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ABSTRACT
All animals have body burdens of polychlorinated biphenyls (PCBs) despite their ban decades ago.
These and modern endocrine-disrupting chemicals (EDCs) such as the fungicide vinclozolin (VIN)
perturb hormone signaling and lead to dysfunctions following prenatal exposures. Beyond direct
exposures, transgenerational disease phenotypes can persist for multiple generations without
subsequent exposure. The mechanisms of action of these EDCs differ: VIN is anti-androgenic while
the PCB mixture Aroclor 1221 (A1221) is weakly estrogenic. Based on limited evidence for the
inheritance of epimutations in germline, we measured DNA methylation in brain and sperm of
rats. Pregnant dams were exposed from day 8–18 of gestation to low dosages of VIN, A1221, or
the vehicle. To produce paternal lineages, exposed F1 males were bred with untreated females,
creating the F2 and subsequently F3 generations. In adult F1 and F3 males, mature sperm was
collected, and brain nuclei involved in anxiety and social behaviors (CA3 of the hippocampus;
central amygdala) were selected for assays of epimutations in CpG islands using reduced repre-
sentation bisulfite sequencing. In F1 sperm, VIN and PCBs induced differential methylation in 215
and 284 CpG islands, respectively, compared to vehicle. The majority of effects were associated
with hypermethylation. Fewer epimutations were detected in the brain. A subset of differentially
methylated regions were retained from the F1 to the F3 generation, suggesting a common
mechanism of EDC and germline epigenome interaction. Thus, EDCs can cause heritable epimuta-
tions in the sperm that may embody the future phenotype of brain-behavior disorders caused by
direct or transgenerational exposures.
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Introduction

The developing fetus is highly sensitive to hor-
mones, which are produced by its own endocrine
glands or transferred to it from maternal and
placental synthesis. A delicate internal hormonal
milieu directs the developmental trajectory of hor-
mone-sensitive organs, including reproductive tis-
sues and the brain. Even small perturbations of
this milieu during critical developmental periods
can cause detrimental long-term effects on repro-
ductive tissues, and alter sexual and affective beha-
viors in adulthood [1]. Endocrine-disrupting
chemicals (EDCs), which change hormone signal-
ing and actions, can alter developmental trajec-
tories in directly exposed individuals and, in
some instances, in subsequent generations
[Reviewed in [2]]. More specifically, F3

descendants of animals given prenatal exposure
to the anti-androgenic fungicide vinclozolin
(VIN) during gonadal differentiation, but without
any direct exposure to VIN, had a greater propen-
sity for, and shorter latency to, the manifestation
of disease phenotypes [3]. These F3 individuals
also showed altered anxiety, social, and sexual
behavior [4,5], and had changes in gene expression
and metabolic activity in specific brain nuclei
[5,6]. An endocrine-disrupting mixture of weakly
estrogenic polychlorinated biphenyls (PCBs),
Aroclor 1221 (A1221), also caused phenotypic
changes through the F3 generation [7].

Fetal reprogramming of methylation by EDCs is
thought to occur in primordial germ cells (PGCs),
which are progenitors to sperm and ova [8].
During migration to the genital ridge, PGCs
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begin a proliferation process whereby active and
passive demethylation cause a genome-wide era-
sure of the epigenome [9,10]. In parts of the body
that are sexually differentiated, reestablishment of
the epigenome occurs in a sex-specific manner
that includes parental imprinting [11]. These per-
iods of epigenome erasures and re-establishment
are considered to be critical windows for natural
hormone actions and for vulnerability to environ-
mental insults. EDC exposure during this period
can cause epimutations that become permanently
embedded in the germline. If epimutations are the
mechanism for transgenerational inherited dis-
eased phenotypes, they must also escape erasure
during PGC differentiation and be faithfully car-
ried to future generations. Indeed, recent work on
the epigenome of the male germline in F3 genera-
tion rats exposed to VIN demonstrated widespread
alterations of DNA methylation and gene expres-
sion, and implicated the early (E13) germline [12].
However, other groups failed to replicate this work
[13–15]. EDCs other than VIN have also been
observed for their capacity to alter the epigenome.
Atrazine, which interferes with estrogen signaling,
caused epimutations in sperm of F1 – F3 males
[16]. However, low-dose exposures to the xenoes-
trogen bisphenol-A during gestation did not alter
DNA methylation in the hippocampus [17].

An unanswered question is whether and how
epimutations in the germline due to EDC exposure
may lead to changes in somatic gene expression in
subsequent generations and the emergence of
altered phenotypes. Presumably, the germline car-
ries all the necessary information for proper estab-
lishment of tissue-specific epigenetic profiles that
may be subject to dysregulation by epimutations.
As for the brain, F3 individuals have altered beha-
vioral phenotypes and gene expression [4–6,18],
but the potential role of methylation has not
been determined, nor related to the germline epi-
genetic state.

The current study fills this gap in knowledge
and extends prior work by using environmentally
relevant dosages of VIN and A1221, selected
because they represent different classes of EDCs.
VIN is primarily an anti-androgenic fungicide,
and A1221 is a weakly estrogenic PCB mixture.
These compounds have historical differences in
usage, representing past (PCBs) and present

(VIN) contaminants. Our study differs from pre-
vious work (e.g., [19]) by utilizing a breeding para-
digm that focused exclusively on paternal
transmission of epimutations. We analyzed DNA
methylation of CpG islands in directly exposed
(F1) or ancestrally exposed (F3) sperm. In the
same animals, we selected two brain nuclei for
epimutation analysis: the central amygdala, and
CA3 of the hippocampus, that are a pivotal part
of the neural network underlying the anxiety and
social behavioral perturbations caused by transge-
nerational EDC inheritance. The F1 and F3 gen-
erations were selected as our focal animals because
they are best-studied [3,12,19–22] and enabled us
to put our results in the context of the published
literature.

Results

Differentially methylated CpG islands in F1 and
F3 sperm

Mature sperm retrieved from the cauda of the
epididymis from F1 males (n = 5 per treatment
group) and F3 males of paternal descent (n = 8 per
treatment group) were analyzed for differentially
methylated regions (DMRs) across CpG islands.
CpG islands are regions of the genome with
a higher than expected density of CG dinucleo-
tides. Generally, a CpG island is greater than 200
base pairs in length, has a CG content of greater
than 50%, and a CpG dinucleotide observed-to-
expected ratio of greater than 0.6. CpG island
annotations were retrieved from the University of
California, Santa Cruz (UCSC) genome bioinfor-
matics database. We used the entire CpG island as
the unit of analysis whereby all methylated and
non-methylated Cs in the CpG dinucleotide con-
text were tested via a binomial logistic regression.
A probe was considered hypomethylated if its
average percent methylation was lower than the
vehicle control, and hypermethylated if higher
than the vehicle control. No absolute cutoff
of percent methylation difference was used to filter
these results. Here and elsewhere, statistical signif-
icance was set at p < 0.05 after applying the
Benjamini and Hochberg false discovery rate
(FDR) correction [23].
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Sperm fromVIN or A1221 males was compared to
that of corresponding vehicle males in the same gen-
eration. Analysis of differentially methylated CpG
islands in F1 individuals revealed that in comparison
to the vehicle, there were more sites affected in the
A1221 (284) lineage than the VIN (215) lineage. This
relationship was reversed in the F3 descendants (142
and 207, respectively; Table 1 – Sperm). Of these,
a similar proportion of DMRs (15% A1221) and
17% VIN) were located in intergenic regions and
not directly associated with a known gene (Figure 1
(a,b)). The majority of the identified DMRs were
hypermethylated in all treatment groups (Table 1 –
Sperm, Figure 2(a)). A table of all affected CpG islands
and the gene they are associated with, if any, can be
found in Supplemental Table 1.

Gene ontology and gene category enrichment were
performed using the Panther Classification System
(version 13.1). In some instances, multiple CpG
islands associated with the same gene were found to
be differentially methylated due to treatment. These
instances were treated as a single observation of
a gene. Gene category enrichment did not identify
any significantly enriched categories (Figure 1(a)).
Gene ontology analysis identified significantly
enriched biological categories, using Fisher’s Exact

test with the Benjamini and Hochberg FDR [23]
correction for multiple comparisons, for all groups
except F3 A1221 males. Genes associated with ner-
vous system development were enriched in all other
groups compared to their corresponding vehicle (F1
A1221, p < 0.001, F1 VIN, p = 0.02, and F3 VIN
p = 0.02). Cell differentiation and cellular component
movement were also enriched in F1 A1221 sperm
(p < 0.001 and p = 0.038, respectively). In F1 VIN
sperm, neuron-neuron synaptic transmission
(p = 0.046), gamete generation (p = 0.022), and cell
differentiation (p = 0.031) were enriched.

We next identified the DMRs that were unique or
common between treatment groups and across gen-
erations. DMRs unique to treatment and generation
were the most populated categories (Figure 2(a)).
There was substantial overlap of DMRs in the F1
generation; 121 DMRs were shared between A1221
(total of 284) and VIN (total of 215). Conversely,
there was half as much overlap between treatments
in the F3 generation. Within treatment and across
generation (F1 and F3), there were 9 DMRs unique
to A1221 and 11 DMRs unique to VIN (Figure 2(a)).
We then analyzed the consistency of each DMR in
the F1 and F3 generation within treatment group
(Figure 2(b-d)). Of the 284 DMRs identified in F1
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Figure 1. a) The functional category of CpG islands differentially methylated by treatment relative to vehicle control in F1 and F3
sperm are shown. No individual categories were significantly enriched. b) CpG islands that were either not classified or located in an
intergenic region of the genome and not associated with a particular gene are shown.
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Figure 2. Differentially methylated (versus vehicle, p < 0.05 after FDR) CpG islands relative to vehicle control in F1 and F3 sperm are
shown by generation and treatment. a) The intersection, the number of significantly altered CpG islands identified that are either
unique or common between groups, is shown for all possible group combinations. Most identified CpG islands were unique to each
generation and treatment, followed by within generation, then within treatment. The total number of altered CpG islands per
treatment lineage and generation is shown in the figure inset; orange indicates CpG islands with increased methylation compared to
vehicle, and blue indicates decreased methylation. b) The number and directionality of change of DMRs is shown between the F1
and F3 generations in relationship to vehicle. Orange indicates hypermethylation compared to vehicle in both the F1 and F3
generation, blue indicates hypomethylation in both generations, and yellow indicates that a CpG island is significantly affected in
both generations but in opposite directions. VIN had more transgenerational DMRs and less discordance between generations than
A1221. c & d) The % DNA methylation of probes affected in both the F1 and F3 generation were correlated within A1221 and VIN
sperm, respectively. Data points below the 1:1 blue diagonal line have higher methylation in the F1 generation while those above
have higher methylation in the F3 generation. e) Normalized % methylation relative to vehicle of all probes (CpG islands) affected
across treatment groups is shown. Red indicates increased methylation compared to vehicle and blue indicates decreased
methylation compared to vehicle at a given CpG island. Generation was a significant clustering factor (both AU/BP = 100/100%).
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A1221 males, 60 (21%) were also identified in the F3
generation. To determine if the identified DMRs
were consistent between generations, we compared
the direction of change within each generation to the
vehicle group of that generation. For example, if
a DMR was hypermethylated compared to vehicle
in the F1 generation and hypomethylated compared
to vehicle in the F3 generation, we considered this
effect discordant between generations. Discordance
was slightly higher in individuals exposed to A1221
(25%, Table 1 – Sperm, Figure 2(b)). Of the 215
DMRs identified in F1 VIN males, 77 (36%) were
also identified in the F3 generation. There were fewer
DMRs in VIN than A1221 sperm found to be dis-
cordant (9%, Table 1 – Sperm, Figure 2(b)). A linear
regressionmodel was used to determine if the probes
that were significantly altered by treatment in both
the F1 and F3 generation deviated between directly
(F1) and ancestrally exposed (F3) males. The model
revealed that generation identity accounted for
a similar proportion of variance in VIN (adjusted
R2 = 0.954) and A1221 (adjusted R2 = 0.961) treated
individuals (Figure 2(c,d)). Finally, cluster analysis
was performed on all CpG islands altered by treat-
ment or across generation. Generation was the best
clustering variable of CpG island methylation.
A1221 and VIN significantly occupied the same
cluster in both the F1 and F3 generation (Both AU/

BP = 100/100%, Figure 2(e) – AU is approximately
unbiased p-value and BP is bootstrap probability
value derived from hierarchical clustering and con-
sidered significant when > 95%).

Intergenic CpG islands and repetitive sequences
Of the CpG islands that we identified as altered by
treatment in sperm samples, ~ 16% were not asso-
ciated with a known gene and therefore categor-
ized as intergenic. Analysis of the methylation
status of all identified intergenic differentially
methylated CpG islands revealed an average of
19.2% methylation with a broad range at indivi-
dual loci (min < 1%, max = 97.6%). Of these, ~
61% (84/138) were hypermethylated by EDC expo-
sure. We then referenced our identified intergenic
differentially methylated CpG islands to a database
of approximately 400,000 known repetitive
sequences, including transposable elements.
A small subset (24/138) partially overlapped with
known repeated sequences, exclusively on their 5’
end. These CpG islands had higher average DNA
methylation (36.4%) than generic intergenic CpG
islands (19.2%), with an equally broad range
(min < 1%, max = 92.2%). This was reversed in
CpG islands associated with known repetitive ele-
ments (65.5% hypomethylated, 15/24). All of the
identified repetitive elements belonged exclusively

Table 1. Differentially methylated CpG islands.

A1221 VIN

F1 F3 Both F1 F3 Both

Sperm

DMRs 284 142 60 215 207 77

Intergenic DMRs 44 (15%) 24 (17%) 36 (17%) 34 (16%)

Hypermethylated 209 (74%) 99 (70%) 36 (60%) 166 (77%) 154 (74%) 62 (81%)

Hypomethylated 75 (26%) 43 (30%) 9 (15%) 49 (23%) 53 (26%) 8 (10%)

Discordant 15 (25%) 7 (9%)

CeA

DMRs 101 143 20 124 106 25

Intergenic DMRs 12 (12%) 31 (22%) 17 (14%) 18 (17%)

Hypermethylated 69 (68%) 107 (75%) 11 (55%) 101 (81%) 81 (76%) 19 (68%)

Hypomethylated 32 (32%) 36 (25%) 2 (10%) 23 (19%) 25 (24%) 0 (16%)

Discordant 7 (35%) 6 (16%)

CA3

DMRs 91 136 26 74 89 19

Intergenic DMRs 11 (12%) 30 (22%) 11 (15%) 15 (17%)

Hypermethylated 33 (36%) 122 (90%) 11 (42%) 37 (50%) 42 (47%) 13 (68%)

Hypomethylated 58 (64%) 14 (10%) 0 (0%) 37 (50%) 47 (53%) 3 (16%)

Discordant 15 (58%) 3 (16%)
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to the long terminal repeats (17/24) or long inter-
spersed elements (7/24) of retrotransposons.

Differentially methylated CpG islands in F1 and
F3 brain

Central amygdala
The CeA was analyzed for differentially methylated
CpG islands as described for sperm. Within F1 indi-
viduals, slightly more CpG islands were differentially
methylated in VIN (124) compared to A1221 (101)
males, a trend that was reversed in the F3 generation
(143 for A1221, 106 for VIN; Table 1 – CeA) and
mirrored by the proportion of DMRs located in inter-
genic regions (Figure 3(a,b)). Similar to sperm, the
majority of affected CpG islands in CeA were hyper-
methylated by both EDCs compared to vehicle (Table
1 – CeA, Figure 4(a)). Gene ontology and classifica-
tion enrichment analysis did not identify any signifi-
cantly different categories (Figure 3(a)).

Analysis of differentially methylated CpG islands
between treatments and across generations again
showed that the majority were unique to treatment
and generation (Figure 4(a)). Similarity by generation
was the next most populated category; A1221 and
VIN shared 43 DMRs in the F1 generation and 35

in the F3 generation. Few CpG islands were identified
as exclusively altered within treatment group and
between the F1 and F3 generation (A1221 = 9 and
VIN = 11, Figure 4(a)). Analysis of the consistency of
altered CpG islands across generation identified
a similar proportion of affected sites between treat-
ment, although there was a high proportion of dis-
cordance within the A1221 treatment (Table 1 – CeA,
Figure 4(b-d)).

A linear regression model revealed that generation
accounted for more variance in VIN individuals
(adjusted R2 = 0.96) than in A1221 individuals
(adjusted R2 = 0.86; Figure 4(c,d)). Finally, cluster
analysis was performed on the methylation status of
the differentially methylated CpG islands across all
treatment groups relative to vehicle individuals. F3
A1221 was significantly outside the cluster containing
all other treatment groups (AU/BP = 99/93% – Figure
4(e)). Both treatments in the F1 treatment were more
related to each other than F3 VIN individuals, but this
was not significant (AU/BP = 79/69%).

CA3 of the hippocampus
In the F1 generation, more differentially methy-
lated CpG islands were identified due to A1221
(91) exposure than to VIN (74) exposure, an effect
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Figure 3. a) The functional category of CpG islands differentially methylated by treatment relative to vehicle control in F1 and F3 CeA
are shown. No individual categories were significantly enriched. b) CpG islands that were either not classified or located in an
intergenic region of the genome and not associated with a gene are shown.
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Figure 4. Differentially methylated (versus vehicle, p < 0.05 after FDR) CpG islands relative to vehicle control in F1 and F3 CeA are
shown by generation and treatment. a) The intersection, the number of significantly altered CpG islands identified that are either
unique or common between groups, is shown for all possible group combinations. Most identified CpG islands were unique to each
generation and treatment, followed by within generation, then within treatment. The total number of altered CpG islands per
treatment lineage and generation is shown in the figure inset; orange indicates CpG islands with increased methylation compared to
vehicle, and blue indicates decreased methylation. b) The number and directionality of change of DMRs is shown between the F1
and F3 generations in relationship to vehicle. Orange indicates hypermethylation compared to vehicle in both the F1 and F3
generation, blue indicates hypomethylation in both generations, and yellow indicates that a CpG island is significantly affected in
both generations but in opposite directions. VIN had more transgenerational DMRs and similar discordance between generations
compared to A1221. c & d) The % DNA methylation of probes affected in both the F1 and F3 generation were correlated within
A1221 and VIN CeA, respectively. Data points below the 1:1 blue diagonal line have higher methylation in the F1 generation while
those above have higher methylation in the F3 generation. e) Normalized % methylation relative to vehicle of all probes (CpG
islands) affected across treatment groups is shown. Red indicates increased methylation compared to vehicle and blue indicates
decreased methylation compared to vehicle normalized within a given CpG island. F3 A1221 was found to be outside the cluster with
all other groups (both AU/BP = 99/93%).
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that was amplified in the F3 generation (136 and
89, respectively; Table 1 – CA3). A smaller pro-
portion of affected CpG islands were in intergenic
regions in directly exposed individuals compared
to ancestrally exposed individuals (Table 1 – CA3,
Figure 5(a,b)). Compared to sperm and CeA, dif-
ferentially methylated CpG islands in CA3 had the
highest proportion of hypomethylation
(Figure 6(a)). This directionality was reversed in
ancestrally treated A1221 individuals but persisted
in VIN individuals (Table 1 – CA3, Figure 6(a)).
Gene ontology and classification enrichment ana-
lysis did not identify any significantly enriched
categories (Figure 5(a)).

Analysis of differentially methylated CpG islands
again revealed that the majority of sites were unique
to treatment and generation. Within treatment and
between generation, there were more sites unique to
A1221 than VIN exposed individuals (Figure 6(a)).
Analysis of the consistency of altered CpG islands
relative to vehicle showed a similar proportion of
sites affected across generations and within A1221
or VIN; however, discordance was higher in A1221
than VIN rats (Table 1 – CA3, Figure 6(b)). A linear
regression model again revealed that a larger

proportion of variance in the model was accounted
for by generation within the VIN treatment (adjusted
R2 = 0.87, Figure 6(c)) than the A1221 treatment
(adjusted R2 = 0.67, Figure 6(d)). Finally, cluster ana-
lysis was performed across treatment on the 343
identified differentiallymethylated CpG islands across
all treatment groups relative to vehicle. Generation
was the most salient effector of CpG island methyla-
tion. A1221 and VIN significantly occupied the same
cluster in both the F1 and F3 generation (Both AU/
BP = 100/100%, Figure 6(e)).

Discussion

The initial discovery that prenatal exposure to
high dosages of VIN caused the transgenerational
inheritance of disease phenotypes generations after
initial exposure called attention to the potential of
environmental contamination persisting long
beyond the exposed individual’s lifetime [24,25].
Further work using this VIN model demonstrated
somatic [3,26] and reproductive dysfunctions in
males [24,25,27] and females [28], altered anxiety
and social behaviors [4,5,18], disrupted metabolic
activity [4,5], and changes in gene expression
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Figure 5. a) The functional category of CpG islands differentially methylated by treatment relative to vehicle control in F1 and F3 CA3
are shown. No individual categories were significantly enriched. Both F3 treatments had more altered unclassified and intergenic
differentially methylated CpG islands. b) CpG islands that were either not classified or located in an intergenic region of the genome
and not associated with a gene are shown.
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Figure 6. Differentially methylated (versus vehicle, p < 0.05 after FDR) CpG islands relative to vehicle control in F1 and F3 CA3 are
shown by generation and treatment. a) The intersection, the number of significantly altered CpG islands identified that are either
unique or common between groups, is shown for all possible group combinations. Most identified CpG islands were unique to each
generation and treatment, followed by within generation, then within treatment. The total number of altered CpG islands per
treatment lineage and generation is shown in the figure inset; orange indicates CpG islands with increased methylation compared to
vehicle, and blue indicates decreased methylation. b) The number and directionality of change of DMRs is shown between the F1
and F3 generations in relationship to vehicle. Orange indicates hypermethylation compared to vehicle in both the F1 and F3
generation, blue indicates hypomethylation in both generations, and yellow indicates that a CpG island is significantly affected in
both generations but in opposite directions. A1221 had more transgenerational DMRs but more discordance between generations
compared to VIN. c & d) The % DNA methylation of probes affected in both the F1 and F3 generation were correlated within A1221
and VIN CA3, respectively. Data points below the 1:1 blue diagonal line have higher methylation in the F1 generation while those
above have higher methylation in the F3 generation. e) Normalized % methylation relative to vehicle of all probes (CpG islands)
affected across treatment groups is shown. Red indicates increased methylation compared to vehicle and blue indicates decreased
methylation compared to vehicle normalized within a given CpG island. Generation was a significant clustering factor (both AU/
BP = 100/100%).
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[4,5,18] in the brain. Since then, other EDCs,
especially bisphenol A [22], tributyltin [29] and
phthalates [30] have also been demonstrated to
have adverse transgenerational phenotypes.
Limited evidence from our lab also showed trans-
generational effects of PCBs [7,31,32]. The current
study extended prior work substantially by utiliz-
ing more realistic exposures to VIN (1 mg/kg in
the current study, vs. 50–100 mg/kg in other stu-
dies), the inclusion of PCBs, and epigenetic end-
points in F1 and F3 sperm and brain.

The inheritance of disease phenotypes across
generations is due, at least in part, to alterations
in the germline [33,34]. For high-dose VIN, epi-
mutations were observed in the male F3 germline
[12] and sperm [19]. To our knowledge a single
report evaluated genome wide epimutations in F1
and F3 sperm due to VIN exposure [21]. Using
methylated DNA immunoprecipitation followed
by hybridization to a promoter microarray
(MeDIP-Chip), Beck et al. found that the F1 gen-
eration had fewer differentially methylated promo-
ter regions compared to the ancestrally exposed F3
generation. They also reported negligible overlap
between the generations, similar to our own find-
ing as well as previous reports from other labs
(e.g., [35,36]).

Here, we evaluated direct and transgenerational
effects of low-dose VIN or PCBs on CpG island
methylation across the genome in both sperm and
brain. It is important to note several key differences
between the methodology used in the current report
and the ones that precede it. First, prior work utilized
a breeding paradigmwherein F1 offspring from aVIN
exposed litter were bred with a same-treatment part-
ner to produce the F2 generation. The same paradigm
(same-treatment matings among F2 males and F2
females) was used to yield the F3 generation [19]. By
contrast, we used a breeding paradigm in which F1
treated males mated with untreated females to yield
the F2 generation. This was repeated in the F2 gen-
eration, resulting in F3 males that derived from pater-
nal transmission of the germline. Second, we injected
a much lower and realistic dosage (1 mg/kg) of VIN
exposure than previous reports (50–100 mg/kg, e.g.,
[21]). Third, we compared outcomes of VIN, an anti-
androgenic fungicide, with those of A1221, a weakly
estrogenic PCB mix, to determine whether different
classes of EDCs have similar or different effects.

Fourth, our lab has previously utilized a very short
exposure window for A1221 (E16 and E18 only) to
determine its effects during the beginning of the cri-
tical window of sexual differentiation [37,38]. Here,
we extended the exposure window (E8-18) to encom-
pass the period of germline erasure and re-
establishment in fetal males (E8-14, e.g., [21]).

Sperm methylation is altered by A1221 and VIN
CpG islands are GC dense regions that typically
contain low levels of DNA methylation in the germ-
line [39] in part due to the propensity of methylated
cytosine residues to spontaneously deaminate result-
ing in subsequent mutation [40]. About 70% of gene
promoters include at least one CpG island [41] while
‘orphan’ CpG islands (not associated with
a transcriptional start site) may initiate transcription
of distant genes (reviewed in [42]). Notably, CpG
islands in sperm have very low levels of methylation,
presumably to protect against spontaneous deamina-
tion and subsequent mutation, and thereby main-
taining the integrity of the germline [40]. McCarrey
et al. proposed that the epimutations caused by VIN
may also cause genomic instability in a subset of F3
individuals, termed ‘tertiary epimutations,’ that
accelerate genetic mutation [43]. However, they
found that C to T transitions were not statistically
elevated due to treatment. In another study evaluat-
ing methylation status of DMRs in sperm due to
ancestral high-dose VIN exposure, ~ 70% of affected
DMRs were hypermethylated in F3 generation
sperm [19,21]. In the current study, 74% of the
differentially methylated CpG islands due to ances-
tral low-dose VIN exposure were hypermethylated.
It is interesting that our rats with ancestral exposure
to A1221 also had hypermethylation of a majority of
the affected CpG islands (70%; Figure 2(a)).
Organophosphate flame retardant exposure show
a general effect of hypermethylation of imprinted
genes in humans [44]. Other EDCs, however, show
more equal distributions of hyper- and hypomethy-
lation (DEHP [45]). Because hypermethylation of
CpG islands in sperm causes genomic instability,
an increased likelihood of spontaneous mutations
may be passed to future generations. Further
research is needed to confirm this possibility.

A subset of the differentially methylated CpG
islands were categorized as intergenic. Previous
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work has hypothesized that DMRs in intergenic
areas may be epigenetic control regions that alter
tissue specific gene expression [3]. While CpG
islands near promoters are generally hypomethy-
lated in sperm [39], repetitive sequences and trans-
posable elements located in intergenic space and
outside of CpG islands are generally hypermethy-
lated [46]. We identified a small subset of intergenic
differentially methylated CpG islands that over-
lapped with repetitive elements from retrotranspo-
sons that were hypomethylated due to treatment.
Considering that retrotransposons are functionally
sensitive to methylation status [47], it is interesting
to consider the possibility that EDC exposure may
increase vulnerability to transposable elements.

The mechanism by which EDCs interact with and
alter the epigenome is not currently known,
although there is ample evidence to show epigenetic
alterations in F1 individuals or in cell lines exposed
to phthalates [48], parabens [49], diethylstilbestrol
[50,51], and PCBs [52]. A particularly compelling
theory [53] is that nuclear steroid hormone recep-
tors, with which many EDCs interact either directly
or indirectly, may be the point of convergence
between EDCs and the epigenome. Interestingly,
Casati et al., (2015) provided evidence that PCBs
initiate downstream transcription of androgen sen-
sitive genes via a histone demethylase, Jarid1b, that
interacts with the androgen receptor [54]. Jarid1b
catalyzes the removal of H3K4me2 and H3K4me3
histone methylation [55], important histone modifi-
cations that maintain a demethylated state within
CpG islands [56] of genes associated with neural
development and the germline [57]. VIN is typically
considered anti-androgenic [58] but there is evi-
dence that vinclozolin can also act as an agonist
when there is a lack of competitive endogenous
androgens [59]. PCBs are typically studied as estro-
genic, anti-estrogenic, and anti-androgenic [60,61].
Furthermore, there is a prenatal testosterone surge in
male rats late in gestation between E16 and E20,
which peaks at E18 [62]. Thus, the EDCs in this
study can affect testosterone signaling in a number
of possible ways.

Methylation is altered by A1221 and VIN in the
hippocampal CA3 and central amygdala
Prenatal gonadal steroid hormones are crucial to the
proper development and sexual differentiation of the

brain [63]. EDCs are well-established as interfering
with this process in a timing, dose, and duration
dependent manner [Reviewed in [64]]. Our previous
work demonstrated that the brain is vulnerable to
ancestral VIN exposure as evidenced by altered anxi-
ety and social behaviors [4–6]. That steroid hormone
dependent DNA methylation also contributes to
proper sexual differentiation [65] suggests that
EDCs may interfere with the brain methylome dur-
ing early development. It is unclear if these altera-
tions persist into adulthood or are consistently
transferred between generations. The brain is funda-
mentally different from sperm. Alterations to the
germline can be directly transferred to subsequent
generations, and in the case of DNA methylation,
presumably escape erasure and reestablishment of
the epigenome. The brain is a somatic tissue, how-
ever, and whether there is a direct pathway to trans-
fer information from germline to brain is unknown.

Here, we analyzed methylation in two discrete
brain nuclei (CeA and CA3 of the hippocampus)
previously identified as vulnerable to EDC expo-
sure and involved in modulating behavioral phe-
notypes previously identified in the high-dose VIN
model [4–6]. The CeA integrates sensory informa-
tion and initiates physiological and behavioral out-
put [66] while the CA3 of the hippocampus
modulates fear and anxiety responses [67].
Prenatal exposure to both VIN and A1221 induced
differential methylation of CpG islands in the
brain, although these results should be interpreted
cautiously in light of the small sample size
(n = 4 per group). Interestingly, A1221 induced
more changes (143 and 136) in the F3 generation
(ancestral exposure) than due to direct exposure in
the F1 generation (101 and 91) in CeA and CA3,
respectively. The incidence of effects observed in
intergenic regions not directly associated with
a gene was approximately 2-fold higher in the F3
generation due to A1221 exposure than VIN. By
contrast, VIN showed an equivalent number of
DNA methylation alterations between generations.
Moreover, fewer CpG islands were affected in the
same direction between the F1 and F3 generation
due to A1221 than VIN.

These results suggest two interesting conclu-
sions. First, CpG islands in intergenic regions of
the genome seem to be vulnerable to alteration by
EDC exposure, particularly A1221. Intergenic, or
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orphan, CpG islands are often associated with
non-coding RNAs or distant transcriptional start
sites that are tissue specific and subjected to de
novo methylation during development more so
than CpG islands located in annotated promoters
[68]. We identified 6 intergenic CpG islands with
proximity to or overlapping non-coding RNAs
called promoter-associated RNAs (pRNA; also
referred to as nucleolar remodeling complex asso-
ciated RNA; Table 2), which regulate ribosomal
RNA transcription and interact with the epigen-
ome by recruitment of de novo methyltransferase
enzymes [69]. This class of non-coding RNAs is
sensitive to the methylation status of nearby CpG
islands; increased methylation results in decreased
expression [70]. Interestingly, all 6 of these CpG
islands were hypermethylated by both treatments,
in both generations, and in both brain nuclei
(Table 2). Moreover, non-coding RNAs are
involved in the regulation of the epigenome [71].
We suggest that this class of non-coding RNA may
be particularly vulnerable to EDC exposure and
believe further investigation is warranted.

The second conclusion we draw from this work
comes from the similarity in the proportion of CpG
islands that were altered by EDC treatment in both
sperm and brain tissue. Although the actual numbers
were fewer in brain tissue and less consistent in
direction, particularly due to A1221 treatment, this
was an unexpected result. As previously mentioned,
a mechanism by which changes in the epigenome of
the brain are transferred to the germline, which in
turn would impact the brain of subsequent genera-
tions, is not established. However, there is prece-
dence for this connection from research on
paternal stress, for which alterations to the germline
and corresponding to alterations in neurobiological
and endocrine outcomes were observed [72,73].
Specifically, paternal stress induced changes to the
microRNA content of extracellular vesicles secreted
in the epididymis that interact with mature sperm
and subsequently alters stress reactivity in the follow-
ing generation [73,74]. The hypothalamic-pituitary-
adrenal control of stress involves the release of adre-
nal glucocorticoids. These steroid hormones influ-
ence development, and are involved in epigenetic
modifications involved in developmental program-
ming [75,76].

Comparison of F3 sperm and brain
Epigenetics stitches together what is passed geneti-
cally, and how the individual’s experiences mod-
ulates gene activity throughout life history. These
edges are ragged, as some traits are more structural
while others are ephemeral. Evolution directs this
process, but the mechanism by which it is accom-
plished is development. The potential emergent
properties of the components of a living individual
are astounding. In mammals the possibility of
truly ephemeral events such as experiences, usually
deriving from significant change in the indivi-
dual’s present environment as context, can have
powerful effects on the epigenome. To understand
epigenetics requires understanding development
over both small and large timescales.

To visualize the data, we created gene clouds
representing all differentially methylated CpG
islands in F3 sperm, CeA and CA3 of A1221 or
VIN compared to the vehicle counterparts
7(Figure 7; also represented tabularly in
Supplemental Table 2). A1221 and VIN have dif-
ferent outcomes in the sperm and the brain.
A Pearson’s Chi-Square revealed that the number
of sites affected across the tissue sampled was
dependent on treatment status (X2 (2) = 26.12,
p < 0.001). While differentially methylated CpG
islands are more numerous in sperm of VIN com-
pared to A1221 males, DMRs in the brain are
fewer in the VIN than A1221 lineage. Lastly, it is
of note that the number of genes that overlap
between sperm and brain is relatively small
(A1221: Sperm – CA3 = 13; Sperm – CeA = 13;
VIN: Sperm – CA3 = 16, Sperm – CeA = 15).

In the process of developing into individuals,
the organism becomes a vector for evolution.
During this process, the organism is vulnerable
to events that can alter normal trajectories. Some
of these events can cause physiological and/or
social harm outside of the reaction scope (i.e.,
factors and consequences that fall within normal
variance). Studies of stress are approaching their
centennial and we know many of the elements
underlying the functional and structural plasticity
in the brain in response to stress [77]. Recent
evidence suggests an equally remarkable ability of
the brain to recover from stress. This is not the
case for prenatal exposure to EDCs.
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Conclusions
Understanding the epigenetic transgenerational mod-
ifications that result from fetal exposure to ecologically
relevant dosages of EDCs requires both molecular

(reductionist) and organismal (emergent) levels of
analysis. The brain, the organ of behavior, is a crux
of this study, with the CeA and CA3 of the hippocam-
pus playing important roles in anxiety, exploratory

Table 2. CpG islands affected in all treatment groups.

F1 F3

Feature Chromosome: Start – End ID VEH A1221 VIN VEH A1221 VIN

Sperm

5_8S_rRNA 1:11,903,554–11,916,838 ENSRNOG00000051831 7.57 9.6 6.07 9.38 11.43 7.62

pRNA 1:11,961,296–11,975,108 ENSRNOG00000061685 12.56 15.47 8.25 19.85 20.13 17.35

NULL 1:181,770,285–181,770,733 NA 3.89 0.43 2.27 1.73 0.81 0.46

Basp1 2:77,586,518–77,587,151 ENSRNOG00000046313 0.56 2.23 0.12 0.44 1.12 0.11

AABR07012329.1 2:193,573,016–193,573,503 ENSRNOG00000009602 2.12 3.67 2.65 2.34 3.11 3.05

Ppp1r16b 3:155,192,650–155,192,853 ENSRNOG00000015614 3.38 10.97 3.63 3.8 7.48 8.31

Sulf2 3:162,799,824–162,800,208 ENSRNOG00000006052 2.67 9.36 8.91 3.79 6.21 6.71

Apcdd1l 3:171,884,884–171,885,204 ENSRNOG00000028440 24.82 30.93 40.45 33.01 36.32 35.69

Wnt4 5:155,667,522–155,667,924 ENSRNOG00000013166 10.67 9.41 19.35 10.76 19.64 12.74

Ptchd2 5:165,072,894–165,073,146 ENSRNOG00000026447 13.87 26.23 34.87 14.46 20.75 23.67

Cspg4 8:61,553,643–61,553,928 ENSRNOG00000017208 13.49 26.29 19.36 17.44 24.03 22.66

Spsb4 8:104,898,868–104,899,189 ENSRNOG00000012862 50.23 67.23 58.98 46.7 49.15 61.84

NULL 9:38,201,817–38,202,041 NA 26.8 22.64 29.09 14.33 32.25 25.76

Kcnj12 10:47,339,481–47,339,844 ENSRNOG00000002303 34.49 70.53 47 34.21 44.88 57.83

Evpl 10:105,102,381–105,102,826 ENSRNOG00000009343 82.57 66.44 77.61 77.41 74.4 71.28

Orai1 12:38,982,126–38,982,802 ENSRNOG00000001336 37.01 54.62 50.47 38.07 47.71 45.87

Mn1 12:51,247,851–51,251,861 ENSRNOG00000027489 2.09 3.03 3.05 3.19 3.94 5.22

pRNA 14:46,631,879–46,656,213 ENSRNOG00000054197 19.57 22.48 24.06 20.07 22.26 18.66

Rbp3 16:10,279,427–10,279,647 ENSRNOG00000051911 12.74 14.83 16.23 11.95 20.04 18.24

Spock1 17:7,797,172–7,797,430 ENSRNOG00000012747 10.58 23.05 13.93 9.39 15.87 22.67

Nedd4l 18:60,580,983–60,581,707 ENSRNOG00000017610 3.08 8.9 5.25 5.28 7.26 6.6

NULL 19:5,834,983–5,837,201 NA 8.27 5.08 7.36 7.69 9.91 7.31

Zfhx3 19:42,764,737–42,765,779 ENSRNOG00000014452 60.32 78.72 73.42 61.94 68.74 77.91

Kcnk1 19:58,856,858–58,857,193 ENSRNOG00000019937 46.57 53.39 58.08 38.46 44.23 49.25

CeA

pRNA 1:11,961,296–11,975,108 ENSRNOG00000061685 17.28 26.77 29.59 15.6 20.66 25.92

pRNA 5:91,124,273–91,141,016 ENSRNOG00000053350 8.88 21.77 21.55 7.44 9.49 17.89

pRNA 14:46,565,300–46,566,607 ENSRNOG00000053693 10 20.3 17.04 10.33 13.19 21.63

pRNA 14:46,579,886–46,580,733 ENSRNOG00000052311 9.64 15.06 17.57 7.03 10.09 13.46

pRNA 14:46,631,879–46,656,213 ENSRNOG00000054197 11.69 23.82 18.51 13.02 11.75 23.29

pRNA 14:46,678,413–46,678,837 ENSRNOG00000054685 7.96 17.1 14.46 5.36 8.43 17.84

NULL 19:5,834,983–5,837,201 NA 13.65 20.67 18.02 11.53 15.72 21.78

5S_rRNA 19:56,338,709–56,339,151 ENSRNOG00000055067 27.76 22.47 27.91 24.72 30.51 27.18

CA3

pRNA 1:11,961,296–11,975,108 ENSRNOG00000061685 20.36 28.19 29.15 14.13 21.98 26.03

Kcnb1 3:163,935,121–163,937,341 ENSRNOG00000046949 28.28 29.41 26.19 22.54 21.11 20.95

pRNA 5:91,124,273–91,141,016 ENSRNOG00000053350 12.3 21.83 15.81 13.88 9.46 18.25

Traf3 6:135,694,266–135,694,485 ENSRNOG00000008145 78.82 44.29 48.16 32.7 65.58 64.38

pRNA 14:46,565,300–46,566,607 ENSRNOG00000053693 9.03 19.83 16.58 10.47 14.21 22.43

pRNA 14:46,579,886–46,580,733 ENSRNOG00000052311 10.3 14.42 17.28 7.03 10.67 17.09

pRNA 14:46,631,879–46,656,213 ENSRNOG00000054197 13.11 21.21 20.02 10.85 13.09 21.47

pRNA 14:46,678,413–46,678,837 ENSRNOG00000054685 8.81 17.66 14.75 5.1 8.12 17.69

NULL 19:5,834,983–5,837,201 NA 12.16 21.92 21.01 12.42 14.72 23.08
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behavior, and learning andmemory. The sperm, simi-
lar to ova, are unique from all other cells in that they
encapsulate both the past (heritable modifications) as
well as the present (life history experience). In other
words, the gamete perpetuates what the organism has
become. Females and males differ substantially in this
regard: Females possess a limited number of ova at
birth; whether experiences of the female as she ages is
incorporated into epigenetic factors for evolution is
not clear. Males, on the other hand, produce sperm
throughout their adult life, thereby creating a potential
of up-to-date exposures that can directly affect
evolution.

Collectively, our findings demonstrate that two
common endocrine disruptors are capable of causing
aberrant DNA methylation of CpG islands in sperm
and the brain and that a few of these sites are faithfully
transmitted for multiple generations. EDC exposure
has been shown to be associated with altered DNA

methylation in humans for dioxins [78], flame retar-
dants like organophosphates [44] and polybromi-
nated diphenyl ethers [79], phthalates [80], and
PCBs [81]. To our knowledge, a similar study has
not been performed for VIN in humans. The precise
functional outcome of the effects presented here is not
known but it is clear that humans are subject to
similar outcomes. These data provide areas of interest
for further investigation.

Materials and methods

Animal husbandry and EDC treatment

Adult male and female Sprague-Dawley rats were
purchased from Harlan (Indianapolis, Indiana)
and shipped to the University of Texas at Austin.
All animal work was conducted using humane
procedures that were approved by the
Institutional Animal Care and Use Committee at

Figure 7. Topological view of gene clouds that contain the gene names of differentially methylated CpG islands associated with
a known gene due to ancestral exposure to the weakly estrogenic PCB, Aroclor A1221 (A1221) or the anti-androgenic fungicide,
Vinclozolin (VIN) relative to control of F3 male rats. Each vertex of a triangle represents a gene cloud that contains all affected genes
due to treatment in F3 sperm, central amygdala (CeA), and CA3 of the hippocampus (clockwise). Each edge of a triangle represents
differentially methylated CpG islands identified as significantly altered by treatment in both tissues from which an edge originates.
The gene cloud at the center of a triangle represents known genes that are affected in all three tissues due to ancestral exposure.
CpG islands that were not associated with a known gene (i.e., located in intergenic space) have been removed from this analysis.
Within sperm, more sites are affected in VIN, but both brain regions have more affected sites due to A1221 treatment. The number of
sites evident in both sperm and a brain area was low and unaffected by treatment.
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the University of Texas at Austin (AUP-2016–-
00029) following NIH guidelines. After two
weeks of habituation to the housing facility, daily
vaginal smears were performed on females to
determine cycle status. On proestrus, these rats
were tested for receptivity by random pairing
with a male rat. If a female was receptive (lordosis)
to mounting by a male, the pair was left together
overnight. If sperm were present the next morning
in vaginal smears, the female was single-housed
and classified as embryonic day (E)0. These ani-
mals are subsequently referred to as F0 dams. All
animals, dams, and litters were maintained in
a temperature controlled housing facility (~ 22
C) on a 10:14 light:dark cycle and were provided
with ad libitum access to a low phytoestrogen rat
chow (Envigo, #2019) and tap water.

The breeding scheme is shown in Figure 8. EDCs
were administered by daily intraperitoneal injection
to F0 pregnant dams on days E8 through E18,
1–2 hours before lights off. These were the animals
injected with EDCs in the study; further treatment
was not administered to F1 – F3 animals. The treat-
ment groups, to which pregnant F0 dams were ran-
domly selected, were either (1) the vehicle (6%
dimethylsulfoxide (DMSO), Sigma D4540 in sesame
oil), (2) 1 mg/kg A1221 (Accustandard, C-221N), or
(3) 1 mg/kg VIN (Chem Service Inc., N-13,745).
A1221 and VIN were diluted into the vehicle. Two
F0 dams each were injected with vehicle, A1221, and
VIN. Following the final injection on E18, cotton
nesting material was added to each dam’s cage.
The day of birth was called postnatal day (PND) 0.
On PND 1 all litters were culled to 5 males and 5
females or as close as possible, and on PND 21 all
litters were weaned 2–3 same-sex siblings per cage.
To generate an F2 generation, F1 males (2 per litter)
were mated on ~ PND 90 to untreated breeder
females purchased and shipped from Harlan. This
step was repeated with F2 generation males (2 per
litter) to yield the F3 generation (Figure 8).

The rationale for doses of VIN and A1221 is as
follows. The VIN dose used here (1 mg/kg/day) is
substantially lower than that used in similar
experiments (50 or 100 mg/kg/day) [21,82]. The
1 mg/kg/day dose is also very close to the calcu-
lated lowest no observed adverse effect level
(1.2 mg/kg/day [83]). Average daily intake of
VIN due to consumption in humans has been

estimated at 0.003 μg/kg/day in the United States
in the early 1980s [84]. However, occupational
exposures are higher as shown in Dutch farmers
(0.1 mg/kg/day [85]). Human exposure to PCBs
has fluctuated since their use was banned in 1979.
Recent analysis of PCB concentrations in older
individuals living along the upper Hudson River
showed an average of 3.6 μg/kg (serum wet
weight) [86]. Analysis of fetal exposure of PCBs
in pregnant mothers from the Netherlands found
that cord blood contained a sum of congeners of
0.45 μg/kg and a much higher concentration in
breast milk 428 μg/kg [87]. As our exposure
route is intraperitoneal injection to a pregnant
rat dam, only a small portion of that dose is passed
to the fetus. A 1 mg/kg PCB dose in a pregnant
rat is estimated to result in a 2 μg/kg exposure to
the fetus [88].

Sperm and brain tissue collection

F1 and F3 male rats were rapidly euthanized by
decapitation at PND 120. Mature sperm was iso-
lated by removing the cauda of the epididymis,
dicing it into small pieces, placing it in 600 μl of
warm phosphate-buffered saline (PBS), and mixed
by rotating for 10 minutes. The PBS containing
mature sperm was removed to a separate collec-
tion tube, replaced, and allowed to mix for an
additional 10 minutes. The supernatant from
both mixing steps were combined and centrifuged
at 2500 g for 5 minutes. The PBS was decanted and
the sperm pellet frozen at −80 C until use.

Within 2 minutes of decapitation, the rat’s brain
was removed and slowly submerged in −40
C isopentane. Whole brains were stored at −80
C until use. Each brain was sliced coronally at
450 μm on a cryostat (CryoStar NX50, Thermo
Fisher) and the central amygdala (CeA) and CA3
of the hippocampus were bilaterally punched from
two sequential slices using a 1 mm Palkovits
punch and stored at −80 C in RNA/DNAse-free
microfuge tubes.

DNA extraction and purification

DNA was extracted from mature sperm using
modifications of an established protocol to ensure
minimal somatic cell contamination [89]. Briefly,
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the sperm were washed twice with PBS and sub-
jected to two consecutive lysis steps. The first,
containing 0.1% SDS and 0.5% Triton-X, lysed
somatic cells contamination in the sperm pellet.
The second, consisting of 100 mM tris-
(hydroxymethyl)aminomethane chloride (Tris-
HCL – Sigma-Aldrich, T8168), 10 mM ethylene-
diaminetetraacetic acid (EDTA – NEB, 7011V),
1M dithiothreitol (DTT – Thermo Fisher,
R0861), and 10% Proteinase-K, lysed the remain-
ing mature sperm. Subsequent DNA isolation was
performed using the Qiagen DNeasy Blood and
Tissue kit according to the manufactures protocol
(Qiagen, 69,504). For brain tissues, we used the
AllPrep DNA/RNA mini kit according to the man-
ufacture’s established protocols (Qiagen, 80204).

This kit isolates first RNA then DNA; only the
DNA fraction was used for this study.

Library preparation

Library preparation was performed by modifica-
tion of previously established protocols [90] and
the manufacturer’s protocols (NEB, E7535). DNA
was quantified using the Quantifluor dsDNA sys-
tem (Promega, E2670) and diluted to 20 ng/μl in
low TE (1M Tris-HCl and 0.5M EDTA). DNA
(sperm: 1 μg; brain 150 ng) was digested with
MspI overnight at 37 C (NEB, R0106). Gap-filling
and A-tailing were performed in a single step with
3’ -> 5’ exo- Klenow fragment (NEB, M0212) and
an abundance of dATP (10 mM) in a dNTP

EDC injection, E8 - E18
1 mg/kg/day, i.p.
A1221, VIN, or VEH

F0, n = 2 litters per treatment

F1, n = 4 litters per treatment
  Individuals used for RRBS:
  n = 4 (brain), n = 5 (sperm) 

Mating at PND 90

Mating at PND 90

F2, n = 8 litters per treatment

F3 Individuals used for RRBS:
  n = 4 (brain), 8 (sperm) 

Figure 8. The breeding scheme that was used to produce F1 and F3 lineage rats for analysis is shown. Briefly, pregnant F0 dams were
treated with a 1 mg/kg/day i.p. injection of either A1221, VIN, or vehicle (VEH: 6% DMSO in sesame oil) from embryonic (E) day 8–18.
At the time of treatment, the F1 fetus and the F2 germline are directly exposed. F1 males were mated at PND 90 to colony acclimated
breeder females purchased from Harlan. F2 males from the resulting litter were mated to untreated breeder females at PND 90
resulting in an F3 litter. Only F1 (directly exposed) and F3 (ancestrally exposed) males were used in these experiments.
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(1 mM) mixture at 30 C for 20 minutes followed
by 37 C for 20 minutes (NEB, N0446). The
enzymes and dNTPs were removed and size selec-
tion was performed with a 2.0X concentration of
Agencourt AMPure XP beads (Beckman Coulter,
A63880) and eluted in 0.1X TE.

Adaptor ligation was performed using methylated
adaptors (Index Primers Set 1 for sperm and 1–4 for
brain, NEB, E7535) and TA/Blunt ligase master mix
(NEB, M0367) for 15 minutes at room temperature.
The USER enzyme (NEB, M5505) was then added to
cleave the circular adaptors for 15 minutes at 37
C. Samples were again subjected to bead cleanup at
1.0X as described above. Adaptor ligated and size
selected DNA was then subjected to bisulfite conver-
sion according to the manufacture’s protocols (NEB,
E3318) and subjected to bead cleanup at 4.0X concen-
tration. Library enrichment was performed via PCR
(sperm: 12 cycles, brain: 15 cycles) using a Hotstart
Taq Polymerase and according to the manufacture’s
protocol (NEB,M0490) in a 10mMdNTPmix (each).
Final libraries were then subjected to two consecutive
bead clean up steps at 0.9X concentration as described
above. The final libraries were again quantified and
checked for appropriate size and quality using the
High Sensitivity DNA Kit (Agilent, 5067–4626).

All libraries were sent to the Genomic Sequencing
and Analysis Facility at the University of Texas at
Austin for sequencing. Sperm libraries (F1: n = 5 per
group, F3: n = 8 per group) were sequenced on an
Illumina HiSeq 4000 at 150 paired-end base pairs
and 10 million reads per sample. Sperm samples
were equally distributed by treatment group and
sample across 4 lanes in 3 different sequencing
runs. Brain libraries (4 per group per generation)
were sequenced in a single run using an Illumina
NextSeq 500 at 75 paired-end base pairs and
7 million reads per sample. Individual samples
were sequenced with unique barcodes and were not
pooled. Final n’s are shown in Figure 8.

Bisulfite conversion quality control

The quality of data that is produced from
a bisulfite-sequencing (BS-Seq) experiment
depends in large part on the completeness of the
bisulfite reaction during library preparation. If the
bisulfite reaction is incomplete, unmethylated
cytosine would be read and interpreted as

methylated. In data processing, these erroneous
methylation reads would be impossible to parse
from accurate reads or filtered from the data set.
We utilized two metrics to determine the comple-
teness of the bisulfite reaction used in this study.

First, we processed a control library that con-
tained PhiX genomic DNA, which has no DNA
methylation, as a quality control agent and
a metric of the efficiency of the bisulfite conver-
sion. This library was prepared in tandem with
other samples and treated identically. A bisulfite
reaction should convert all cytosine residues that
are not methylated to uracil and leave all methy-
lated cytosine residues unaltered. Hence, a PhiX
BS-Seq library should not result in any cytosine
reads. Any that are found can be used as a proxy
for how well the bisulfite conversion performed.
We found that <0.5% of all methylation reads
obtained from the PhiX library were read as cyto-
sine indicating a > 99.5% bisulfite conversion rate.

Second, non-embryonic stem cells in mammals
only have DNA methylation in the CpG context
[91]. Other organisms contain DNA methylation
in the CHG (H = any nucleotide) or the CHH
context [e.g., [92]]. By parsing the number of
methylation reads that were obtained in the CHG
and CHH context (should not be present) from
those were found in the CpG context (might be
present), we were again able to calculate the effi-
ciency of the bisulfite reaction. We found
that < 0.1% of all methylation reads were obtained
from the CHG and CHH context.

Last, we aligned the PhiX control library to the
rat reference genome. Alignment produced effec-
tively no alignment (<0.1%) between the PhiX
library and the rat reference genome. When com-
pared to the PhiX reference genome, 86.7% of the
reads obtained from the PhiX control library
found unique best hits indicating little or no cross-
contamination during mass processing.

Bioinformatics pipeline and statistical analyses

Bioinformatics were performed at the Texas
Advanced Computing Center (TACC) using the
Stampede, Stampede2, and Lone Star 5 compute clus-
ters. Reads from the IlluminaHiSeq 4000 andNextSeq
500 were merged if necessary and analyzed for quality
using FastQC. Adaptor and quality trimming were
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performed with trim galore and cutadapt and were
again analyzed for quality with FastQC. Reads were
aligned against the rat (Rnor_6.0) genome using
Bowtie (version 2.3.2) and Bismark (version 0.14.5)
to identified bisulfite mutated reads. Aligned reads
were filtered for non-bisulfite conversion > 1% and
methylation calls were extracted using Bismark (ver-
sion 0.14.5). Aligned methylation calls were analyzed
with SeqMonk (version 1.38.2, Babraham
Bioinformatics).

Reduced representation bisulfite sequencing
(RRBS) is a read-efficient protocol to achieve deep
coverage of CpG islands, which were the target of
this study. Although we could not perform loci-
specific confirmation via alternate methods, RRBS
consistently performs well compared against tradi-
tional methods and gold standards of DNA methyla-
tion analysis [93,94]. CpG island annotations were
obtained from the University of California, Santa
Cruz (UCSC) genome bioinformatics database,
which included 20,989 CpG islands. A full database
of CpG island annotations used for this study can be
found in Supplemental Table 2. Annotations for
nested repeated elements were also obtained from
the University of California, Santa Cruz (UCSC) gen-
ome bioinformatics database, which includes 401,017
nested repeats. We further classified CpG islands by
their relationship to known or predicted coding
regions. Promoter CpG islands were classified as
CpG islands upstream and within 1 kb of a known
transcriptional start site. Intronic and exonic CpG
islands were classified as those fully contained within
the coding region of a gene and overlapping known
introns or exons. 3-prime CpG islands were classified
as those overlapping the last exon of a gene and
extending downstream of the 3-prime exon. Finally,
intergenic CpG islands were classified as those that
were not within 2kb in either direction of the CpG
island. The methylation status of CpG islands in VIN
orA1221 sampleswas statistically compared to vehicle
samples using a logistic regression analysis (SeqMonk,
R). CpG islands were considered statistically different
at <0.05 after a Benjamini & Hochberg FDR correc-
tion was applied [23]. An absolute percent cut off
of percent methylation difference between compari-
son groupswas not applied.Downstreamanalyses and
figure creationwas performed inR (version 3.3.2)with
the following packages; dplyr, tidyr, ggplot2, heat-
map.2, UpSetR, and pvclust.
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