-
ronmental toxicants ranging from plastics to pesticides
(Heindel, 2005). The impact of exposure to individual
compound vs. a mixture of compounds on this or most
phenotypes is unknown and remains to be elucidated.
These environmental toxicants generally do not promote
DNA sequence mutations. The frequency of the transgen-
erational phenotype described above (30-90%) also could
not be attributed to DNA sequence mutations that occur
at a frequency generally less than 0.01% (Barber et al,
2002). The hypothesis was developed that the transgener-
ational phenotype described above was an epigenetic
transgenerational phenotype (Anway et al., 2005; Anway
& Skinner, 2006).

The potential epigenetic mechanism involved in this
transgenerational phenotype was investigated through the
analysis of control and vinclozolin F3 generation sperm
DNA (Chang et al., 2006). A methylation-sensitive restric-
tion enzyme analysis identified 25 DNA sequences/genes
in the vinclozolin generation sperm that had an altered
DNA methylation pattern and most were confirmed with
bisulphite sequencing and shown to be transgenerational
(Chang et al., 2006). Therefore, the endocrine disruptor
exposure during sex determination reprogrammed the
epigenetic programming of the developing male germline
and induced the presence of new imprinted-like gen-
es/DNA sequences that are transmitted through the male
germline (i.e. paternal allele) transgenerationally. This was
associated with an alteration in the transcriptomes of dif-
ferent organs and induction of disease phenotypes (An-
way et al., 2005, 2006a). Previous studies have shown that
the germ cells during sex determination undergo a
de-methylation and re-methylation (Yamazaki et al,
2003) such that a reprogramming of DNA methylation of
the germline by endocrine disruptors is possible. There-
fore, the epigenetic transgenerational phenotype appears
to involve an endocrine disruptor (i.e. vinclozolin) expo-
sure during embryonic sex determination to epigenetically
reprogramme (i.e. DNA methylation) the male germline
and induce new imprinted-like DNA sequences that are
transmitted through the male germline to all subsequent
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progeny (F1-F4) (Fig. 1) to then cause a dysregulation of
the genome to alter transcriptomes in a variety of organs
and appear to promote transgenerational disease (Anway
et al., 2005, 2006a; Chang et al., 2006).

This epigenetic transgenerational toxicology provides
a mechanism for environmental toxicants to promote
transgenerational phenotypes and adult-onset disease.
A large number of studies have demonstrated that embry-
onic or postnatal exposures can induce adult-onset dis-
ease (Gluckman & Hanson, 2004; Heindel, 2005). The
mechanism for this fetal basis of adult-onset disease is
largely unknown, but probably, in part, involves altera-
tions in the epigenome. Many adult-onset disease pheno-
types are not transgenerational, but manifest in the
individual exposed. These individual disease exposures
and phenotypes may also involve epigenetic mechanisms.
A recent study demonstrated a pubertal exposure to bis-
phenol A promoted an alteration in DNA methylation of
a number of genes and in the adult associated with a high
frequency of prostate disease (Ho et al., 2006). Therefore,
either an embryonic, postnatal or adult exposure could
cause an epigenetic event that alters the physiology of
a tissue and promotes disease. It is likely that rapidly
developing organs that have the ability to alter a critical
developmental step will be more sensitive to environmen-
tal exposures and epigenetic modifications. This epi-
genetic mechanism may be important for individual
exposures and disease phenotypes. Therefore, a critical
mechanism in the ability of an environmental exposure to
induce an abnormal phenotype or physiology will likely
be an epigenetic mechanism. Understanding toxicology
on a molecular level is essential for the identification of
biomarkers and the development of therapies to treat
exposures. Epigenetics will be an important process to
consider in the investigation of environmental exposures,
environment—genome interactions and the toxicology of
specific compounds.

The epigenetic transgenerational phenotype previously
observed involves the epigenetic reprogramming of the
male germline that promotes a spermatogenic cell defect
in the adult (Anway et al, 2005, 2006b; Chang et al,
2006). This germ cell defect was detected by an increased
spermatogenic cell apoptosis in stage 11 tubules, reduced
sperm number and decreased motility (Anway et al,
2005, 2006b). The spermatogenic cell defect increased in
frequency as the animals aged and was detected in F1-F4
generations (Anway et al., 2006a). Therefore, an environ-
mental compound (i.e. endocrine disruptor) appears to
induce a permanent male germline epigenetic change
through the induction of new imprinted-like genes
(Chang et al., 2006). The ability of environmental factors
to epigenetically reprogramme the germline suggests
fetal exposures can promote adult-onset defects and
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abnormalities in the germline. The possibility that the
epigenetic changes in the germline may eventually pro-
mote germ cell tumours and testicular cancer now needs
to be considered. The rat model used did not develop tes-
ticular cancer. Observations demonstrate that environ-
mental exposures during embryonic sex determination
can epigenetically reprogramme the male germline to then
promote adult-onset spermatogenic cell defects transgene-
rationally. How this change in the germline epigenome
may influence germ cell disease and testis cancer remains
to be investigated.

The current hypothesis for germ cell tumours and testis
cancer involves the development early in life of carcinoma
in situ and subsequently testicular cancer (Rajpert-De
Meyts, 2006). Observations suggest abnormal germ cell
development and differentiation will eventually lead to
germ cell tumour development. The epigenetic transgen-
erational phenotype described suggests environmental fac-
tors may promote an abnormal germline epigenome that
can cause germline disease. The possibility that epigenetic
abnormalities may be involved in germline tumours and
testicular cancer now needs to be investigated. The cur-
rent focus has been on germ cell chromosomal and DNA
sequence abnormalities (Almstrup et al., 2005), but epi-
genetic changes are also likely involved. Elucidation of the
epigenetic mechanisms potentially involved in germ cell
disease and tumours will provide insights into how envi-
ronmental factors may influence the disease, develop
a better understanding into the causal mechanism of the
disease and develop novel molecular markers for testicular
cancer.

Acknowledgements

I acknowledge the assistance of Ms Jill Griffin and Ms
Rochelle Pedersen in preparation of the manuscript. This
research was supported in part by grants from the USA
National Institutes of Health, NIH/NIEHS.

References

Almstrup, K., Ottesen, A. M., Sonne, S. B., Hoei-Hansen, C.
E., Leffers, H., Rajpert-De Meyts, E. & Skakkebaek, N. E.
(2005) Genomic and gene expression signature of the
pre-invasive testicular carcinoma in situ. Cell and Tissue
Research 322, 159-165.

Anway, M. D. & Skinner, M. K. (2006) Epigenetic transgenera-
tional actions of endocrine disruptors. Endocrinology 147
6(Suppl.), S43-S49.

Anway, M. D., Cupp, A. S., Uzumcu, M. & Skinner, M. K.
(2005) Epigenetic transgenerational actions of
endocrine disruptors and male fertility. Science 308,
1466-1469.

international journal of andrology 30 (2007) 393-397. Journal compilation © 2007 Blackwell Publishing Ltd 395



Epigenetic transgenerational toxicology

Anway, M. D, Leathers, C., Skinner, M. K. (2006a) Endocrine
disruptor vinclozolin induced epigenetic transgenerational
adult-onset disease. Endocrinology 147, 5515-5523.

Anway, M. D., Memon, M. A., Uzumcu, M. & Skinner, M. K.
(2006b) Transgenerational effect of the endocrine disruptor
vinclozolin on male spermatogenesis. Journal of Andrology
27, 868-879.

Barber, R., Plumb, M. A., Roux, I. & Dubrova, Y. E. (2002)
Elevated mutation rates in the germ line of first- and sec-
ond-generation offspring of irradiated male mice. Proceed-
ings of the National Academy of Sciences of the United States
of America 99, 6877-6882.

Chang, H. S., Anway, M. D., Rekow, S. S. & Skinner, M. K.
(2006) Transgenerational epigenetic imprinting of the male
germline by endocrine disruptor exposure during gonadal
sex determination. Endocrinology 147, 5524-5541.

Cunniff, C. (2001) Molecular mechanisms in neurologic
disorders. Seminars in Pediatric Neurology 8, 128—134.

Gluckman, P. D. & Hanson, M. A. (2004) Developmental
origins of disease paradigm: a mechanistic and evolutionary
perspective. Pediatric Research 56, 311-317.

Heindel, J. J. (2005) The fetal basis of adult disease: role of
environmental exposures—introduction. Birth Defects Research.
Part A, Clinical and Molecular Teratology 73, 131-132.

Ho, S. M., Tang, W. Y., Belmonte de Frausto, J. & Prins, G. S.
(2006) Developmental exposure to estradiol and bisphenol
A increases susceptibility to prostate carcinogenesis and
epigenetically regulates phosphodiesterase type 4 variant 4.
Cancer Research 66, 5624-5632.

Issa, J. P. (2002) Epigenetic variation and human disease.
Journal of Nutrition 132 132(8 Suppl.), 23885-2392S.

Kelce, W. R., Monosson, E., Gamcsik, M. P., Laws, S. C. &
Gray, L. E. Jr. (1994) Environmental hormone disruptors:
evidence that vinclozolin developmental toxicity is mediated
by antiandrogenic metabolites. Toxicology and Applied Phar-
macology 126, 276-285.

Newbold, R. R., Hanson, R. B., Jefferson, W. N., Bullock,

B. C., Haseman, J. & McLachlan, J. A. (1998) Increased
tumors but uncompromised fertility in the female descend-
ants of mice exposed developmentally to diethylstilbestrol.
Carcinogenesis 19, 1655-1663.

Rajpert-De Meyts, E. (2006) Developmental model for the
pathogenesis of testicular carcinoma in situ: genetic and
environmental aspects. Human Reproduction Update 12,
303-323.

Yamazaki, Y., Mann, M. R,, Lee, S. S., Marh, J., McCarrey, J. R.,
Yanagimachi, R. & Bartolomei, M. S. (2003) Reprogramming
of primordial germ cells begins before migration into the
genital ridge making these cells inadequate donors for
reproductive cloning. Proceedings of the National Academy of
Sciences of the United States of America 100, 12207-12212.

Zambrano, E., Martinez-Samayoa, P. M., Bautista, C. J.,

Deas, M., Guillen, L., Rodriguez-Gonzalez, G. L.,
Guzman, C., Larrea, F. & Nathanielsz, P. W. (2005) Sex
differences in transgenerational alterations of growth and

M. K. Skinner

metabolism in progeny (F2) of female offspring (F1) of rats
fed a low protein diet during pregnancy and lactation.
Journal of Physiology 566(Pt 1), 225-236.

Zlotogora, J. (2003) Penetrance and expressivity in the
molecular age. Genetics in Medicine 5, 347-352.

Panel discussion

S. Schwartz (Seattle, WA, USA)

What is the mechanism through which vinclozolin
affects DNMT3A levels of expression? Is this an anti-
androgenic effect, because we know that vinclozolin is an
androgen receptor (AR) antagonist, or are there other
downstream factors involved with an eventual effect on
DNMT3A?

M. Skinner (Pullman, WA, USA)

During the time of embryonic development of the testis,
germ cells and also somatic cells are AR-positive although
androgens are not produced by the testis until later in
development. The adrenal produces androgens at this time.
Vinclozolin has the capacity to act on the AR but we do
not know if this is the mechanism involved. There are 25
metabolites of vinclozolin and only a few metabolites are
anti-androgenic whereas most are non-anti-androgenic
although they may have a toxic effect. My speculation is
that there is a toxicological effect interfering with somatic
cell function causing subsequent delayed germ cell devel-
opment, and I am not sure if this is an anti-androgenic
effect. Methoxychlor has the same effect but acts through a
different mechanism from vinclozolin. It is not known
how the expression of DNMT3A is altered.

O. Lindegaard (Denmark)

Your diagram suggested that the demethylation process
which occurs just after fertilization does not involve
imprinted genes. Therefore, you imply that the imprinted
genes are not demethylated during the time of either
gametogenesis or formation of gonads.

M. Skinner

There are examples of imprinted genes which are not
demethylated, but some imprinted genes are demethylated
then remethylated to their original pattern. During deme-
thylation of the germline we are not sure if imprinted
genes are demethylated and remethylated, or if they retain
their state of methylation. Imprinting is not a simple pro-
cess and we have still much to learn.

O. Lindegaard

Other studies have suggested that imprinting has an
adaptive function in the fetal environment. If there are
no changes, it is difficult to imagine how it is adaptive at
the same time.

M. Skinner

This is an adaptive evolutionary event which induces

a permanent change in the germline and any advantage is
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transferred to the developing animal. Methylation of the
genome is a random event. We have studied 25 different
lines of animal and we do not know vyet if there has been
a similar methylation pattern every time indicating that
this is a very conserved mechanism.

D. Page (Cambridge, MA, USA)

How permanent are these epigenetic changes? Firstly,
you demonstrated equal changes in second, third and
fourth generations in male animals, but are they also pro-
pagated with equal fidelity in female animals? Secondly,
the transcriptional profiles seen in second and third gen-
erations appear to be regressing toward the wild type,
suggesting that they may not be permanent.

M. Skinner

The changes seen in succeeding generations are repro-
ducible and occur with similar frequencies in all genera-
tions with no reduction in effect. This indicates that there
is no segregation of the initial event from the genetic
event. The changes are only propagated through male
animals and not through females. This raises the question
of how a paternal allele can communicate with a maternal
allele resulting in non-segregation for the next generation.
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This may act through the Y chromosome. Another mech-
anism is a recently described phenomenon first identified
in plants whereby one allele can communicate with
another allele by a permutation event probably acting
through small RNA molecules.

Secondly, exposing pregnant rats to endocrine disrup-
tors has direct effects on three generations: the mother in
the first generation (F0), the embryo in the second gen-
eration (F1) and the germline in the third generation
(F2). It is only the next generation (F3) which has not
been directly exposed and these animals must be exam-
ined in a truly transgenerational study. Analysing tran-
scriptions in the testis following direct exposure, we see
1500 genes affected in F1 animals, 700 genes affected in
F2 animals and 200 genes affected in F3 animals. These
200 affected genes in the F3 animals are the permanent
changes, and are seen in all organ systems examined;
whereas the majority of the affected genes normalize to
the wild type and this phenomenon is not permanent.
There is partial but not complete regression back to the
control situation. The non-permanent changes are likely
due to methylation of metastable alleles.
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