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INTRODUCTION
We have investigated the effects
of two environmental toxicants

(vinclozolin and methoxychior)

Epigenetic Transgenerational Inheritance of Disease
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inheritancs, affecting 90% of the male population. The causative epi-
genetic effecta were traced to specific DNA methylation sites. The
impact of thiz study on our understanding of the molecular control of
inheritance, dizease etiology. and environmental toxicology is signifi-
cant. Over the past ten years a sernes of studies have further inves-
tigated thiz phenomenon, including environmental factor apecificity,
germline epigenetice, and disease etiology (4. 5).

EPIGENETIC TRANSGENERATIONAL INHERITANCE

The definition of epigenetic transgenerational inheritance is “"germ-
line mediated inheritance of epigenstic information between gen-
erations that leads to phenotypic variation in the absence of direct
environmental influences” (6). Thiz is in contrast to epigenstic in-
heritance that involves direct environmental germline or 2omatic csll
exposure, and epigenetic responses during early development that
influsnce phenotypes in later life. An example is the Agouti mouss
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model, which responds to an environmental signal in utero through a
change in an epiallels, thus shifting the coat color of the offspring (5.
7)- Environmental epigenetic inheritance responsss may be cormrect-
ed in 2ubssquent generations during epigenstic reprogramming of
the germline or early embryo, such that the phenotype is lost (8. 9).

In order for environmentally induced epigenetic transgenerational
inheritance to occur, the external inault must act on a gestating fe-
male during fetal gonadal sex determination, influencing the epigen-
stic programming through altsred DNA methylation patterns in the
germline (Fig. 1). The epigenetic information is then carried through
the epigenome of the germiine, into the embryonic stem cell, and
thus to all somatic cells of the offspring. Susceptible tissues in ofi-
2pring will potentially develop disease and the defect will continue to
be tranagenerationally inherited (Fige.1 and 2) (3-5). Several stud-
ies, deacribed below, support this hypothesis of the molecular stiol-
ogy of epigenstic tranagenerational inheritance.

GERMLINE EPIMUTATIONS AND EXPOSURE

(TOXICANT) SPECIFICITY

The environmental compound (toxicant) administered in the initial
study was vinclozolin, one of the most widely used agricultural fun-
gicides (3). The outcrose information from this work indicated that
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Figure 2. Role of germiine
in epigenetic transgenera-
tional inheritance. An envi-
rormental factor acts on the
FO generation gestating fe-
male (left) to influence the de-
veloping F1 generation fetus,
resulting in reprogramming of
the methylation state of the
primorcial germ cel DNA
This akered DNA methyla-
tion pattern becomes fixed,
similar to an imprinted gene,
and is transferred through the
germiine to subsequent gen-
erations. Somatic cells in the
offspring in later generations
also carry the altered epig-
enome, generating an aber-
rant transcriptome, and pro-
moting adult-onset disease.
Modified from (4).
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the transgenerational phenotype was tranamitted through the male
sperm (3). A genome-wide promoter analysiz identified approxi-
matsly 50 differentially methylated regions (DMRs) in the sperm of
the F3 generation from vinclozolin-treated animals when compared
with aperm from matched control (vehicle exposed) F3 ratz (10). The
DMRs carry epimutations that can tranamit this epigenetic informa-
tion transgenerationally (4).

A critical question was whether this phenomenon was unigue to
vinclozolin. A series of studies investigated the actions of dioxin (17),
a pesticide and an inesect repsllent (permethrin and DEET) (129,
plastics (BPH and phthalates) (13), and hydrocarbone (JP8 jet fuel)
(74). All were found to promote the tranagenerational inheritance of
sperm epimutations and of diseass (15). Interestingly, each toxicant
promoted a unique sst of epimutations with negligible overlap (Fig.
3) (15). Thess studiees did not measure true environmental rick, but
provide a good foundation for future analysis to determine the envi-
ronmental hazards of exposure. Others have now shown tranagen-
erational inheritance of dizease as a result of exposure to various
environmental factors including nutrition ( 716), atrees (17), and other
toxicants ( 78). Combined observations suggest that epigenstic bio-
markers for ancsetral toxicant exposure and adult onsst dizease
may exiat.

TRANSGENERATIONAL INHERITANCE

OF DISEASE AND PHENOTYPIC VARIATION

The firat transgenerational abnormality obsserved was an increasze
in epermatogenic cell apoptosie (3, 19). Other abnormal patholo-
gies seen (Fig. 1) included prostate disease (17-15, 20, 27), kid-
ney diseass (11-14, 20), mammary tumors (20), immune system
abnormalities (74, 20), and behavioral effects such as anxisty
(22). Other laboratorise have shown transgenerational effectz on
reproduction (23, 24), strees responee (25), and obeeity (14, 26).
Some transgenerational dizeases were induced by a variety of
different environmental exposures (15), including polycystic ova-
ries and reduction of primordial ovarian follicle pool size, which
were found in the majority of females from all exposure groups
examined (27).
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Figure 3. Venn diagram of transgeneraional epimutations associated with differ-

ent exposure groups showing a number of common epimutations in the F23 genera-
fon of rats due to ancestral exposure of FO generation gestating females to diaxin,

pesficide, plastics, or hydrocarbons. Modified from (15).

Epigenstic tranegenerational inheritance may also impact other ar-
eas of biology. One study found that the F3 generation of vinclozolin-
treated ratz had significant altered mate preference behavior (28).
Since sexual selection iz a major determinant in evolutionary biol-
ogy. this work suggests that transgenerational epigenetics may play
a critical role in evolution (4).

TRANSGENERATIONAL SOMATIC TRANSCRIPTOMES

AND THE ETIOLOGY OF REPRODUCTIVE DISEASE
Tranagenerational germiine tranamission of epimutationa results in
all somatic cellz in offepring carrying an altered methylation pattern
and transcriptome (4, 6). Building upon earlier tranagenerational
transcriptome studiee in fetal rat testis (29), we examined the
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Epigenetic Control Region (2-5 megabase)

Figure 4. Schematic showing a 2-5 Mbp
epigenetic control region containing multiple distal
regulatory units (Dlack boxes) under the

DMR

(((

R

gene
control of a differentially methylated region (white
triangle, DMR) and a long noncoding RANA (white
baox, INcANA). Modified from (30).
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tranagenerational transcriptomes of 11 different tissues in male
and female vinclozolin-treated versuz control lineage ratz (30).
All tissuse had a tranesgenserational transcriptome that was unique
to the specific tissue, with negligible overlap bstween tizsuss. It is
intriguing that a relatively amall number of epimutations can produce
such a large number of specific tranacriptome changes (30). The
identification of epigenstic control regions —areas of 2-5 megabases
with an overrepresentation of regulated genes cloze to DMRz and
long noncoding RNA regions—may provide a clue (Fig. 4) (30).
suggesting unique molecular regulatory mechanisms that will require

To further slucidats the role of epimutations in adult onzet dizsase,
the molecular etiology of ovarian diseazes were studied (27). Follicu-
lar somatic granulosa cells were found to have an altered epigenome
and tranacriptome that suggested specific signaling pathways were
affected. Similarly, somatic Sertoli cells in the testis were found in a
separate study to have transgenerational alterations in their epig-
enomes and transcriptomes, affecting genes previously shown to be
involved in male infertility (37).

IMPACT AND FUTURE STUDIES

Qur original publication (3) described the phenomenon of envi-
ronmentally induced epigenstic tranagenerational inheritance of a
disease. Subsequent publications confirmed and clarified the mo-
lecular and physiological parametsrs involved. The ressarch shows
the exiatence of a non-genstic (i.e., epigenstic) form of transgen-
erational inheritance that impacts the stiology of certain dizeasss,
as well as a potential molecular mechaniam deecribing how envi-
ronmental factors could directly influence gene expression and
therefore dizease (4, 5). Further studies clearly are needed to
clarify the role of epigensetice and transgenerational inheritance in
diseaze etiology, evolutionary biology. and other areas of cell and
developmental biology. The specific next steps needed include in-
vestigation into why specific sites are more susceptible to becom-
ing transgenerationally programmed and the mechaniam by which
this occurs, as well as the translation of this work from animals to
humans. Thees and other studiee will undoubtedly have signifi-
cant impact on our understanding of normal biology and diseasse
atiology.
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