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Embryonic exposure to the endocrine disruptor vinclozolin at
the time of gonadal sex determination was previously found
to promote transgenerational disease states. The actions of
vinclozolin appear to be due to epigenetic alterations in the
male germline that are transmitted to subsequent genera-
tions. Analysis of the transgenerational epigenetic effects on
the male germline (i.e. sperm) identified 25 candidate DNA
sequences with altered methylation patterns in the vinclozo-
lin generation sperm. These sequences were identified and
mapped to specific genes and noncoding DNA regions. Bisul-
fite sequencing was used to confirm the altered methylation
pattern of 15 of the candidate DNA sequences. Alterations in
the epigenetic pattern (i.e. methylation) of these genes/DNA
sequences were found in the F2 and F3 generation germline.
Therefore, the reprogramming of the male germline involves

ase (2). The high frequency of
disease prevalence@20-50%) in affected animals cannot be
attributed to DNA s€quence mutations (3, 4) that generally
occur at a frequency less than 0.01%. Therefore, an epigenetic
mechanism involving altered DNA methylation of the germ-
line was proposed (1). The ability of an environmental factor
to epigenetically reprogram the male germline to induce
transgenerational disease states is investigated in the current
study through the identification of imprinted-like genes/
DNA sequences in sperm. The term imprinted-like gene/
DNA sequence is defined here as a DNA sequence that
acquires an altered DNA methylation pattern that is trans-
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the induction of new imprinted-like genes/DNA sequences
that acquire an apparent permanent DNA methylation pat-
tern that is passed at least through the paternal allele. The
expression pattern of several of the enes during embryonic
development were found to be 3 the vinclozolin F,
and F2 generation testis. A 3 he imprinted-like

-5541, 2006)

d transgenerationally (F1-F3) through at least the male
germline (i.e. paternal allele).

During embryonic development the primordial germ cells
migrate down the genital ridge and colonize the indifferent
bipotential gonad before sex determination (5, 6). As the
primordial germ cells migrate down the genital ridge, their
genomic DNA is demethylated such that the germ cells ge-
nome before sex determination is not methylated (7). At the
onset of sex determination, the germ cell DNA is remethy-
lated in a sex-specific manner (8). Somatic cells in the de-
veloping gonads are required for normal germ cell devel-
opment and DNA methylation (9-12). Although the majority
of the genome is demethylated and remethylated after fer-
tilization and early embryonic development, a small subset
of genes are imprinted and transmit a unique methylation
pattern to subsequent generations through the male or fe-
male germline (13). Modification of the DNA methylation
pattern of previously identified imprinted genes has been
shown to induce disease states (14). Therefore, alterations in
the epigenetic programing (i.e. DNA methylation) of the
germline when the cell is establishing its methylation pattern
at the onset of sex determination could induce an epigenetic
transgenerational disease state.

Endocrine disruptors are a class of environmental and
therapeutic compounds that bind to hormone receptors, alter
hormone signaling, and influence (i.e. disrupt) the endocrine
system (15). These compounds include a wide variety of
commonly used substances from pesticides to plastics. Pre-
vious studies have demonstrated that exposure to a number
of different endocrine disruptors during embryonic or early
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postnatal development can cause adult onset disease states
including reproductive defects (16) and tumor development
(17). For example, the therapeutic agent diethylstilbestrol
after embryonic exposure causes abnormal female and male
reproductive tract development (18, 19), including some F2
generation defects being identified (20). Recently two endo-
crine disruptors, the fungicide vinclozolin (antiandrogenic)
and pesticide methoxychlor (estrogenic, antiestrogenic, and
antiandrogenic), have been shown to promote male germ cell
defects for multiple generations (F1-F4) after exposure of an
FO gestating mother during the time of gonadal sex deter-
mination (1). The ability of an environmental compound
(endocrine disruptor) to induce a transgenerational disease
state in the progeny of an exposed gestating mother, impacts
the potential hazards of these compounds and suggests novel
mechanisms in disease etiology.

The phenomena of the fetal basis of adult onset disease is
centered on the concept that embryos are more sensitive to
environmental factors and alterations in embryonic devel-
opment can cause the development of a variety of disease
states in the adult (21). Examples of factors that can promote
adult-onset disease include environmental toxicants (22, 23),
abnormal maternal physiology (22), and nutritional support
of the embryo (24). Recently observations suggested some of
these adult-onset disease states may be transgenerational (1).
The only mechanism known to transmit a transgenerational
heritable disease state requires the involvement of the germ-
line. The potential that an epigenetic alteration of the ger
line could be a factor in adult-onset disease has not be
previously appreciated. The hypothesis tested
study is that embryonic exposure to an engi

transgenerational diseas
a set of new imprip i

and/or effect of tNR imprinted-like genes/DNA sequences
identified remains t®be determined, the novel observation is
provided that an environmental compound can induce a
transgenerational change in the epigenome of the germline.

Materials and Methods
Sperm collections

Rats (Fischer and Sprague-Dawley strains) were treated using vin-
clozolin (100 mg/kg-d) from embryonic d (E) 8-14 of gestation as pre-
viously described (1, 25). In brief, four lines (individual FO treated
females) were generated for control and four lines were generated for
vinclozolin experimental groups. F1 vinclozolin generation males were
bred to F1 vinclozolin generation females to generate the F2 vinclozolin
generations and F2 vinclozolin generation animals bred to generate the
F3 vinclozolin generation animals. Rats for the control groups were bred
in the same way for all the generations. No sibling breeding occurred to
avoid any inbreeding artifacts. Male rats from control and vinclozolin
generation animals were collected at postnatal d 60-180 for analyses.
Animals were euthanized and cauda epididymal sperm was collected
for further experiments. Briefly, the cauda epididymis was dissected and
placed in prewarmed F12 media containing 1% BSA for 30 min at 37 C
as previously described (25). Sperm were collected from the media for
DNA isolation. The inbred strain of Fischer rat was used for the initial
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methylation screen to identify the candidate methylation sites due to the
lack of DNA polymorphisms. To confirm the methylation changes ob-
served, the outbred strain of Sprague-Dawley (SD) rats was used for the
bisulfite analysis and to investigate altered methylation between F1 and
F3 generations and for the microarray gene expression data.

DNA methylation assay

The methylation state of the DNA isolated from inbred strain of
Fischer control and vinclozolin F3 generation epididymal sperm was
determined using a combination of methylation-sensitive restriction
enzymes (MSRE) and PCR procedures previously described (1). Briefly,
genomic DNA was isolated from sperm samples using the DNeasy
tissue kit (QIAGEN, Valencia, CA). Two micrograms each of control and
vinclozolin generation sperm DNA were separately digested with Rsal
and either methylation-sensitive enzyme Hpall or insensitive Mspl en-
zymes, followed by PCR with specific primer sets as previously de-
scribed (supplemental Table S1, published as supplemental data on
The Endocrine Society’s Journals Online web site at http://endo.
endojournals.org). PCR products were electrophoretically separated on
polyacrylamide gels and visualized by ethidium bromide staining. The
PCR products (i.e. bands) that were reproducibly absent or present
between control and vinclozolin genez Wrm DNA were excised
primer set, and then
romosomal location

was determined using t]
tion rat genomic d

to characterize the DNA methylation
nomic DNA was isolated from SD control and
neration epididymal sperm using the DNeasy
ic DNA (10 ug) was digested with Rsal and then treated

ed DNA was used as a template for PCR. The bisulfite
pr@ers for each candidate were designed using the MethPrimer
(www.urogene.org/methprimer) system (26) and listed in supplemen-
tal Table S1. The sequence-specific primers were generated to amplify
the CpG region of interest to characterize the methylation pattern. PCR
conditions for amplification were as follows: 30 cycles followed by
another 30 cycles with nested primers (30 sec at 95 C, 45 sec at 50 C, and
50 sec at 72 C) and then 5 min at 72 C with modified 1X buffer [10 times:
166 mMm (NH,),.SO4 670 mm Tris (pH 8.8); 67 mm MgCl,; 100 mm
B-mercaptoethanol]. PCR products were cloned into pGEM-T Easy Vec-
tor (Promega, Madison, WI) and sequenced using Big-Dye Terminator
(Applied Biosystems, Foster City, CA). Approximately 50 different
clones from each PCR product were sequenced to characterize the meth-
ylation state of the CpG sites identified. A mixture of a minimum of three
different F2 or F3 generation control and vinclozolin animals were used
to generate approximately 50 clones per candidate analyzed. Statistical
differences between methylation states were determined with a Fisher’s
exact test.

Genomic DNA and methylation-sensitive restriction
enzyme PCR

Genomic DNA was isolated from the different SD control and vin-
clozolin F1-F3 generation epididymal sperm samples. A total of 1 ug of
genomic DNA was digested using methylation-sensitive Hpall or Acil
enzymes (37 C, 6-12 h). The digested DNA was precipitated and dis-
solved in 30 ul dH,O. Then 3 ul aliquots were analyzed by PCR in 30-ul
reactions with specific primers (supplemental Table S1), subjected to 25
cycles, and the PCR products electrophoretically separated on 1.5%
agarose. The difference between the control and vinclozolin F1-F3 gen-
eration sperm samples was determined for selected genes found to have
high optimal digestion capacity.

Microarray analysis

RNA was collected from E13, E14, and E16 testis from control and E16
vinclozolin F1 and F2 generation SD animals as previously described (27,
28). RNA was hybridized to the rat 230A gene chip (Affymetrix, Santa

Downloadmiintoa ded éremiejolreaidajoy ety asiiag OheSE hbve 8ie/SSertdjsdRed ay 12;t20e® 14, 2009


http://endo.endojournals.org
http://endo.endojournals.org

5526 Endocrinology, December 2006, 147(12):5524-5541

Clara, CA). The Genomics Core in the Center for Reproductive Biology
at Washington State University performed the analysis as previously
described (27, 28). Briefly, RNA from the cells was reverse transcribed
into cDNA and then was transcribed into biotin-labeled RNA. Biotin-
labeled RNA was then hybridized to the Affymetrix rat 230A gene chips.
Each gene set is composed of 16 pairs of 24-mer oligonucleotides, with
one sense strand-specific for the gene and one antisense strand with
single-point mutations for use as comparative negative control. Biotin-
ylated RNA was then visualized by labeling with phycoerythrin-
coupled avidin. The microarray was scanned on a gene array scanner
(Hewlett-Packard Co., Palo Alto, CA). Two microarray chips from two
different RNA samples were analyzed for each E13, E14, and E16 control
and E16 vinclozolin F1 and F2 generation testis. The microarray data set
can be observed online (www.skinner.wsu.edu).

Bioinformatics

The majority of the data analysis was performed using the Affymetrix
Microarray Suite software. Most of this study used the comparison
analysis software offered and analysis parameters previously described
(28). Two repeats for each control and vinclozolin F1 and F2 generation
E16 testis was performed and allowed four comparisons in the exper-
iment. Only genes that displayed a consistent expression over all four
comparisons and had a relative hybridization intensity of at least 50 were
included in the analysis. Basic expression analysis was determined by
accessing the Affymetrix database through the Microarray Suite soft-
ware. A pathway analysis was performed by the Pathway Assist Gene
Spring software (Silicon Genetics, Foster City, CA).

Results

Gestating rats were transiently exposed to the antiandro-
genic endocrine disruptor vinclozolin during embryonic
nadal sex determination (E8—E14) as previously describ
(1). Subsequent F1, F2, and F3 generation progen

m DNA samples were used to
ytial epigenetic changes (i.e. DNA meth-
ontrol and vinclozolin generation male

investigate the pot
ylation) between thé
germline.

The F3 generation samples were used to identify alter-
ations in DNA methylation between control and vinclozolin
generation sperm. This analysis assures that any changes
observed are due to a transgenerational epigenetic transmis-
sion and not due to toxicology that could be present in the
F1 generation. The analysis of methylation used a MSRE

Ci1
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procedure that involved the use of 10 different sets of PCR
primers to consensus CpG methylation sites (MSRE-PCR)
(29) as described in Materials and Methods. Sperm DNA from
control and vinclozolin F3 generation animals (i.e. Fischer
rats) from three different preparations containing a mini-
mum of three different animals were analyzed. A represen-
tative gel for one set of PCR primers is shown in Fig. 1 with
the three control and vinclozolin samples shown. Differences
in the MSRE Hpall (H) digest demonstrated the presence of
PCR products (bands) in the vinclozolin samples, but not
control samples (Fig. 1). If differences in the PCR products
(bands) occurred in a minimum of two of the three replicate
animals, they were selected for further analyses. This anal-
ysis generated 34 candidates with potential altered DNA
methylation between control and vinclozolin sperm samples
and were numbered 1-34 (Table 1). The representative dif-
ferences for candidates 19-22 are shown in Fig. 1 and the
other gels and candidates in supplemental Fig. S1, published
as supplemental data on The E N, Society’s Journals

0l samples. There
the control sample

sequenced. The characterization of the
in Table 1. The presence of more than
number together (e.g. 2, 3, 24) indicates similar
eing present in the different candidates. The
s) nearest the candidate sequences are listed with Gen-
Bank accession numbers. The physical map (i.e. location) of
the candidate DNA methylation site is shown as being in the
promoter, exon, intron, or distal noncoding region of DNA
(Table 1). The sequence was considered in the promoter of a
gene if it was within 1000 bp upstream of the transcriptional
start site of the gene of interest.

The chromosomal location of all the candidate DNA meth-
ylation sequences is shown in Fig. 2. The candidate altered
methylation sites are present on various autosomes with no
major hot spot regions and none present on the sex chro-
mosomes. The rat genome is not complete so several candi-
date sequences could not be localized and appear to be on
uncharacterized chromosomal regions (Fig. 2). Therefore, the
MSRE-PCR screen identified 25 individual candidate DNA
sequences with potential altered methylation sites that are
different between control and vinclozolin generation F3
sperm DNA samples (Table 1). As discussed below, some of
these candidates fall within the promoters, exons, or introns

C2 C3 w1 vz V3

Fic. 1. DNA methylation analysis from control (C) and vin-
clozolin (V) F3 caudal epididymal sperm. Representative gel
image of the PCR-based methylation sensitive Hpall+Rsal
(H lanes), insensitive MspI+Rsal (M lanes), and control Rsal
(R lanes) as digests. Bands that appeared to be differentially
methylated between matched control and vinclozolin sam-
ples are enlarged for H bands and indicated by arrows for the
specific candidates 19, 20, 21, 22. The size DNA 100-bp lad-
der is in the left lane (Ma). These bands were isolated and
sequenced, and the gels for all other candidates are pre-
sented in supplemental Fig. S1.
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TABLE 1. Identification of 25 candidates isolated from MSRE-PCR screen

Candidate no. Location Identification (rat accession no.)

1 Exon/intron NCAM1 (NM_031521)/similar to phosphoglycerate mutase B chain LOC503205 (XM_573155)

2,3,24 Noncoding region Leucine-rich protein 157 (Lrpprc) (NM_001008519)/protein phosphatase 1B (Ppm1b)
(NM_033096)

4,19 Intron Calcium channel, voltage-dependent, L type, a1E subunit (Cacnale) (NM_019294)

5,6,9 Exon/intron Similar to FLJ22405 protein (XM _232266)

7 Noncoding region Similar to ankyrin repeat domain protein 28 (Ankrd28) (LOC306264)
(XW_224620.3)/polypeptide N-acetylgalatosaminyl transferase (Galntl2-predicted)
(NW_047469)

8 Noncoding region Liprin-al (Ppfial) (XM_341856) /Fadd (TNFRSF6) (NW_047563)

10 Unknown No significant similarity found

11 Noncoding region 60S ribosomal protein L7a (LOC502773) (NW_047693)/RIKEN ¢cDNA 1200009022
(LOC362364) (NM_001034010))

12 Promoter Similar to importin 7 (LOC501910) (NC_005113)

13 Intron Nuclear factor I/X (Nfix) (AB012234)

14, 15 Noncoding region Leucine rich repeat neuronal 6A (Lrrn6a) (XM_236268)

16 Promoter/exon/intron Optineurin (Optn) (NM_145081)

17, 18 Promoter Nicastrin (Nestn) (NM_174864)/coatomer protein complex subunit-a (Copa) (XM_222899)

20 Unknown No significant similarity found

21, 32 Exon/intron Similar to phosphoglycerate mutase B chain (LOC503205) (XM_. )J/NCAM 1
(NM_031521)

22 Intron Similar to golgi autoantigen golgin subtype a4 (¢Golgin-

23 Noncoding region Similar to ribosomal protein (LOC503150) (XP_5786
(XP_578672)

25 Noncoding region Mup4 (NM_198784)/similar to major urinar
(LOC502951) (XM_578456)

26 Promoter Acetyl-coenzyme A carboxylase « (Aca

27, 28 Intron Zinc finger protein 212 (Zpf212

29 Noncoding region Runt related transcription fa
(LOC501772) (XP_577171)

30 Unknown No significant similaity fou

31 Noncoding region Waspip (NM_05719 . (LOC499811) (XP_580019)

33 Noncoding region Six3 (NM_Q 5631)

34 Promoter Rab12), member RAS oncogene family (XM_343639)

tal to a gene and the nearest
Verification that these candg

ers were used to a
by sequencing of irfgividual clones to assess CpG sites for their
methylation state. bisulfite primers used for each candidate
are listed in supplemental Table S1, and the analysis of each of
the candidates is described below. Each candidate analysis in-
volved a minimum of three different individual control and
vinclozolin F2 and F3 animals with approximately 50 different
subcloned DNA samples sequenced. The bisulfite analysis for

each individual candidate containing a statistically significant
change in methylation is shown in Fig. 3. The chromosomal
location of the methylation site and nearest genes are presented,
along with the DNA sequence of the candidate site with po-
tential methylated CpG sites underlined, and the asterisks denote
specific CpG with statistically different methylation states be-
tween control and vinclozolin generation samples. The meth-
ylation state for all bisulfite sequence analyses for all the dif-
ferent clones is represented as closed circle for methylated and
open circle for unmethylated CpG sites.

Candidate characterization

Candidate 1 mapped to 8q23 and is in the exon/intron
region of the recently annotated hypothetical gene LOC503205,

Fia. 2. The chromosome location and physical map-
ping of each candidate (numbers) are indicated for each
chromosome (Chr), with those unknown (UN) se-

quences not mapped indicated.
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Fia. 3. Methylation status of the can-

didates with bisulfite sequencing. Each

analysis provides the DNA sequence of B 42
interest, the physical chromosome map 4q
with alignment (arrow), and bisulfite

sequence results. The potential meth-

ylated cytosine residues are marked *
with an underline, and the asterisks (*)

denote the altered methylated CpG

sites. The bisulfite sequencing is pre-

sented as a series of circles representing

the CpG sites underlined with an open

circle (O) denoting nonmethylation and

closed circle (@) methylation. Each se-

ries of circles represents individual

cloned DNA sequences analyzed. LJ22
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No. 14,15 (Lrn6a)
GTGCAGGTGGAAGCTATTGTCTGGCTCTCCTGGTCAGCTCACGGGTAGTTGGGTCCCAGA
TCCAAATCCAAGAGACCTCTGCCAAGCCGGTGATAGGCC \TGGCTTAGCGGAA
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No.17, 18  (Nicastrin/Coatomer Protein)

TGGGGTGACCTCACCTGCTAGTACCACGGAAMRAGACAGAAGAAGGAGACCCCGACTTCC
TGEETCAGGCCCAGAGCCECCOCTAGCCETAGCCATCTTGCCTCTCOGCTGGECEGAAGE
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3 8q32 No.22 (Similar to tGolgin-1 (LOC501069))

TTGTTGGTTGGAAGTATGAATTAGGGGATGTTAGTAGGCTTTGAATCACAGCTGCCATTCG
AGCCATCCGGCACTTCAGGCCTGGAAGAGCATTAGAGCCCAGCAAGTCCCTTCTCTGCTTT
AGACG CAGACATTTTACCCACAAGCCTTGGCTCTGGGTTTGAAGAAGCAGCTATCTG
AGAATTCTGCTCGCCAGGCTCCTTCCTGCCTGGCARATCGEGAATEGTGTCTGAACTGGARG
GAGTGGGACCATCOGATGGTTCTAGGGTTGTGGTOTTAATGCTGGGGACATGGTGGACTCA
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similar to phosphoglycerate mutase chain B, with the nearest ~ the design of specific bisulfite primers such that bisulfite
known gene being neural cell adhesion molecule 1 (NCAM1) methylation analysis was not possible (supplemental Fig.
(supplemental Fig. S3A). Although four potential CpG sites ~ S3A).

exist, the high GC content of this DNA sequence prevents Candidates 2, 3, and 24 mapped to 6q12 and are in a
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hl l1gll No.29 (Runx1 /Similar to Awalp (LOC501772))
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noncoding distal region with the nearest genes being leucine  (i.e. statistically different) to 44 and 20% (Fig. 4 and supple-
rich protein 157 (Lrpprc) and protein phosphatase 1B mental Fig. S2).

(Ppm1b) (Fig. 3A). The bisulfite methylation analysis re- Candidates 4 and 19 mapped to 13g21 and are in the intron
vealed four potential CpG sites and two are hypermethylated ~ of calcium channel, voltage-dependent L type «o1E subunit
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_> H19

Fia. 3. Continued

{ 1gn2

(Cacnale) (supplemental Fig. S3B). The bisulfite methylation
analysis revealed six potential CpG sites that did not have
any statistical differences in methylation (supplemental Fig.
S3).

Candidates 5, 6, and 9 mapped to 4q42 and are in
exon/ intron of an uncharacterlzed gene FL]22405 prot

Fig. S2).
Candidate 7 mapped to 16
distal to ankyrin repeat
tide N-acetylgalact i
mental Fig. 53
in methylation}
Candidate 8

) (supple-
etectable differences

nd is in a noncoding region
distal to liprin-a1\gnd Fas (TNFRSF6) associated via death
domain (Fadd) (Fig$8C). The bisulfite methylation analysis
revealed five potential CpG sites and one was hypermethy-
lated (i.e. statistically different) to 65% (Fig. 4 and supple-
mental Fig. S52).

Candidate 10 did not map to a specific chromosome and
is uncharacterized (Fig. 2), so methylation with bisulfite anal-
ysis was not possible (supplemental Fig. S3D).

Candidate 11 mapped to 4q24 and is in the noncoding
region distal to 60S ribosomal protein L7a and uncharacter-
ized RIKEN cDNA 1200009022 (Fig. 3D). The bisulfite meth-
ylation analysis revealed three potential CpG sites and two
were hypermethyylated (i.e. statistically different) to 49 and
21% (Fig. 4 and supplemental Fig. S2).

Candidate 12 mapped to 14q11 and is in the promoter to
the hypothetical gene similar to importin 7, LOC501910 (Fig.
3E). The bisulfite methylation analysis revealed six potential
CpG sites and one was hypermethylated to 51% (Fig. 4 and
supplemental Fig. S2).

Candidate 13 mapped to 19q11 and is in the intron of Nfix
protein (Fig. 3F). The bisulfite methylation analysis revealed
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H19

TTCAGTACCTCAGAGGGTCTCAAACTTCACTAGGAGGGCAGGACACATGCATTTCTAGGC
TGETCCETEGCOGTCTCAGACACCCARATCAACGACTTCGECATACTATCGGCGAAGART
CCTTTGCGCGTAAAAACCAGGCCTGCCGCEGTGCCGGCAGTGAACTCGCGTACATCGCATC
CCTGCTGAAACAGATTGCAACTGAGATTGAATTTTTCTCCCCATTACTCTCTATGATCCC
ATAATCATGGGCTTCATGAGTCCCGGGGTTCATGATAGTCCTTGATAGAACTTCCTCARG
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Fia. 4. Summary of altered methylation changes determined by
bisulfite sequencing for each confirmed candidate. The percent meth-
ylation is presented as color in the circle for control (C) or vinclozolin
(V) F2/F3 generation sperm DNA. The asterisks (*) denote statisti-
cally significant (P < 0.05) different methylation changes, and each
circle represents the specific CpG sites in the DNA sequence. Specific
data are presented in supplemental Fig. S3.
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noncoding region distal to leucine rich repeat neuronal 6A
(Lrrnéa) (Fig. 3G). The bisulfite methylation analysis re-
vealed four potential CpG sites and two were hypermethy-
lated to 27% (Fig. 4 and supplemental Fig. S2).

Candidate 16 mapped to 17q12 and is in the promoter/
exon/intron of optineurin, Fig. 3H). The bisulfite methyl-
ation analysis revealed 6 potential CpG sites and one was
hypermethylated to 79% (Fig. 4 and supplemental Fig. S2).

Candidates 17 and 18 mapped to 13q24 and are in the
bidirectional promoter to nicastrin and coatomer protein
complex subunit-a (Fig. 3I). The bisulfite methylation anal-
ysis revealed 20 potential CpG sites and two were hyperm-
ethylated to 55 and 30% (Fig. 4 and supplemental Fig. S2).

Candidate 20 did not map to a chromosome and is un-
characterized (Fig. 2), so methylation with bisulfite analysis
was not possible (supplemental Fig. S3E).

Candidates 21 and 32 mapped to 8923 and are in the
exon/intron region of the recently annotated hypothetical
gene similar to phosphoglycerate mutase B chain,
LOC503205 (supplemental Fig. S3F), with no differences in
methylation after bisulfite analysis. The nearest known gene
is NCAML. This potential methylation site is distinct from
candidate 1 but in the same hypothetical gene.

Candidate 22 mapped to 8q32 and is in the intron of tgol-
gin-1 (Fig. 3]). The bisulfite methylation analysis revealed
five potential CpG sites and one was hypermethylated to
67% (Fig. 4 and supplemental Fig. S2).

Candidate 23 mapped to 7q22 and is in the noncodi
region distal to a hypothetical gene similar to riboso

thetical gene major urin
mental Fig. S3H), 3
detected with 8

in methylation
ver, the candidate 25

in the other locati§s remains to be investigated.

Candidate 26 maPped to 1026 and is in the promoter of
acetyl-co enzyme A carboxylase-a (Acaca) (Fig. 3K). The
bisulfite methylation analysis revealed five potential CpG
sites and two were hypermethylated to 50 and 28% (Fig. 4
and supplemental Fig. S2).

Candidates 27 and 28 mapped to 4q24 and are in the intron
of zinc finger protein 212 (Fig. 3L). The bisulfite methylation
analysis revealed eight potential CpG sites and two are hy-
permethylated to 45 and 48% (Fig. 4 and supplemental Fig.
S2).

Candidate 29 mapped to 11ql11 and is in the noncoding
region distal to Runx1 and similar to cell wall protein Awalp
(LOC501772) (Fig. 3M). The bisulfite methylation analysis
revealed six potential CpG sites and 1 was hypermethylated
to 48% (Fig. 4 and supplemental Fig. S2).

Candidate 30 did not map to a chromosome and is un-
characterized (Fig. 2), so methylation with bisulfite analysis
was not possible (supplemental Fig. S31).

Candidate 31 mapped to 3q23 and is in the noncoding
region distal to Wiskott-Aldrich syndrome protein interact-

Chang et al. ® Transgenerational Epigenetic Germline Imprinting

ing protein (Waspip) and hypothetical protein, LOC499811
(Fig. 3N). The bisulfite methylation analysis revealed four
potential CpG sites and one was hypermethylated to 42%
(Fig. 4 and supplemental Fig. S2).

Candidate 33 mapped to 6q12 and is in the noncoding
region distal to sine oculis homeobox homolog (Six) 3 and
predicted Six2 (Fig. 30). The bisulfite methylation analysis
revealed six potential CpG sites and two were hypermethy-
lated to 31 and 57% (Fig. 4 and supplemental Fig. S2).

Candidate 34 mapped to 9937 and is in the promoter of the
GTP-binding protein RAB12 and member of the Ras onco-
gene family (supplemental Figure S3]). Due to the high GC
content of this DNA sequence, bisulfite PCR primers could
not be designed to analyze the entire sequence such that
methylation analysis was not possible except for a partial
region, which showed no change in methylation (supple-
mental Fig. S3J).

Therefore, of the 25 candidate D

s summarized in
candidates were

1dates are speculated to have
tion due to the procedure used in their

d 34 (RAB12) could not be fully analyzed due to
GC content and will require a different technology to
confirm the methylation state of the region of interest.

As a control a known imprinted gene H19 (30) was ana-
lyzed to determine whether methylation changes were in-
duced. No change in H19 methylation was detected between
control and vinclozolin F2/F3 sperm DNA samples (Fig. 3P).

The control and vinclozolin generation sperm DNA used
in the initial MSRE-PCR and bisulfite analysis was from F2
and F3 generation males. Therefore, the epigenetic changes
observed in the male germline appear transgenerational and
permanently programmed into the sperm DNA. MSRE anal-
ysis for specific candidate DNA sequences was developed
(Fig. 5). The MSRE analysis involved gene-specific PCR
primers to the candidates to obtain a PCR product with the
vinclozolin generation sperm DNA vs. control. Analysis of
sperm DNA from F1, F2, and F3 control and vinclozolin
generation animals demonstrated candidates 1, 14/15, 17/
18, 27/28, and 33 all show similar PCR results for F1-F3
sperm (Fig. 5). PCR products were observed in all the vin-
clozolin generation sperm DNA samples but not in the con-
trols. Therefore, the methylation changes identified are trans-
generational and appear imprinted-like in the male germline.
Due to the variability in methylation shown in Figs. 3 and 4,
many of the candidates and DNA sequences analyzed could
not be used to develop a specific MSRE analysis (data not
shown). One of the candidates (no. 33) did not have a con-
sensus Hpall digestion site but did reproducibly digest the
DNA (Fig. 5), and another candidate (no. 27/28) used an
alternate methylation sensitive restriction enzyme Acil.
Combined observations demonstrate the epigenetic changes
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Fia. 5. DNA methylation states in epididymal
sperm samples from control (C) and vinclozolin (V)

F1, F2, and F3 generations using methylation sen-

sitive (Hpall or Acil) restriction enzyme PCR anal-
ysis. Candidates 1, 14/15,17/18,27/28, and 33 digests
are presented. The bands presented are representa-

tive of sperm DNA from different animals from each
generation. PCR primers are provided in supplemen-

No. 14/15
uncut Hpall uncut Hpall uncut Hpall

No. 17/18

tal Table S1.

Aci |

No. 27/28

Hpa 1l uncut

No. 33

uncut

with the DNA
isolated from

rray analysis. The genes
in the embryonic testis are
shown in Fig. 6, arR@all others were either not present on the
microarray chips of®vere below the detection limit demon-
strating a lack of expression in the E16 testis. The gene ex-
pression profile between wild-type E13, E14, and E16 testis
is presented (Fig. 6A). The E16 F1 and F2 controls are com-
pared with the E16 F1 and F2 vinclozolin generation expres-
sion. A number of the genes had reduced expression in the
vinclozolin F1 and F2 generation E16 testis including ankyrin
28, Ncstn, Rabl2, and Lrrnéa (Fig. 6). The genes that had
increased expression in the vinclozolin F1 and F2 generation
E16 testis compared with control were Fadd, Pbm1b, snRP1c,
and Waspip (Fig. 6A). Therefore, the effects of the hyper-
methylation of the genes shown in Figs. 3 and 4 caused both
increases and decreases in gene expression in the developing
embryonic testis. Whether the changes in gene expression
continue to be transgenerational requires future analysis of
the F3 generation. The role of these genes in testis develop-
ment has not been previously investigated.

The expression of one of the known genes nearest an
altered methylation site identified, candidate 1 and 21/32
(NCAM]1), is primarily brain specific such that an analysis of

that were found

expression for NCAMI in the brain was performed.
Brains from adult control and vinclozolin F3 generation
males were isolated and RNA prepared. Four control and
five vinclozolin F3 generation animals were analyzed sepa-
rately. A semiquantitative PCR was developed for NCAM1
and demonstrated the NCAMI1 mRNA levels were signifi-
cantly reduced in vinclozolin generation animals, compared
with controls (Fig. 6B). An internal constitutively expressed
gene, ribosomal protein L19, demonstrated the integrity of
the RNA and equal loading with control. This decreased
expression of NCAM1 was quantitated and a more than
10-fold reduction in expression was observed between con-
trol and vinclozolin F3 generation males (Fig. 6C). Combined
observations suggest the epigenetic alterations identified in
the male germline appear to associate with alterations in
gene expression in developing organs. More thorough anal-
ysis of the complete effects on gene expression in a variety
of different organs is now required.

The specific genes associated with the epigenetic changes
identified were examined for potential functional relation-
ships. For the genes with known functions or homologs a
Pathway Assist bioinformatics program was used to identify
functional links between the various genes (supplemental
Fig. S4). A number of cellular functions and processes (e.g.
proliferation, maturation, motility) are affected by the vari-
ous genes, but no major clustering was observed among the
different genes (supplemental Fig. S4).

A number of the genes associated with the methylation
changes identified have a relationship with various dis-
ease states (Table 2). Interestingly, all of these genes have
been shown to have an epigenetic component to the dis-
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2). Therefore, alter-
methylation) and/or ex-
, associated with a number of
disease states. In agition to these correlations to previous
literature, the vinclozolin generation animals develop a
variety of disease states (2). Previously we have demon-
strated that vinclozolin (F1-F4) generation animals be-
tween 6 and 12 months of age develop a variety of disease
states or abnormalities (Table 3) (1, 2). Therefore, the vin-
clozolin generational animals used develop a variety of
diseases (2) and have the altered epigenetic programming
of the male germline. Combined observations indicate that
the epigenetic alterations in the germline DNA and asso-
ciated genes identified in the current study are associated
with a number of disease states (Tables 2 and 3). The causal
relationship of these epigenetic alterations remains to be
elucidated.

Discussion

Embryonic or early postnatal exposure to environmental
compounds such as endocrine disruptors have been shown
to promote abnormal development and disease in a variety
of species, including humans (31-34). Although a large num-

ber of environmental factors, such as smoking and caloric
restriction (24, 35), and synthetic compounds ranging from
plastics to pesticides (22, 23) can promote adult-onset disease
and abnormalities, the mechanisms of action of these factors
are largely unknown. The observations made in the current
study demonstrate that exposure to vinclozolin during em-
bryonic gonadal sex determination promotes an epigenetic
imprinting (DNA methylation program) of the male germ-
line (i.e. sperm) that is associated with the transgenerational
disease phenotype observed.

Methylation of DNA is a critical epigenetic factor in the
regulation of gene expression (36), mammalian development
(37), and disease (e.g. tumorgenesis) (38—40). Specific DNA
methylation patterns can have a role in regulating the ability of
promoter regions of genes to respond to transcriptional acti-
vator complexes and/or influence chromatin structures that
influence gene expression (41). Although the vast majority of
genomic DNA methylation is reset after fertilization (8), a small
subset of imprinted genes maintain a defined DNA methylation
pattern that is transmitted through the male or female germline,
resulting in allelic expression differences (42-44). Imprinted
genes are monoallelically expressed in a parent-of-origin man-
ner and recently a bioinformatics approach has identified as

Downloadmiintoa ded éremiejolreaidajoy ety asiiag OheSE hbve 8ie/SSertdjsdRed ay 12;t20e® 14, 2009


http://endo.endojournals.org
http://endo.endojournals.org

Chang et al. ® Transgenerational Epigenetic Germline Imprinting

Endocrinology, December 2006, 147(12):5524-5541 5537

TABLE 2. Summaries of related diseases associated with the candidate genes

Candidate no. Gene symbol Related disease Epigenetic link Ref.
1 NCAM1 Alzheimer Yes 53-58
Synovial sarcoma
Schizophrenia
Mutant-allele-specific amplification (MASA) syndrome
Neural tube defects
Various tumor
2,3,24 Lrppre Nociceptor Yes 59
4,19 Cacnale Hyperglycemia Yes 62—-65
Arrhythmia
Familial hypokalemic periodic paralysis
Male infertility
7 Ankrd28 Bare lymphocyte syndrome Yes 89
8 Fadd Cardiomycyte defect Yes 60, 61
Neimann-Pick type C disease
13 Nfix Hipocampal commissure detect 90
16 Optineurin Open angle glaucoma 66, 67
17, 18 Nicastrin Alzheimer 88, 91, 92
21, 32 Phosphoglycerate mutase Neuromuscular disorder 93
23 Ul snRNP Systemic autoimmune diseases 94, 95
25 Mup4 Renal cysts 96, 97
29 Runxl1 Acute myeloid leukemia 68
Rheumatoid arthritis
Myelodysplastic syndromes
Spenomegaly
31 Waspip Wiskott-Aldrich syndrome 72
33 Six3 Holoprosencephaly 73-75, 98

Extraskeletal myxoid chon

many as 600 candidate imprinted genes in the mouse geno
(45). Although the specific monoallelic expression pattern
not directly determined for all the genes identified i
study, the involvement of the paternal allele wa,

esents the novel
reprogram the
imprinted—like genes/

observat1on that gg
i@
& l- a
A methylation pattern that is

transferred throug/fkhe male germline (i.e. paternal allele) to
subsequent generatidhs (F1-F3). The current observations sug-
gest an epigenetic reprogramming of the germline is possible.
The ability of an environmental factor to alter the transgenera-
tional epigenetic background of an individual and all subse-
quent progeny has significant impacts on disease etiology.
The caudal epididymal sperm from control and vinclozo-
lin F1-F3 generation males were collected to elucidate po-
tential differences in DNA methylation. The procedure used
in the current study involved a MSRE analysis followed by

TABLE 3. Vinclozolin inducted (F1-F4) transgenerational disease
states

Disease or abnormality Prevalence (%)

Testis defect 30
Prostate disease 50
Kidney disease 40
Tumor development (e.g. breast) 17
Immune abnormalities 27

Summary of disease prevalence in vinclozolin F1-F4 generation
animals 6-12 months of age, as previously described (2).

fy altdrations in DNA methylation. This anal-
25 different candidate DNA sequences with
ered methylation. Other procedures involving
ylation binding proteins and microarrays (46) have re-
cently been developed. Unfortunately, neither the rat ge-
nome or rat gene promoter microarrays are currently avail-
able, such that these procedures were not possible in the
current study. These procedures may have provided a
greater number of candidate sequences, such that the 25
identified should be considered an underestimate of the total
potential epigenetic changes possible. Analysis of the 25 can-
didates demonstrated 15 had confirmed changes in DNA
methylation patterns and that these patterns were transgen-
erational (i.e. imprinted-like). The 10 genes/DNA sequences
that were not confirmed are speculated to be imprinted-like
due to the procedure involved in their isolation; however,
further analysis of flanking DNA sequences is required to
identify the specific methylation changes. A number of the
altered DNA methylation sites were in noncoding regions
distal to the nearest genes. The speculation is that these sites
may be involved in chromatin structural changes (e.g. posi-
tioning) that influence the distal genes. The NCAM1 expres-
sion is an example of this potential regulation. Further anal-
ysis of these DNA methylation sites is now required to
determine their functional roles.

The expression analysis of several of the genes associated
with the candidate methylation sites demonstrated altered
gene expression in the F1 and F2 vinclozolin generations
embryonic testis. Analysis of one brain-specific gene,
NCAM]1, demonstrated a dramatic reduction in NCAM1 ex-
pression in the adult brain of vinclozolin generation males.
Therefore, the impact of the transgenerational epigenetic im-
printing on the male germline is an influence on the gene
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expression of relevant genes in specific organs. Further in- (68-71), Wiskott-Aldrich syndrome (Waspip) (72), and holo-
vestigation of the effects of the transgenerational epigenetic =~ progencephaly (Six3) (73-75). Therefore, a number of the
phenotype on the transcriptomes of different organs is now  epigenetic changes identified were associated with genes

required. previously shown to have epigenetic links to human disease.

The genes associated with the altered DNA methylation ~ As an example, NCAMI is critical in neural tube and brain
sites range from cell adhesion molecules, ion channels, sig- ~ development, and abnormalities in NCAM1 cause a number
naling factors such as phosphatases and GTP binding pro-  of brain diseases and abnormalities, including Alzheimer’s

teins, transcription factors, translational control factors, and (53-58). Observations demonstrate a dramatic reduction in
membrane proteins (Table 1). A bioinformatics pathway =~ NCAM expression transgenerationally in the vinclozolin
analysis demonstrated no major cluster or direct relation-  generation adult males. In addition, nicastrin interacts with
ships between the various genes, but cellular processes such  the y-secretase complex and is critical for normal secretase
as proliferation, maturation (i.e. differentiation), motility, membrane function (76). The inhibition of nicastrin alters
and assembly (i.e. structural) are affected by the genes iden- ~ y-secretase cleavage activity and has been linked as a factor
tified. All the imprinted-like DNA sequences identified were =~ in Alzheimer’s disease (77). Epidemiological studies have
hypermethylated, compared with control generation sperm  indicated that Alzheimer’s has a potential paternal trans-

DNA. This hypermethylation suggests potential mecha-  mission and paternal age is a risk factor for this disease (78).
nisms involved in the imprinting mechanism, but the mo-  Combined observations suggest that an environmental factor
lecular aspects of imprinting and the role of gonadal sex  can induce an imprinted-like epigenetic change in two dif-
determination remain to be elucidated. Several factors may  ferent genes associated with brag e and Alzheimer’s
contribute to the molecular mechanisms of the altered meth- e male germline
ylation (i.e. imprinting) observed. The paternal transmission i dllisease. Although
of the phenotype (1, 2) transgenerationally suggests a role of of imprinted-like
the Y chromosome and/or paternal imprinted genes. Neg- W disease, future stud-
ligible information is available on the rat Y chromosome such i use and/or effect of these

that future studies will be required to examine the influence
Y chromosome epigenetics may have on the phenotype and onstrated that embryonic exposure to
altered methylation of the germline. The ability of paternal x determination promotes the devel-
imprinting to influence the maternal allele also needs to ult disease transgenerationally (1, 2). These
considered. Because the maternal allele appears to be ignor

tumor development, kidney disease, prostate disease,
tionally, unique imprinting mechanisms . and immune abnormalities (2). The vinclozolin generation
potential involvement of paramutais > s animals used in the current study to identify the epigenetic
need to be considered in alleli icati . imprinting in the sperm DNA develop disease states at ap-
i proximately an 85% frequency (2). Therefore, the imprinted-
like genes/DNA sequences identified are associated with
these disease states, but a direct causal link or correlation
remains to be elucidated. Further investigation of these im-
printed-like genes/DNA sequences and correlation to vari-
ous diseases is speculated to identify novel epigenetic diag-
nostic and therapeutic targets not previously considered.

onstrates the ability to alt
can transgeneratiop i

Angelman’s, BecRggin-Wiedemann, and Prader-Willi syn-

dromes (48-50). AMrations in the DNA methylation pat- The concentration of vinclozolin used in the current study
terns of imprinted genes have also been shown to promote  is higher than anticipated in the environment. For vinclozolin
the development of disease (45). Potential epigenetic abnor-  the lowest observed adverse effect level recommended for
malities in children from in vitro fertilization (i.e. intracyto- ~ humans is 11 mg/kg-d, but doses at the 1 mg/kg-d have

plasmic sperm injection) have been identified (51). A study biological effects (79). For rats the lowest observed adverse
of monozygotic twins suggested environmental epigenetic ~ effectlevel has been reported as 25 mg/kg-d (80), whereas the

effects on disease (52). Therefore, numerous studies and clin-  no observable and adverse effect level is reported as 6 mg/
ical conditions suggest epigenetics may be a critical factorin ~ kg-d (81). The environmental levels of vinclozolin have not
disease etiology. been rigorously determined, such that no conclusions re-

The previous studies have demonstrated that an environ-  garding the toxicology of this compound can currently be
mental factor (endocrine disruptors) can epigenetically re-  made. Toxicology studies to determine whether environ-
program the germline to promote transgenerational disease ~ mental levels of the compound can induce these disease
(1, 2). The current study identified the induction of imprint-  states are now needed. The mechanism of vinclozolin actions
ed-like genes/DNA sequences in the male germline trans-  could involve androgen receptor-mediated events and/or

generationally. A number of the associated genes have been  toxicity. The androgen receptor has been shown to be present
shown to be correlated to known disease (Table 2) including  in the embryonic testis at the time of gonadal sex determi-
Alzheimers (Nicastrin and NCAMT1) (53-58), polymodal no-  nation in the germ cells, Sertoli cells, and precursor peritu-
ciceptor (Lrppc) (59), bare lymphocyte syndrome (Ankrd 28)  bular cells (82, 83). Although the embryonic gonadal steroid
(60, 61), hyperglycemia (cacnale) (62-65), open angle glau-  production is minimal at this time, androstenedione is pro-
coma (optineurin) (66, 67), acute myloid leukemia (Runx1) duced by the fetal adrenal. Therefore, endocrine disruptors
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have the capacity to influence embryonic androgen receptor ;récll;lcggzgpigenetic transgenerational adult-onset disease. Endocrinology 147:
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sequently influence germ cell development (81, 86, 87). An male mice. Proc Natl Acad Sci USA 99:6877-6882 ) i

. t . th ti f defined tiand 4. Dong H, Bonala RR, Suzuki N, Johnson F, Grollman AP, Shibutani S 2004
exp?rlmen comparing the ac 1(?1’15 0. a denne a.n 1an I‘.O- Mutagenic potential of benzo[a]pyrene-derived DNA adducts positioned in
genic compound such as flutamide with those of vinclozolin codon 273 of the human P53 gene. Biochemistry 43:15922-15928
is in proeress. Further i re n luci h 5. Hughes IA 2001 Minireview: sex differentiation. Endocrinology 142:3281-3287
S pog ©ss u the .Stud gs are e.eded tO. elucidate the 6. Kanai Y, Hiramatsu R, Matoba S, Kidokoro T 2005 From SRY to SOX9:
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bryonic testis. 7. Yamazaki Y, Mann MR, Lee SS, Marh J, McCarrey JR, Yanagimachi R,

Bartolomei MS 2003 Reprogramming of primordial germ cells begins before

Although epigenetics 1s associated with a number of dis- migration into the genital ridge, making these cells inadequate donors for
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a permanent epigenetic change in the germline suggests an Acids Res 31:4797-4804
epigenetic component in disease etiology and a molecular % Xie W, Han S, Khan M, DeJ
mechanism for the ability of environmental factors to influ-

g testicular germ cell-specific

ALF gene expression in
d site-specific patterns

ence disease. This transgenerational epigenetic mutagenesis 13- Kaneda M, O gfrtio N, Li E, Sasaki H 2004
. -1s . . Essential ¢ methylran®Terase Dnmt3a in paternal and
involves the ability of an environmental factor (e.g. endocrine

disruptor) to influence embryonic development at the time 14 on and human disease. Nat Rev Genet
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line through the induction of new imprinted-like genes
DNA sequences that then lead to epigenetic alterations
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