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Review

Background: Environmentally induced epigenetic transgenerational inheritance of pathology and phenotypic vari-
ation has been demonstrated in all organisms investigated from plants to humans. This non-genetic form of inherit-
ance is mediated through epigenetic alterations in the sperm and/or egg to subsequent generations. Although the
combined regulation of differential DNA methylated regions (DMR), non-coding RNA (ncRNA), and differential histone
retention (DHR) have been shown to occur, the integration of these different epigenetic processes remains to be
elucidated. The current study was designed to examine the integration of the different epigenetic processes.

Results: A rat model of transiently exposed FO generation gestating females to the agricultural fungicide vinclo-
zolin or pesticide DDT (dichloro-diphenyl-trichloroethane) was used to acquire the sperm from adult males in the
subsequent F1 generation offspring, F2 generation grand offspring, and F3 generation great-grand offspring. The F1
generation sperm ncRNA had substantial overlap with the F1, F2 and F3 generation DMRs, suggesting a potential role
for RNA-directed DNA methylation. The DMRs also had significant overlap with the DHRs, suggesting potential DNA
methylation-directed histone retention. In addition, a high percentage of DMRs induced in the F1 generation sperm

Conclusions: Many of the DMRs, ncRNA, and DHRs were colocalized to the same chromosomal location regions.
Observations suggest an integration of DMRs, ncRNA, and DHRs in part involve RNA-directed DNA methylation and
DNA methylation-directed histone retention in epigenetic transgenerational inheritance.
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Background

Over the past two decades numerous studies have dem-
onstrated a non-genetic form of inheritance termed epi-
genetic transgenerational inheritance that is mediated
by germline alterations in epigenetic processes [1-3].
One of the first observations involved the environmental
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agricultural toxicant vinclozolin, which is one of the most
commonly used agricultural fungicides, to induce the
epigenetic transgenerational inheritance of testis pathol-
ogy and DNA methylation alterations [1]. Similar obser-
vations with a wide variety of environmental toxicants,
from dioxin to DDT (dichloro-diphenyl-trichloroethane),
have identified similar epigenetic inheritance impacts
on a variety of different disease conditions [3-5]. The
transgenerational phenotypic manifestations of vinclo-
zolin and DDT include the induction of testis, prostate,
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kidney, and ovary pathology, as well as obesity [3]. An
early observation in mice identified a traumatic stress-
induced impact on the epigenetic transgenerational
inheritance of behavioral abnormalities [6, 7]. Interest-
ingly, the injection of eggs with the ncRNA from stressed
individual male sperm promoted the same transgenera-
tional phenotypes [6]. Subsequent studies have supported
a role of either DNA methylation or ncRNA in the ger-
mline-mediated epigenetic transgenerational inheritance
[3, 8]. This epigenetic transgenerational inheritance phe-
nomenon has been shown to be induced by environmen-
tal chemicals, nutrition, stress and trauma abnormalities
in rodents and humans [3, 7, 9], as well as a wide variety
of environmental stresses in plants [10, 11], insects [12,
13], worms [14], fish [15-17], birds [18, 19], and a variety
of mammals such as pigs and humans [20-22]. A num-
ber of physiological impacts have been observed includ-
ing pathologies in the brain, reproductive organs, kidney,
immunity, obesity, and infertility [1-3]. The environmen-
tally induced epigenetic transgenerational inheritance
phenomenon has been well established, and has signifi-
cant impacts on disease etiology [2, 3] and other areas of
biology such as evolution [23].

Although most previous investigations have focused on
an individual epigenetic process such as DNA methyla-
tion [3, 4, 10] or ncRNA [6, 8], few have examined mul-
tiple processes. Our previous studies demonstrated in
both vinclozolin and DDT-induced epigenetic transgen-
erational inheritance of pathology that the transgen-
erational F3 generation sperm had coordinately altered
differential DNA methylation regions (DMRs), expres-
sion of non-coding RNAs (ncRNAs), differential his-
tone retention sites (DHRs), and histone modifications
[24, 25]. These observations suggest potential interac-
tions between the different epigenetic processes, but this
remains to be elucidated during the epigenetic inherit-
ance phenomenon. Previous studies have demonstrated
a role for ncRNA in RNA-directed DNA methylation in
a number of different systems [26—28]. The ncRNA can
help localize the DNA methylation site and facilitate sub-
sequent chromatin remodeling processes. Therefore, the
integration of ncRNA and DNA methylation has been
established. Histone modifications can also be modified
dramatically by ncRNA and chromatin remodeling in
order to transition from euchromatin-active gene expres-
sion sites to heterochromatin-inactive sites of DNA [29].
Although information is available on histone retention
in sperm and its impacts on the embryo [30, 31], the
potential role of different epigenetic processes in his-
tone retention has not been reported. Recently, a role
for environmental exposures (e.g., vinclozolin and DDT)
to promote transgenerational epigenetic inheritance of
sperm histone retention has been observed [24, 25, 32].
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The current study investigates the potential integration of
DNA methylation, ncRNA, and histone alterations in the
epigenetic transgenerational inheritance phenomenon.

Previous analyses of the concurrent expression of
the epigenetic processes between the F1, F2, and F3
generations with a stringent statistical threshold have
demonstrated negligible overlap between the different
generations or between the epigenetic processes [24,
25]. The current study used an extended overlap analysis
with a less stringent statistical threshold and found over-
laps between the generations and epigenetic marks. The
potential integration of the different epigenetic processes
and generational conservation was identified.

Results

The experimental design involved FO generation gestat-
ing outbred Sprague Dawley female rats at 120 days of
age being exposed during embryonic days 8—14 (E8—E14)
transiently to vinclozolin (100 mg/kg body weight/day),
or DDT (25 mg/kg body weight/day), or vehicle dimethyl
sulfoxide (DMSO) control, as previously described [24,
25]. The F1 generation offspring were obtained and aged
to 90 days of age then bred within the lineage (control,
vinclozolin, or DDT) in order to generate the F2 genera-
tion grand offspring. Afterward, the F2 generation was
similarly bred to generate the transgenerational F3 gen-
eration great-grand offspring within the lineage. At each
generation or lineage no sibling or cousin breeding was
used to avoid any inbreeding artifacts [1, 3]. Litter bias
was avoided by culling litters to 10 (approximately 5
females and 5 males), and then only one or two males and
females from each litter being used for breeding within
the lineage, as previously described. All males were aged
to 120 days and sacrificed for sperm collection for molec-
ular analysis, as described for previous reported studies
[24, 25]. The number of individual animals investigated
at each generation for sperm collection and molecular
analysis was approximately 10-17 males, so n=10-17
for animals with three different pools of 4—6 animals for
each generation and epimutation analysis. The sperm
collected were used to isolate RNA, DNA, and chromatin
for analysis of ncRNA, DNA methylation, histone reten-
tion, and histone modification, as described in previous
studies [24, 25], (Fig. 1). The molecular data from these
previous studies (GEO # GSE109775, GSE106125, and
NCIB SRA: PRINA430483 largeRNA (control and DTT),
PRJNA430740 smallRNA) were analyzed to explore data
further bioinformatically.

The sperm DMRs, ncRNA (both small sncRNA and
large IncRNA), and DHRs were analyzed in each sam-
ple, as previously described [24, 25], for the vinclozolin
and DDT F1, F2 and F3 generation sperm samples. The
numbers and overlaps of DMRs, ncRNA, and DHRs for
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Fig. 1 Generational epimutation overlap at high stringent statistical threshold. a F1 generation vinclozolin lineage DMR (p < 1e—06), DHR
(p<1e—06), and NncRNA (p < 1e—04). b F1 generation DDT lineage DMR (p < 1e—06), DHR (p < 1e—06), and ncRNA (p < 1e—04). ¢ F2 generation
vinclozolin lineage DMR (p < 1e—06), DHR (p < Te—06), and ncRNA (p < 1e—04). d F2 generation DDT lineage DMR (p < 1e—06), DHR (p < 1e—06),
and ncRNA (p < 1e—04). e F3 generation vinclozolin lineage DMR (p < 1e—06), DHR (p < 1e—06), and ncRNA (p < 1e—04). f F3 generation DDT

lineage DMR (p < 1e—06), DHR (p < 1e—06), and ncRNA (p < 1e—04)

each generation with a high stringency threshold are pre-
sented as previously reported in (Fig. 1). The overlaps
with a Venn diagram for the transgenerational F3 gen-
eration for the different epigenetic marks is negligible
with the high stringency threshold, (Fig. 1e, f), for each
exposure, as previously identified [24, 25]. The F1 and
F2 generations also were primarily distinct among the
epimutations, (Fig. la—d). Although the different epige-
netic alterations are present at each generation for both
exposure lineages, the overlaps with a stringent statistical
threshold were negligible, suggesting distinct functions
and a lack of integration, as previously suggested [24, 25].

Interestingly, when a comparison of one epimutation
at a high stringency was made to the others at p<0.05,
a number of genomic locations were identified with the
different types of epimutations present. The chromo-
somal locations of these altered epigenetic marks (i.e.,
epimutations) are presented in (Fig. 2) and in (Additional
file 1: Tables S1-S6) for each generation for both vinclo-
zolin and DDT lineage sperm samples. The color-coded
labels identify the DMR, ncRNA, and DHRs throughout
the genomes with common chromosomal locations for
each generation. Only those sites significant at high strin-
gency (color code index) with one epimutation analysis
that overlap with the other epimutations at p<0.05 are
shown, (Fig. 2). Specific epimutation chromosomal loca-
tions, statistical p-values, and gene associations are pre-
sented in (Additional file 1: Tables S1-S6). In the F1 and
F2 generations only the alterations in ncRNAs and DMRs
were found, as previously described [24, 25]. There-
fore, the overlaps were primarily between the ncRNA
and DMR in the F1 and F2 generations, (Fig. 2a—d). The
DHRs developed in the transgenerational F3 generation,
as previously described [24, 25]. In the F1 and F2 genera-
tions the ncRNA was predominantly the high statistically
significant epimutation and overlap with DMR at the
p<0.05, (Fig. 2a—c), with a mix of ncRNA and DMR in
the DDT lineage F2 generation, (Fig. 2d). The transgener-
ational F3 generation also had a mix of ncRNA and DMR
at a high statistical significance, as well as a number of
DHR, (Fig. 2e, f). Therefore, chromosomal locations with
multiple epimutations are identified with ncRNA being
predominant in the F1 and F2 generations with the high
statistical threshold, and DMRs being more predominant
in the F3 generation with a mix of the various epimuta-
tions, (Fig. 2 and Additional file 1: Tables S1-S6).

An extended overlap analysis was performed with both
the DDT and vinclozolin lineage data using a less strin-
gent statistical threshold for the comparisons, (Fig. 3).
The more stringent statistical threshold epigenetic data
sets (DMRs p<le—06, ncRNA p<le—04, and DHRs
p<le—06) were compared between the generations and
the epigenetic marks with a p<0.05 statistical threshold.
This optimized the potential to identify overlaps com-
pared to the more stringent thresholds used in (Fig. 1).
The rows present the more stringent threshold DMRs,
ncRNA, and DHRs for the F1, F2, and F3 generations.
The columns present the corresponding p <0.05 thresh-
old overlaps with the higher p-value threshold data sets.
Examination of the horizontal rows, as expected, show
100% overlap (i.e., shaded) for the same data set and the
number of associated epigenetic marks and percentage
(%) overlap with the left margin value. This extended
overlap allows the two different threshold stringencies
to be compared and to determine additional overlap
observations, (Fig. 3). Similar trends in the overlaps are
observed for both the DDT and vinclozolin data sets.
One of the initial observations was that the F1 genera-
tion ncRNA had a high percentage overlap with the F3
generation DMR, (Fig. 3 and Additional file 1: Tables S1
and S2). Similar observations are made with the F1 and
F2 generations. For the F1 generation, DDT ncRNA had
over a 20% overlap observed with the F1, F2, and F3 gen-
eration DMRs, while vinclozolin F1 generation ncRNA
had approximately 35% overlap with the F1, F2, and F3
generation DMRs, (Figs. 3 and 44, b). The lists of over-
lapping ncRNA and DMR sites are presented in (Addi-
tional file 1: Tables S1 and S2). The F2 and F3 generation
ncRNA were similar with the overlap with the DDT
generation DMRs of approximately 20%, but reduced to
10-15% with the vinclozolin DMRs, (Fig. 3). Therefore,
some ncRNAs were common between the generations,
and had overlap with the DMRs that ranged between
8-35% overlap for the vinclozolin DMRs and 15-20%
overlap for DDT DMRs. The potential that the ncRNA
may promote RNA-directed DNA methylation is sug-
gested. The Venn diagrams presented in (Fig. 4a, b) sup-
port those overlaps and the epigenetic ncRNA and DMR
overlaps are listed in (Additional file 1: Tables S1 and S2).

The next observation was that the F1, F2, and F3 gen-
eration DMRs had a 20-48% overlap with the F3 genera-
tion DHRs for the DDT and vinclozolin lineages, (Fig. 3).
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Fig. 2 Chromosomal colocalization of overlap epimutations. The overlap of one epimutation at high statistical stringency (DMR p < 1e—06, DHR

p < 1e—06, or NcRNA p < 1e—04) overlap with others at p <0.05. The epimutation at high stringency is identified with color and marked as indicated
by the inset legend. The chromosomal number and size (megabase) are presented. a F1 generation vinclozolin lineage ncRNA and DMR. b F1
generation DDT lineage ncRNA and DMR. ¢ F2 generation vinclozolin lineage ncRNA and DMR. d F2 generation DDT lineage ncRNA and DMR. e F3
generation vinclozolin lineage DMR, DHR and ncRNA. f F3 generation DDT lineage DMR, DHR and ncRNA

Interestingly, the F3 generation DHRs had a 23-47%
overlap with the F1, F2, and F3 generation DMRs for both
exposure lineages. The Venn diagram overlaps in (Fig. 4c,
d) support these DMR and DHR overlaps and suggests
DMRs may help guide DHR formation transgeneration-
ally. The overlapping F3 generation DMRs and DHRs are
presented in (Additional file 1: Tables S3 and S4).

An interesting observation was the overlap between the
F1, F2, and F3 generation DMRs for both DDT and vin-
clozolin exposures, (Figs. 3 and 4e, f). The highest overlap
for the DDT F1 generation DMRs was the F2 generation
DMRs with a 71% overlap, and for the vinclozolin F2
generation DMRs with the F3 generation DMRs with
a 73% overlap. The highest for the F3 generation DMRs
was 79% overlap with the vinclozolin F2 DMRs. Gener-
ally, a 25-50% overlap existed between the F1, F2, and
F3 generation DMRs for both exposures, (Fig. 3). A Venn
diagram supports this observation and demonstrates
approximately 25% overlap for the vinclozolin DMRs
and 35% overlap for the DDT DMRs, (Fig. 4e, f). Lists
of these overlapping DMRs are presented in (Additional
file 1: Tables S5 and S6). Therefore, a percentage (25—
35%) of the F1 generation individual DMRs were retained
transgenerationally.

Generally, the F3 generation epigenetic alterations
had more overlap among each other and with the other
generations for both exposures. A Venn diagram analy-
sis was used to identify the epigenetic sites with overlap-
ping DMRs, ncRNA, and DHRSs, (Fig. 4). The overlapping
F3 generation epigenetic sites were approximately 25%
for vinclozolin and DDT lineages. A permutation analy-
sis was performed to demonstrate this is significantly
greater than the random overlap observed, with a p value
of p<0.05 for both 1 kb and 10 kb overlapping sites.
Several sites were randomly selected and are mapped to
identify the overlapping chromosomal locations of the
DMR, ncRNA, and DHR, (Fig. 5). The actual statisti-
cal significance of the overlapping epimutations in these
examples includes: (Fig. 5a) (ncRNA p<le—04, DHR
p<0.03, and DMR p <0.005); (Fig. 5b) (ncRNA p < 1e—04,
DHR p<0.001, and DMR p<0.0004); (Fig. 5c) (DHR
p<1le—08, ncRNA p<0.005, and DMR p<0.04); and
(Fig. 5d) (ncRNA p<1le—06, DMR p<1le—04, and DHR
p<1le—05). The potential that RNA-directed DNA meth-
ylation and DMR-directed histone retention is involved is
reviewed in the “Discussion” section.

All the previous analyses and overlaps presented were
based on a direct overlapping chromosomal location for
the ncRNA, DMR and DHR. The question was addressed
if a greater number of sites exist with epimutations that
were in the same region but not directly overlapped. A
5 kb distance on either side of the epimutations was
used to have a 10 kb window for the potential overlap-
ping region. An extended overlap using this 10 kb win-
dow was used with the same data that will identify sites
that directly overlap and those nearby within the 10 kb
window, Fig. 6. The level of overlap with a 10 kb window
identified the same overlaps presented and discussed,
but the level of overlap was in the 80-99% range, (Fig. 6).
Both the vinclozolin and DDT lineage had the same high
level of overlap with most being >90% range, with a per-
mutation analysis p value of p<0.001. Using this 10 kb
window the majority of ncRNA, DMRs and DHRs over-
lapped between the generations and epimutations. This
supported all the previous observations and demon-
strated a significant level of epimutation overlap. Since
approximately 90% of the F3 generation DMRs over-
lapped with the F3 generation DHRs and F1 generation
ncRNA, the conserved F3 generation DMRs, (Additional
file 1: Table S5 and S6), were used in a Pathway Studio
analysis to link DMR associated genes with cellular pro-
cesses and pathologies, (Additional file 1: S1 and S2). A
large number of the DMR and epimutation associated
genes linked to various transgenerational pathologies
previously observed, including kidney disease, mammary
tumors, immune abnormalities, prostate disease, meta-
bolic disease, or behavioral abnormalities [3, 33, 34].

Discussion

Previous studies have demonstrated the concurrent pres-
ence of DMRs, ncRNA, and DHRs in sperm following
DDT or vinclozolin exposure of FO generation gestating
females during gonadal sex determination [24, 25]. These
data were obtained and reported at a stringent statistical
threshold selection and demonstrated negligible overlap
at each generation, (Fig. 1) [24, 25]. The current study was
designed to further investigate the potential integration
of the different epigenetic processes between the F1, F2,
and F3 generations. An approach was taken to compare
the more stringent statistical threshold values for DMRs,
ncRNAs, and DHRs with the less stringent p<0.05
threshold between the different epigenetic processes
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Extended Epimutation Overlap
a Vinclozolin Epimutations
p>.05

p<ie-5 F1.DOMR | F1.DHR | F1.ncRNA | F2.DMR F2.0HR | F2.ncRNA F3.DMR F3.DHR F3.ncRNA
170

F1.DMR (100.00%) | 1(0.59%) | 10 (5.88%) | 63 (37.06%) | 4 (2.35%) |2 (1.18%) |80 (47.06%) | 34 (20.00%) [ 6 (3.53%)
2 5

F1.DHR (40.00%) | (100.00%) | 0 (0.00%) | 3(60.00%) | 2(40.00%) [0 (0.00%) | 1(20.00%) | 1(20.00%) |0 (0.00%)
326 27 979 352 362

F1.ncRNA | (33.30%) | (2.76%) (100.00%) | (35.96%) 26 (2.66%) | 94 (9.60%) | (36.98%) 378 (38.61%) | 52 (5.31%)
155 31 327 241

F2.DMR (47.40%) | (9.48%) 14 (4.28%) | (100.00%) 21(6.42%) | 7 (2.14%) | (73.70%) 118 (36.09%) | 15 (4.59%)
1 1 3

F2.DHR (33.33%) | (33.33%) [0 (0.00%) | 1(33.33%) | (100.00%) | O (0.00%) | 1(33.33%) |0 (0.00%) 0 (0.00%)
47 18 549

F2.ncRNA | (855%) | (327%) | 42 (7.64%) | 68 (12.36%) | 15 (2.73%) | (99.82%) | 67 (12.18%) | 71(12.91%) | 35 (6.36%)
576 57 116 950 1203

F3.DMR (47.88%) | (4.74%) (9.64%) (78.97%) 57 (4.74%) | 27 (2.24%) | (100.00%) 359 (29.84%) | 64 (5.32%)
23 22 17 10

F3.DHR (23.23%) | (22.22%) | 8(8.08%) | 34 (34.34%) | (17.17%) | 4 (4.04%) | 41 (41.41%) | 99 (100.00%) | (10.10%)
61 434

F3.ncRNA | (14.06%) | 6 (1.38%) | 38 (8.76%) | 78 (17.97%) | 10 (2.30%) | 26 (5.99%) | 81 (18.66%) | 73 (16.82%) | (100.00%)

b DDT Epimutations

p>.05

p<ie-5 F.DMR | F1.DHR | F1.ncRNA | F2.DMR F2.DHR | F2.ncRNA F3.DMR F3.DHR F3.ncRNA
651

F1.DMR (100.0%) | 48 (7.4%) | 43 (6.6%) | 463 (71.1%) | 37 (5.7%) | 14 (2.2%) | 332 (51.0%) | 315 (48.4%) | 51 (7.8%)

0

F1.DHR 0(0.0%) | (100.0%) | 0(0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0 (0.0%) 0(0.0%) 0(0.0%)
365 1614

F1.ncRNA | (22.6%) 27 (1.7%) | (99.8%) 432(26.7%) |22 (1.4%) | 76 (4.7%) | 344 (21.3%) | 608 (37.6%) | 97 (6.0%)
3719 229 4886 2790

F2.DMR (76.1%) (4.7%) 278 (5.7%) | (100.0%) 208 (4.3%) | 91(1.9%) | (57.1%) 2041 (41.8%) | 266 (5.4%)

F2.DHR 0(0.0%) | 0(0.0%) |0(0.0%) 0(0.0%) 1(100.0%) | 0 (0.0%) 0(0.0%) 0(0.0%) 0(0.0%)

94

F2.ncRNA | 22 (23.4%) | 4 (4.3%) | 14 (14.9%) | 26 (27.7%) | 2 (2.1%) (100.0%) 19 (20.2%) | 39 (41.5%) | 17 (18.1%)
256 951

F3.DMR (26.9%) 25 (2.6%) | 37 (3.9%) | 351 (36.9%) | 27 2.8%) | 18 (1.9%) | (100.0%) 213 (22.4%) | 30 (3.2%)
334

F3.DHR (47.4%) 22 (3.1%) | 38(54%) | 319 (45.3%) | 17 2.4%) | 11(1.6%) | 240 (34.1%) [ 704 (100.0%) | 36 (5.1%)
243 135 127 928

F3.ncRNA | (26.0%) 28 (3.0%) | (14.5%) 335 (35.9%) | 18 (1.9%) | (13.6%) 199 (21.3%) | 338 (36.2%) | (99.4%)

Fig. 3 Extended epimutation overlap. The epimutations at high stringency (DMR p < 1e—06, DHR p < 1e—06, and ncRNA p < 1e—04) in rows were
compared to epimutations at p<0.05 in columns. The number of overlap epimutations and percentage of the total are presented for each overlap.
As anticipated, 100% overlap was observed for the same generation and epimutation indicated by shaded box. a Vinclozolin lineage epimutation
and b DDT lineage epimutation overlap

(See figure on next page.)
Fig. 4 Epimutation overlaps. Generational DMR overlap with F1 generation ncRNA p <0.05. A Venn diagram overlap of F1, F2, and F3 generation
DMR (p < 1e—06) with F1 generation ncRNA (p < 0.05). a Vinclozolin lineage DMR and ncRNA overlap. b DDT lineage DMR and ncRNA overlap.
Generational DMR overlap with F3 generation DHR p <0.05. A Venn diagram overlap of F1, F2, and F3 generation DMR (p < 1e—06) with F3
generation DHR (p < 0.05). ¢ Vinclozolin lineage DMR and DHR overlap. d DDT lineage DMR and DHR overlap. Generational DMR overlap. A Venn
diagram overlap of F1 generation DMR (p < 1e—06) with F2 and F3 generation DMR (p < 0.05). e Vinclozolin lineage DMR overlap. f DDT lineage DMR

overlap

and generations. This extended overlap approach gener-
ated a number of observations to suggest an integration
between generations for the epigenetic transgenerational

inheritance phenomenon.

An interesting observation from the extended overlap
of DMRs demonstrated that approximately 40-50% of
the F1 generation sperm DMRs were retained and also
present in the F2 and transgenerational F3 generations,
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Generational DMR Overlap with F1 Generation ncRNA or DHR at p<0.05

a Vinclozolin b DDT

Vin F3DMR  Vin F1 ncRNA DDT F3DMR DDT F1 ncRNA

p<1e-06 p<0.05 p<1e-06 p<0.05
vinF2DMR  DDTF1DMR

p<1e-06 p<1e-06

Vin F1 DMR
p<1e-06

DDT F2 DMR
p<1e-06

¢ Vinclozolin d DDT

Vin F3 DMR Vin F3 DHR

p<1e-06 p<0.05 DDTF3DMR DDT F3 DHR

; p<1e-06 p<0.05
VinF2DMR 551 £ DR
p<1e-06

p<1e-06

Vin F1 DMR

DDT F2 DMR
p<1e-06

p<1e-06

e Vinclozolin _ f DDT
Vin F1 DMR Vin Eg 5’5’\"R DDT F1DMR DDT F2 DMR
p<1e-06 p<L. p<1e-06 p<0.05

Vin F3 DMR p<0.05 DDT F3 DMR p<0.05
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a Colocalize Sites DMR, ncRNA, DHR Map (NC-005100.4)

Location #

30,830K 30,831K 30,832K 30,833K

30,834K

30,835K 30,836K 30,837K 30,838K

IGenes‘ NCBI Rattus Norvegicus Annotation Release 106, 2016-07-27
Overlapping Sites
DHR (p<0.05)

Genes
None

DVR (p<0.05) g s

RNA (p<1e-4) ===

b Colocalize Sites DMR, ncRNA, DHR Map (NC-005104.4)

Location #

78,074K 78,076K 78,078K

78,080K

78,082K 78,084K 78,086K 78,088K

78,070K 78,072K
—

'Overlapping Sites rNA (b<1e4

DHR(p<O..05) DHR (p<0.05

DMR (p<0.05) e
DHR (p<0.05)RNA (p<0.05),
RNA (p<0.05)

DMR (p<0.05)====

Genes
LOC108350982

XR_001837969.1 =—

¢ Colocalize Sites DMR, ncRNA, DHR Map (NC-005111.4)

Location #

31,495K 31,505K 31,515K 31,525K 31,535K 31,545K 31,555K 31,565K 31,575K 31,585K 31,595K 31,605K 31,615K 31,625K 31,635K

Overlapping Sites

RNA (p<0.05)
Genes

+ —_— e+ B +— ——H++————— I A+ 4 Piwil1 [+6]

Mbp2[+26] o 5C 108352441

[ |
xR_001 8406)6( '1001 840666.1

d Colocalize Sites DMR, ncRNA, DHR Map (NC-005113.4)

Location #
46,628K 46,632K 46,636K 46,640K 46,644K 46,648K 46,652K 46,656K 46,660K
..... AN DO A A
Overlapping Sites

L. Wﬂml
DHR (p<0.05) PUEORNA (p<te-4)
Genes

LOC102554740 Rn45s

=== \R 359544.3

NR_046239:1 W R

NR_046237.1 =38 o =

NR_046238.1*

Fig. 5 Genomic colocalization of DMR, DHR and ncRNA. The genomic and colocalized DMR, DHR and ncRNA presented. The region size (bp), genes
present, and localization of DMR, DHR and ncRNA identified. The various examples include a nc-005100.4, b nc-005104.4, ¢ nc-005111.4, and d

nc-005113.4 from the NCBI Rattus norvegicus release 106 in 2016

(Figs. 3 and 4e, f). This was 88—97% of the DMRs when
10 kb windows were used, (Fig. 6). A permutation analy-
sis demonstrated this was significant (»<0.001) and not
due to random associations. The list of conserved F1 gen-
eration DMRs in subsequent generations is presented in
(Additional file 1: Tables S5 and S6, and those DMRs with
gene associations suggest approximately 50% of these
conserved DMRs were associated with genes. Many of
these genes had associations with a variety of pathologies,

Additional file 1: Figures S1 and S2). Therefore, a percent-
age of the F1 generation sperm DMRs were programmed
and then conserved in subsequent generations. Although
a majority of the F1 generation sperm DMRs were con-
served generationally, there were minimal similarities
between the different generations for ncRNAs, (Figs. 3
and 6). The DHRs were primarily present in the F3 gen-
eration sperm, so not conservation between generations,
(Fig. 3. ) In contrast, when a 10 kb region is considered
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Extended 10 kb Window Epimutation Overlap
a Vinclozolin Epimutations (10 kb)
>.05
p<ie- e F1.DMR [ F1.DHR | F1.ncRNA | F2.DMR F2.DHR | F2.ncRNA | F3.DMR F3.DHR F3.ncRNA
170
F1.DMR (100.0%) |25 (14.7%)] 17 (10.0%) [ 150 (88.2%) ] 21 (12.4%) | 8 (4.7%) 155 (91.2%)| 151 (88.8%) [ 7 (4.1%)
F1.DHR |5 (100.0%)|5 (100.0%)| 0 (0.0%) | 4 (80.0%) [ 4(80.0%) | 0(0.0%) [ 5(100.0%) [ 5(100.0%) | 0(0.0%)
831 979
F1.ncRNA | (84.9%) |89(9.1%) | (100.0%) |892 (91.1%)] 73 (7.5%) |308 (31.5%)| 891 (91.0%) | 879 (89.8%) | 74 (7.6%)
283 327
F2.DMR (86.5%) |68 (20.8%)| 23 (7.0%) | (100.0%) |54 (16.5%)| 12 (3.7%) [312(95.4%)| 294 (89.9%) | 15 (4.6%)
F2.DHR |2 (66.7%) |3 (100.0%)| 0(0.0%) | 3 (100.0%) |3 (100.0%)| 0 (0.0%) [ 3(100.0%) | 3 (100.0%) | 0 (0.0%)
403
F2.ncRNA | (73.3%) [74 (13.5%)[119 (21.6%)| 471 (85.6%) | 68 (12.4%) 1549 (99.8%)| 456 (82.9%) | 487 (88.5%) [ 55 (10.0%)
1092 129 1171 1203
F3.DMR (90.8%) | (10.7%) [155 (12.9%)| (97.3%) | 104 (8.6%)| 47 (3.9%) | (100.0%) |[1060 (88.1%)| 74 (6.2%)
F3.DHR |84 (84.8%)|45 (45.5%)| 11 (11.1%) | 86 (86.9%) | 37 (37.4%) | 8(8.1%) | 87 (87.9%) | 99 (100.0%) | 11 (11.1%)
352 434
F3.ncRNA | (81.1%) [75(17.3%)| 89 (20.5%) | 370 (85.3%) | 59 (13.6%) | 91 (21.0%) | 372 (85.7%) | 378 (87.1%) | (100.0%)
b DDT Epimutations (10 kb)
p>.05
p<ile- F1.DMR | F1.DHR | F1.ncRNA | F2.DMR F2.DHR | F2.ncRNA | F3.DMR F3.DHR F3.ncRNA
651 102
F1.DMR (100.0%) | (15.7%) | 56 (8.6%) [ 637 (97.8%) |93 (14.3%) | 24 (3.7%) [599 (92.0%) | 643 (98.8%) | 59 (9.1%)
F1.DHR 0(0.0%) ] 0(100%) | 0 (0.0%) 0 (0.0%) 0 (0.0%) 0(0.0%) 0(0.0%) 0(0.0%) 0 (0.0%)
1438 1614
F1.ncRNA | (88.9%) |155(9.6%)| (99.8%) [1529 (94.5%)| 128 (7.9%) 178 (11.0%){1349 (83.4%)| 1577 (97.5%)[193 (11.9%)
4735 590 4886
F2.DMR (96.9%) | (12.1%) |440(9.0%)| (100.0%) 1520 (10.6%)| 139 (2.8%) 14471 (91.5%)|4764 (97.5%)| 327 (6.7%)
F2.DHR |1 (100.0%)1 (100.0%)| 0 (0.0%) | 1(100.0%) [1(100.0%)| 0 (0.0%) [ 1(100.0%) 0 (0.0%) 0 (0.0%)
F2.ncRNA |88 (93.6%) (14 (14.9%)| 28 (29.8%) | 89 (94.7%) | 9 (9.6%) [94 (100.0%)| 79 (84.0%) | 92 (97.9%) [ 30 (31.9%)
801 121
F3.DMR (84.2%) | (12.7%) | 64 (6.7%) | 859 (90.3%) |119 (12.5%)| 26 (2.7%) 951 (100.0%)| 872 (91.7%) | 37 (3.9%)
638
F3.DHR (90.6%) [72 (10.2%)| 58 (8.2%) | 660 (93.8%)| 55 (7.8%) | 17 (2.4%) | 596 (84.7%)|704 (100.0%)| 40 (5.7%)
822 134
F3.ncRNA | (88.0%) | (14.3%) |257 (27.5%)| 871 (93.3%) [106 (11.3%)]202 (21.6%)| 790 (84.6%) | 894 (95.7%) (928 (99.4%)
Fig. 6 Extended epimutation overlap within a 10-kb region. The epimutations at high stringency (DMR p < 1e—06, DHR p < 1e—06, and ncRNA
p<1e—04) in rows were compared to epimutations at p < 0.05 in columns. The number of overlap epimutations and percentage of the total are
presented for each overlap. As anticipated, 100% overlap was observed for the same generation and epimutation indicated by shaded box. a
Vinclozolin lineage epimutation and b DDT lineage epimutation overlap

approximately 40% of the F3 generation DHRs are pre-
sent in the F1 and F2 generations, (Fig. 6). The potential
role of these DMRs for guided transgenerational histone
retention is discussed below.

The second interesting observation was the overlap of
the F1 generation sperm ncRNA with the F1, F2, and F3
generation DMRs. Over 20% in DDT and 35% in vin-
clozolin F1 generation ncRNA overlapped with the F1,
F2, and F3 generation DMRs, (Figs. 3 and 4 and Addi-
tional file 1: Tables S1 and S2). Observations suggest

the potential role of ncRNA-directed DNA methylation
in the direct exposure F1 generation and transgenera-
tional F3 generation. Previous literature has established
a role for RNA-directed DNA methylation in a number
of biological and cellular systems [26—28]. This involves
the ability of the ncRNA to recruit or direct chromatin
remodeling proteins and proteins such as DNA meth-
yltransferase to guide the DNA methylation at a chro-
mosomal site, which has been established in a variety
of different organisms and developmental processes
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DNA Methylation
Directed Histone
Retention
NcRNA Directed

DNA Methylation

DNA Sequence

DNA Methylation

remodeling proteins (CRP) to promote histone retention is indicated

Fig. 7 Diagram of ncRNA-directed DNA methylation and DNA methylation-directed histone retention. The red dot identifies DNA methylation,
green histone the nucleosome with modifications in histone tails indicated. The ncRNA association with cofactors and DNA methyltransferase
(DNMT) promoting DNA methylation (red dot) for RNA-directed DNA methylation. The DNA methylation (red dot) association with chromatin

Histone
Modifications

[26—28]. Observations suggest ncRNA-directed DNA
methylation may have a role in the epigenetic transgen-
erational inheritance phenomenon. Although the F1
generation ncRNA have the highest overlap with the F3
generation DMRs, overlaps are also observed with the
F1 and F2 generation ncRNA with the various genera-
tion DMRs, (Fig. 3). When a 10 kb region overlap is con-
sidered, the F1 generation ncRNAs have a 91% overlap
with the F2 and F3 generation DMRSs, (Fig. 6). The over-
laps of the ncRNA and DMRs suggest ncRNA-directed
DNA methylation has a potential role in the epige-
netic transgenerational inheritance process, (Fig. 7). A
combination of F1 generation direct exposure altera-
tions in ncRNA and subsequent transgenerational F3
generation actions on DNA methylation appears to be
involved. The colocalized epigenetic sites with ncRNA
and DNA methylation support this proposal, (Fig. 5).
Although the molecular process of RNA-directed DNA
methylation has been established [26-28], and sug-
gested in generational impacts in plants and humans
[35, 36], the current study only demonstrates the strong
correlations of the ncRNA and DMRs. Future stud-
ies are needed to provide more molecular insights and

validation of the ncRNA-directed DNA methylation in
the epigenetic transgenerational phenomenon.

Another interesting observation was the overlap of the
transgenerational F3 generation DMRs with the DHRs.
Although negligible DHRs are present in the F1 or F2
generations, the F3 generation has DHRs that overlap
with F1 and F2 generation DMRs, (Fig. 3). For the DDT
DMRs there was a range of 35-50% overlap and for vin-
clozolin DMRs, a 23-41% overlap. Considering a 10 kb
region overlap, the F3 generation DHRs had an 85-95%
overlap with the DMRs at all the generations, (Fig. 6).
The permutation analysis demonstrated this number of
10 kb region overlaps is not due to random associations
(p<0.001). The literature for spermatid exchange of his-
tones for protamines to condense the DNA into the head
of the sperm is well established in most organisms inves-
tigated [37-39]. Although the vast majority of the sperm
DNA has associated protamines, a percentage of the his-
tones are retained, which varies between 5-10% of the
DNA in different mammalian species [40]. Previously,
we found histone retention was significantly increased
in the transgenerational F3 generation sperm with the
presence of new retention sites [24, 25, 32]. Therefore,
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an additional epigenetic mechanism influenced dur-
ing the epigenetic transgenerational inheritance process
involves altered histone retention [32]. Previous literature
has described the transition proteins and processes of the
replacement of histones for protamines [41, 42], but the
role of epigenetic processes such as DNA methylation
have not been considered. Our previous observations
suggest a role for this process in epigenetic inheritance
[24, 25]. The current study indicates a potential role
for DNA methylation in guiding or directing histone
retention,(Figs. 3 and 6). Previous studies have demon-
strated a critical role for DNA methylation in the actions
of chromatin remodeling proteins [41-43]. So, DNA
methylation could alter the associated proteins and sec-
ondary structure of DNA that is an aspect of the process
of histone retention. Although further investigation of
the molecular processes is required in future studies, the
observations from the current study suggest a potential
role of DNA methylation-directed differential histone
retention, (Fig. 7). The DMRs are proposed to assist in the
guiding or directing of histone retention sites such that
an increased number of sites appear transgenerationally.
Therefore, the existence of DNA methylation-directed
histone retention is proposed, and the observations sup-
port an integration of DMRs and DHRs transgeneration-
ally. An interesting additional observation is the F1 and
F2 generation DMRs that develop following direct expo-
sure to toxicants are similar to the F3 generation DMRs,
but that the DHRs did not form until the transgenera-
tional F3 generation, (Figs. 3 and 6).

The current study findings help integrate the previous
data obtained with ncRNA, DMRs, and DHRs [24, 25].
Potential roles of ncRNA-directed DMRs and DMR-
directed DHRs are suggested. A percentage of the F1
generation DMRs are retained and conserved for subse-
quent F2 and F3 generations. The F1 generation ncRNA
overlapped with the F2 and F3 generation DMRs, sup-
porting the role for ncRNA-directed DNA methylation
and formation of DMRs, (Fig. 7). The specific subtypes of
sncRNA and IncRNA in this process will require further
investigation. The potential for DMR-directed DHRs is
suggested, but further information is required to eluci-
date the specific processes involved. Approximately half
of the overlapping epimutations had associated known
genes. Many of these genes are associated with previ-
ously identified pathologies, (Additional file 1: Figures S1
and S2), so support a mechanism for transgenerational
pathology. The proposed model and integration of the
transgenerational ncRNAs, DMRs and DHRs are pre-
sented in (Fig. 7). The current study observations suggest
the integration of epigenetic processes in the epigenetic
transgenerational phenomenon. Insights are provided
into the development and generational transmission of
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these environmentally induced sperm epimutations that
have previously been shown to associate with disease
development and etiology. The potential use of these
integrated epigenetic chromosomal sites as biomarkers
to identify exposure and/or disease susceptibility sug-
gests they could be used as diagnostics to facilitate pre-
ventative medicine in the future. Further investigation is
needed to more thoroughly establish these mechanisms
in the epigenetic transgenerational inheritance phe-
nomenon, but the current study provides support and a
framework for the integration of the various epigenetic
processes.

Conclusions

The observations with the two different exposures of
DDT or vinclozolin suggest the generational impacts
and transgenerational integration of the ncRNA, DMRs,
and DHRs are similar. Variation in the percent overlaps
is observed, but the same trends and conclusions of inte-
gration of the various epimutations are similar for both
DDT and vinclozolin exposure lineages. The colocalized
epimutation sites for the different exposures demon-
strate the same phenomenon, but independent sites are
observed for each exposure. The two different models of
environmentally induced epigenetic transgenerational
inheritance support the general mechanism proposed for
ncRNA-directed DNA methylation and DMR-directed
DHR development. Although the current study identifies
such colocalized and interacting epimutation sites, many
of the specific ncRNAs, DMRs and DHRs are not colocal-
ized [24, 25]. Therefore, independent actions of ncRNAs,
DMRs and DHRs will also be important in the mecha-
nism involved in environmentally induced epigenetic
transgenerational inheritance. A combination of ncRNA,
DMR, and DHR epimutations developed during game-
togenesis allows for post fertilization embryonic impacts
and suggests integration of ncRNA and DMR will be
involved in the epigenetic inheritance. The proposed
mechanism in (Fig. 7) helps elucidate the molecular
mechanisms involved in the epigenetic transgenerational
inheritance phenomenon.

Materials and methods summary

Animal studies and breeding

As previously described [24, 25] and expanded in the
(Additional file 1: Supplemental Methods), outbred
Sprague Dawley SD male and female rats were fed a
standard diet with water ad lib and mated. Gestating
female rats were exposed to DDT or vinclozolin, and oft-
spring were bred within each lineage for three genera-
tions in the absence of exposure. The F3 generation was
aged to 120 days for sperm isolation and molecular anal-
ysis, as described in the (Additional file 1: Supplemental
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Methods). Sperm were isolated and used for epigenetic
analysis, as described in the (Additional file 1: Supple-
mental Methods). All experimental protocols for the pro-
cedures with rats were pre-approved by the Washington
State University Animal Care and Use Committee (pro-
tocol IACUC # 6252), and all methods were performed in
accordance with the relevant guidelines and regulations.

Epigenetic analysis, statistics and bioinformatics

As previously described [44], DNA was isolated from
sperm collected at the time of dissection. The DNA iso-
lation protocol has been previously described [33, 34],
(Additional file 1: Supplemental Methods). Methylated
DNA immunoprecipitation (MeDIP), followed by next
generation sequencing (MeDIP-Seq) was performed on
the isolated DNA. MeDIP-Seq, sequencing libraries, next
generation sequencing, and bioinformatics analysis were
performed, as described previously [33, 34] and in the
(Additional file 1: Supplemental Methods). All molecular
data has been deposited into the public database at NCBI
(GEO # GSE109775 and GSE106125), and R code com-
putational tools are available at GitHub (https://githu
b.com/skinnerlab/MeDIP-seq) and https://skinner.wsu.
edu/genomic-data-and-r-code-files/.

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1186/513072-020-00378-0.

Additional file 1: Figure S1. Vinclozolin lineage F3 generation conserved
DMR in common with DHR and F1 generation ncRNA. Figure S2. DDT
lineage F3 generation conserved DMR in common with DHR and F1
generation NcRNA. Table S1. Vinclozolin lineage F1 generation ncRNA

& F1,F2 and F3 generation DMR overlap list. Table S2. DDT lineage F1
generation NcCRNA & F1, F2 and F3 generation DMR overlap list. Table S3.
F3 generation vinclozolin DMR & F3 generation DHR overlap list. Table S4.
F3 generation DDT DMR & F3 generation DHR overlap list. Table S5.
Vinclozolin lineage F1, F2, F3 generation DMR overlap list. Table S6. DDT
lineage F1, F2, F3 generation DMR overlap list.
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