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methylated regions (epimutations)
associated with the epigenetic
transgenerational inheritance of disease
and phenotypic variation
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Abstract

Background: A variety of environmental factors have been shown to promote the epigenetic transgenerational
inheritance of disease and phenotypic variation in numerous species. Exposure to environmental factors such as
toxicants can promote epigenetic changes (epimutations) involving alterations in DNA methylation to produce
specific differential DNA methylation regions (DMRs). The germline (e.g. sperm) transmission of epimutations is
associated with epigenetic transgenerational inheritance phenomena. The current study was designed to determine
the genomic locations of environmentally induced transgenerational DMRs and assess their potential clustering.

Results: The exposure specific DMRs (epimutations) from a number of different studies were used. The clustering
approach identified areas of the genome that have statistically significant over represented numbers of epimutations.
The location of DMR clusters was compared to the gene clusters of differentially expressed genes found in tissues and
cells associated with the transgenerational inheritance of disease. Such gene clusters, termed epigenetic control
regions (ECRs), have been previously suggested to regulate gene expression in regions spanning up to 2-5
million bases. DMR clusters were often found to associate with inherent gene clusters within the genome.

Conclusion: The current study used a number of epigenetic datasets from previous studies to identify novel
DMR clusters across the genome. Observations suggest these clustered DMR within an ECR may be susceptible to
epigenetic reprogramming and dramatically influence genome activity.
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Background
An increasing number of studies in a wide variety of
species have demonstrated that altered epigenetic infor-
mation (such as DNA methylation, histone modifica-
tions, long non-coding RNA) can be passed on from
one generation to the next through the germline (sperm
and eggs) [1]. Environmental exposures such as nutri-
tion, stress and toxicants can lead to germline epige-
nome changes (epimutations) that promote disease and

phenotypic variation [1, 2]. Exposure induced epimuta-
tions include specific changes in the pattern of DNA
methylation, which are known as differential DNA
methylation regions (DMRs). Environmentally induced
epigenetic transgenerational inheritance promotes changes
in gene expression in tissues and cells of individuals
unexposed transgenerational descendants of ancestors
exposed to environmental insults. Previous analysis of
transgenerational differential DNA methylation regions
(DMRs) in sperm suggested the existence of exposure-
specific DMRs [3]. The current study was designed to
investigate the genomic associations of these transge-
nerational epimutations. Previous studies have also
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identified cell and tissue specific transgenerational al-
terations in gene expression (transcriptomes) following
ancestral toxicant exposure [4–6]. The differentially
expressed genes in a transgenerationally altered tran-
scriptome have previously been shown to often cluster
on the genome [4]. The associations of transgeneration-
ally inherited epimutations and these transgenerational
transcriptome changes are investigated in the current
study. The identification of DMR clusters and their re-
lation to changes in gene expression provides insight
into epigenetic mechanisms that regulate gene expres-
sion in chromosomal regions.
Genomic clusters are defined as statistically significant

over represented molecular features in a region of the
genome [4]. The clustering of molecular features on the
genome has been proposed to provide functionally im-
portant associations of genetic and epigenetic phenom-
ena [7, 8]. For example regions which contain a cluster
of genes might have a coordinated regulation of gene ex-
pression [4]. Similarly, the epigenome also has certain
regions which exhibit groupings of epigenetic features or
associated genomic components [9, 10].
Gene clusters are natural phenomena that have been

identified and reviewed [7]. There are two different types
of gene clusters to consider. In the first type genes can
be clustered together based on the similarity of their
gene functions [11]. In that case a cluster can define a
gene family, such as that seen with the developmentally
important Hox genes [12, 13]. Therefore, gene clusters
can encode functionally related genes and proteins to
allow for an efficient regulation of gene expression.
These clustered genes can reside on the same chromo-
some or on different chromosomes [14]. A second type
of gene clustering can be defined by genes that are clus-
tered based on their genomic location or proximity to
each other. Such gene clusters always start and end on
the same chromosome. These clustered genes are often
within a few million base pairs distance of each other.
Gene clusters are thought to be due in part to evolution-
ary and functional relationships among the genes [15].
The clustering of genes has been shown to have an im-
portant impact on biological processes. The relationship
of genomic clusters associated with transgenerational
differentially expressed gene clusters and differential
DNA methylation regions (DMRs) clusters are investi-
gated in the current study.
Previous studies have investigated gene clustering [7, 8].

For example, clustering of human transcriptome data
was performed to find links between transcriptome
regulation and chromosomal gene order [16]. Groups
of genes in clusters which are regulated by the same
transcription factors have been identified [16]. Another
study used genome contexts to remove noise and iden-
tify clusters of functionally related genes [17]. Clusters

as large as 118 genes were found to be common in
three different species’ genomes [18]. Another study ex-
amined 25 clusters of genes which appear to be regu-
lated by the chromatin remodeling complex TRX (the
trithorax group). This was done with genome-wide ex-
pression studies of the trx mutant in the Drosophila
genome [8]. Several studies have examined clustering of
specific gene families [19, 20]. These observations on
gene clusters have been extended in a recent analysis of
DNA methylation data. A novel clustering approach
called adjacent site clustering (A-clustering) detects
neighboring CpG sites that are correlated with methyla-
tion changes [21].
Previous studies by our laboratory applied a statistical

clustering method to transgenerational datasets of al-
tered gene expression from female and male tissues [4],
and from purified cell types including Sertoli cells [5],
granulosa cells [6], and primordial germ cells (PGC)
[22]. The cell specific transcriptome data was based on
micro-array studies that measured mRNA expression
from different tissues from both male and female trans-
generational F3 generation vinclozolin versus control
lineage rats [5, 6, 22]. The Sertoli cell and granulosa cell
transgenerational transcriptome datasets from adult F3
generation vinclozolin versus control lineage somatic
cells are associated with the onset of testis and ovarian
disease, respectively [5, 6]. Examination of each tissue’s
transgenerational transcriptome identified tissue specific
alterations in those transcriptomes [4]. Using data from
these analyses and running them through a clustering
analysis produced a number of clusters of differentially
expressed genes [4]. A sliding window based clustering
technique was used to find groups of differentially
expressed gene sites based on their distance from each
other [4]. Since there is a natural gene clustering back-
ground due to the pre-existing clustering of genes on
chromosomes, those clusters computed from all the
genes in the genome were considered in identification of
internal background gene clusters. In addition to cell
and tissue specific transgenerational differential gene ex-
pression clusters, global differentially expressed gene
clusters were identified by combining the chromosomal
location data from all the tissues and cell types [4]. The
clusters from the transgenerational transcriptome data
suggested a regional regulation of gene expression in
those cluster areas that were termed epigenetic control
regions (ECR) [4]. It is hypothesized that within an ECR
many genes are epigenetically up-regulated or down-
regulated in concert. Those genes that would normally
be expressed in any specific tissue would be subject to
that ECR’s regional up- or down-regulation. The investiga-
tion of genomic clusters will help to identify potential
regulatory regions in the genome which can use epigenetic
mechanisms to regulate gene expression across millions of
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bases on a chromosome region. The current study extends
these previous studies that used transgenerational tran-
scriptome cluster analysis to now investigate the clustering
of the associated sperm DMR epimutations (i.e. DMR
clusters) and relationships with differential gene expres-
sion clusters (i.e. gene clusters).

Results
Gene expression clusters
A genome cluster analysis procedure was developed
that involved a 50,000 bp sliding window analysis of the
genome to identify regions that have statistically over-
represented numbers of genes and genomic features
[4], as described in the Methods. The computer R-code
used is a language for statistical computing from the R
Foundation for Statistical Computing, Vienna, Austria.
(ISBN 3-900051-07-0, URL http://www.R-project.org).
The R-code developed for the current study is presented in
Additional file 1: Figure S1. Initially the transgenerational
differentially expressed gene clusters were identified as

previously described [4]. The different types of trans-
generational gene expression data and their cluster in-
formation are presented in Table 1A for F3 generation
exposure lineages. For the transgenerational female tissue
array (FT) (involving ovary, uterus, heart, kidney and liver)
RNA expression data there were 1052 genes which were
differentially expressed. These genes clustered into 28
groups having a total of 221 genes (21 % of total sites) in
these clusters. The male transgenerational tissues (MT)
(involving testis, prostate, heart, kidney, liver) had 2763
differentially expressed genes that involved 40 clusters
with 727 genes (26 % of total sites). Sertoli cells and Gran-
ulosa cells have 24 and 22 gene clusters respectively from
430 and 479 genes. The primordial germ cells have 15
gene clusters from 138 genes. Changes in gene numbers
in the current study and the original study [4] was due to
not using the seminal vesicle in the male tissues and redu-
cing the number of redundant overlapped genes.
A gene cluster analysis also examined all the gene loca-

tions in the entire genome to find the internal background

Table 1 Gene and DMR cluster overlap

(A) Gene clusters from FT, MT, SC, GC, PGC data sets and DMR cluster data sets

Number of Sites Total Clusters Gene in Cluster Data Type

Female Tissue (FT) 1052 28 221 Differential Gene Expression

Male Tissue (MT) 2763 41 727 Differential Gene Expression

Sertoli Cell (SC) 430 24 101 Differential Gene Expression

Granulosa Cell (GC) 479 22 111 Differential Gene Expression

Primordial Germ Cell (PGC) 739 15 138 Differential Gene Expression

DMR 776 21 194 Differential DNA Methylation

Background (BKG) 20917 59 7132 Locations of All Genes

(B) Overlap of gene and DMR clusters between FT, MT, SC, GC, PGC, and DMR and background (BKG)

FT(28) MT(41) SC(24) GC(22) PGC(15) DMR(21) BKG(59)

FT(28) 28 14 8 8 2 5 18

MT(41) 14 41 13 14 6 11 31

SC(24) 8 13 24 4 4 2 15

GC(22) 8 14 4 22 5 4 17

PGC(15) 2 6 4 5 15 2 14

DMR(21) 5 11 2 4 2 21 15

BKG(59) 18 31 15 17 14 15 59

(C) Clusters overlap among datasets after removal of background gene clusters

FT(12) MT(11) SC(9) GC(5) PGC(2) DMR(7)

FT(12) 12 1 0 0 0 0

MT(11) 1 11 0 1 1 1

SC(9) 0 0 9 0 0 0

GC(5) 0 1 0 5 0 0

PGC(2) 0 1 0 0 2 0

DMR(7) 0 1 0 0 0 7

(A) Gene clusters from FT, MT, SC, GC, PGC, BKG, as well as DMR clusters. The total number of clusters in each of these datasets, and total number of genes or
DMR in these clusters. (B) The overlap in number of sites among these clusters. (C) The unique clustering for each dataset after removal of the gene cluster background
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(BKG) gene clustering pattern. This information was
obtained from the Affymetrix annotated gene set and
was referred to as (BKG) clusters. From all the 20,917
genes examined in the rat genome 59 BKG clusters
were identified. A total of 7132 genes were part of these
59 BKG clusters. These background gene clusters are
anticipated to be similar in nature to other gene clusters
in the genome, but were separated to clarify that add-
itional gene clusters were identified independent of these
internal background gene clusters. When each of the
transgenerational transcriptome datasets (a total of 6544
sites) was separately clustered they formed into 154 clus-
ters. The 59 background gene clusters were overlapped
with these 154 gene clusters. Any of the background gene
clusters which overlapped with the 154 ECR clusters were
removed which left 45 transgenerational gene clusters for
all of the tissue types.
A large number of clusters overlap between the FT,

MT, SC, GC, PGC and BKG as can be seen from Fig. 1
and Table 1B. The total number of gene clusters varies
from 15 to 28, while the number of genes in each cluster
varies from 111 to 7132. Detailed information about the
different gene expression datasets including gene cluster
locations and regulated genes within each cluster are
presented in Additional file 2: Table S1 (Male Tissue),
Additional file 3: Table S2 (Female Tissue), Additional
file 4: Table S3 (Sertoli Cell), Additional file 5: Table S4

(Granulosa Cell), and Additional file 6: Table S5 (Primordial
Germ Cell). The associated gene classification categories
are also presented to clarify potential functional impacts.
Since there is a background signal due to the inherent

clustering of genes in the genome, the BKG gene cluster
information was extracted and removed from the ori-
ginal clusters. After the gene background information
was removed (as described in the Methods section), the
number of unique clusters reduced in the female gene
set to 12 and the number of unique clusters reduced in
the male tissue gene set to 11. These clusters only had
one area of overlap between the MT and FT comparison,
and higher overlap when the background was consid-
ered. Similarly, unique clusters are shown from Sertoli
cell (SC) (9 clusters), granulosa cell (GC) (5 clusters),
and PGC (2 clusters). This information is shown in Fig. 2
and Table 1C. Comparing Table 1B with Table 1C it can
be seen after removing the genome cluster BKG informa-
tion that the number of unique clusters for each of the
gene datasets and the overlap among them decreased. As
stated, the initial gene clusters in the background are simi-
lar in nature functionally to those not distinct from the
background. However, the presence of additional gene
clusters not in the background suggests new clusters
appear in the transgenerational transcriptomes. Gene
clusters, both with and without BKG subtraction, were
correlated with the DMR clusters.

Gene clusters from FT, MT, SC and PGC with BKG background 

Fig. 1 Gene clusters with background. Chromosome locations of gene clusters from FT (Female Tissue), MT (Male Tissue), SC (Sertoli Cell),
GC (Granulosa Cell), PGC (Primordial Germ Cell) compared with BKG cluster background. The chromosome number and size (Mb) are shown
and the different gene clusters are color coded below line with the background BKG gene cluster above the line
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Differential DNA Methylation Region (DMR) clusters
The transgenerational sperm DMR data were collected
from previous studies [3]. These studies identified
chromosomal locations of transgenerational DMR in
the F3 generation sperm following F0 generation ex-
posure to environmental toxicants including dioxin
[23], plastics [24], pesticides [25], jet fuel [26], bisphe-
nol A [24] and vinclozolin [27]. Interestingly, no DMR
overlapped between all the data sets and the majority
of DMR were exposure specific [3], Fig. 3. The combined
transgenerational DMR from these previous studies total
776 DMR sites that clustered into 21 DMR clusters. The
clusters contained 194 of the DMRs (25 % of the entire
DMRs from these studies). The DMR clusters are shown
in Fig. 4. One DMR cluster was present in a highly repeti-
tive uncharacterized chromosomal region and so could
not be assigned to a specific chromosome. DMR clusters
exhibited some overlap with BKG gene clusters, as would
be expected since the DMR data was collected using gene
promoter microarrays. These DMR clusters also over-
lapped with gene clusters from FT, MT, SC, GC and PGC
(Fig. 5). A subset of these data show the 21 clusters from
the DMR are overlapped with the 40 male and the 28
female tissue transgenerational gene clusters (Fig. 6).
There are 11 intersections of the male tissue array clusters
with the DMR clusters, and 5 intersections of the female
tissue array clusters with the DMR clusters. Therefore,
many other DMR clusters overlapped with the gene
clusters.

Detailed information on each of the different gene
clusters and DMR clusters are presented in Table 1. The
final row shows information of the internal background
gene clusters, which were calculated using all the available
genes in the genome. The detailed information for each of
the gene clusters in the male and female tissue array
data sets are presented in Additional file 2: Tables S1 and

Gene Clusters from FT, MT, SC, GC and PGC without BKG background 

Fig. 2 Gene clusters without background. Chromosome location of gene clusters from FT, MT, SC, GC, PGC without BKG cluster background. The
chromosome number and size (Mb) are shown with color coded gene clusters below line

Fig. 3 Exposure specific differential DNA methylation regions (DMR)
data set overlap. The promoter associated DMR are listed for each
data set (number in brackets). The Venn diagram identifies numbers
of overlaps and those unique to the various exposures (plastics,
vinclozolin, pesticides, hydrocarbons and dioxin). Modified from [3]
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Additional file 3: Table S2, respectively. The detailed infor-
mation for the DMR clusters are presented in Additional
file 4: Table S3 for Sertoli cell, Additional file 5: Table S4
for granulosa cells, Additional file 6: Table S5 for primordial
germ cells, and Additional file 7: Table S6 for the sperm.
Each supplemental table shows the number of clusters, the

total number of sites (genes or DMR) creating each of the
clusters, and their locations on each chromosome. For
all clusters the statistical p-value reflecting the over repre-
sentation of genes or DMR in the cluster is presented.
The sperm DMR clusters have been created from 5

different toxicant induced transgenerational F3 generation

Clusters from BKG genes and DMRs 

Fig. 4 Chromosome location of BKG gene clusters versus DMR clusters. The chromosome number and size (Mb) are presented with the DMR in
black above the line and BKG in red below the line

Gene Clusters from FT, MT, SC, GC, PGC and DMR Clusters 

Fig. 5 Chromosome location of gene clusters and DMR clusters. Chromosome location of gene clusters from FT, MT, SC, GC, PGC compared to DMR
clusters. The chromosome number and size (Mb) are presented with DMR cluster in black above the line and gene clusters color coded below the line
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lineages sperm (ancestral dioxin, plastics, jet fuel, bisphe-
nol A or vinclozolin) and the somatic cell DMR clusters
(Sertoli cell, granulosa cell and primordial germ cell) were
derived from the vinclozolin induced F3 generation
lineages. Since the DMR clusters were derived from
these known data sets, an independent test was done
to investigate the overlap with DMR clusters which
are formed of DMR sites from additional treatments.
As can be seen from Fig. 7, the identified DMR clusters
also overlap with the 11 clusters from the combined me-
thoxychlor (MXC) [28] and dichlorodiphenyltrichloroeth-
ane (DDT) [29] DMR datasets. These two datasets are
used as positive DMR sets for validation purposes. Obser-
vations identify 3 overlaps in chromosome 6, 7 and 20
with the MXC and DDT DMR and the DMR clusters
identified, Fig. 7. This validation helps suggest that the
clustering approach and analysis are finding chromosomal
regions where epigenetic remodeling (DNA methylation)
occurs.
Representative examples of two DMR clusters with over-

lap with a gene cluster is shown in Fig. 8. Observations
show a detailed view of associated gene clusters with the
DMR cluster. Representative DMR clusters were chosen
to demonstrate cluster size, the number of differentially
expressed gene sites that make up the epigenetic control
region (ECR) within the gene cluster, and the position of
DMR within the cluster.

Discussion
The primary objective of the current study was to iden-
tify potential DMR clusters and see if they correlate
with gene clusters in the genome. The DMR were pre-
viously identified in promoter locations of genes and
appear to be potential regulatory sites. A variety of dif-
ferent environmental toxicant exposures (dioxin [23],
plastics [24], pesticides [25], jet fuel [26] and vinclozo-
lin [27]) were separately found to promote the epigen-
etic transgenerational inheritance of disease involving
differential DNA methylation regions (DMR) in F3 gen-
eration male sperm. These F3 generation sperm DMR
previously identified were used as the sperm DMR for
the current study. The F3 generation vinclozolin lineage
animals also had Sertoli cells, granulosa cells and prim-
ordial germ cells isolated and DMR identified which
were used in the current study as somatic cell DMR
datasets, as previously described [4]. These DMR datasets
were used for the DMR cluster analysis. In addition, tissue
specific differential gene expression in the F3 generation
vinclozolin lineage tissues and somatic cells were found to
cluster and these regions have been called epigenetic con-
trol regions (ECRs) [4]. These gene clusters previously
identified were used in the current study to compare with
the DMR clusters identified. The hypothesis examined
was that within these chromosomal segments of the epi-
genetic control regions that epigenetic regulatory sites

Gene Clusters from FT, MT and DMR Clusters 

Fig. 6 Male and female gene clusters versus DMR clusters. Chromosomal locations of gene clusters from FT, MT compared to DMR clusters.
The chromosome number and size (Mb) are presented with DMR clusters in black above the line and gene clusters color coded below
the line
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exist, such as DMRs and non-coding RNAs, that regulate
gene expression within the ECR. One purpose of the
current study was to examine whether DMRs, or clusters
of DMRs, were found in the previously identified ECR de-
fined by clusters of differentially expressed genes. DMR
clusters identified were found to overlap with the gene ex-
pression clusters (Figs. 5 and 6), although this overlap is
less if background gene clustering is subtracted from total
gene clusters (Table 1C and Fig. 4). Observations iden-
tified the existence of DMR clusters that overlap with
gene clusters. Therefore, the ECR will likely involve the
statistical over representation of genes in a 2–5 mega-
base region which can also involve clustering of DMR
to influence the gene expression in these regions. Since
the data obtained only used promoter associated DMR,
a genome-wide analysis of DMR sites may in the future
reveal a greater overlap with gene clusters and ECR.
This is a limitation of the current study that needs to
be considered as distal gene regulation has been previ-
ously observed in relationship to DMR and long non-
coding RNA [30].
A previous study examined clustering of CpG sites

within DMR regions. Sofer et al. (2013) examined
460,337 CpG sites and constructed CpG clusters. In the
first analysis they used a Spearman correlation-based
distance measure using average distance type and a dis-
tance threshold of D = 0.2, such that to merge two clus-
ters all the sites in these two clusters should be within
a threshold distance of D. This produced 7741 CpG

clusters with at least 2 CpG sites and with the largest
having 52 sites. They then used an exposure effect (i.e.
treatment) cutoff of 0.02 size and finally got 402 sites
with differential methylation (DMR) involving a mini-
mum of 2 CpG and a maximum of 3 CpG sites. For the
second analysis using a less stringent criteria of the dis-
tance (a single distance type indicates a cluster having
only a single site) with D = 0.5 they found 17515 CpG
clusters with at least 2 sites and with the largest cluster
having 59 sites. Similar to the first experiment they
used an exposure effect size of > 0.02 and found 641
DMR [21]. In this study initially the clustered methyl-
ated DNA sites were identified and then afterwards
checked for the effect of experimental treatments on
the clusters. In the current approach the clusters are
constructed directly from previous identified regulated
DMR sites. Although this study does not directly cor-
relate to the current study, the concept that clusters of
regulated DMR may exist is suggested in both cases.
Previously a number of transgenerational differential

gene expression clusters were identified and termed
epigenetic control regions (ECR) [4]. As described in
the current study gene clusters were identified separ-
ately and from a variety of tissues and cell types. In the
current study, the contribution of inherent background
gene clustering was investigated. The clustering of
genes within the genome has been previously observed.
Although the nature of inherent gene clustering and in-
duced gene clustering is anticipated to be the same, the

Gene Clusters from MXC-DDT and DMR Clusters 

Fig. 7 Normal MXC-DDT DMR cluster versus genomic DMR clusters. Chromosome locations of DMR clusters versus MXC and DDT DMR. The
chromosome number and size (Mb) are presented with DMR clusters in black above the line and MXC-DDT DMR clusters below the line
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contribution of the background gene clusters was exam-
ined. All the genes from the rat genome (collected from
Affymatrix gene annotation files) were used to find the
underlying background (BKG) gene cluster pattern on all
the chromosomes in the genome. Using 20,917 genes
from the gene annotation files a total of 59 clusters were
found. Approximately one third of the known genes
(7,132) were in these 59 clusters. This information was
used as background gene cluster information. These
background ECR are thought to be potential ECR, but
the relative contribution was assessed compared to the
transgenerational gene clusters examined.
The transgenerational transcriptome dataset consisting

of 6544 gene sites was clustered to form 154 gene

clusters. The background gene clusters were removed
from these and resulted in 45 distinct gene clusters.
These 45 gene clusters of transgenerational differentially
expressed genes, which are not associated with back-
ground gene clustering, indicates that novel regions of
the genome can be affected by ancestral exposure to tox-
icants, as well as the background gene clusters. Epigen-
etic transgenerational inheritance of differential gene
expression in part involves gene clusters in specific
chromosomal regions. This supports the previous re-
ported concept that these sites are epigenetic control re-
gions (ECR). The overlapped background gene clusters
were removed to determine if there are gene clusters
forming for each of the environmental exposures. Since

a.  DMR Cluster # Chr1-76500000-81650000           b.  DMR Cluster # Chr20-1000000-6200000 

T
o

ta
l G

en
es

 
R

eg
u

la
te

d
 G

en
es

  
D

M
R

 

T
o

ta
l G

en
es

 
R

eg
u

la
te

d
 G

en
es

  
D

M
R

 

Chr 20 Chr 1 

DMR Associated  
Genes 

DMR Associated  
Genes 

Fig. 8 Representative DMR clusters. a DMR cluster on chromosome 1 (76500000-81650000) b DMR cluster on chromosome 20 (2900000-6200000).
The chromosome map with megabase location is indicated for all genes, regulated genes and DMR (red arrowhead). Gene symbols associated
with regulated genes and DMR associated genes are listed

Haque et al. BMC Genomics  (2016) 17:418 Page 9 of 13



each of the toxicants had their own cluster after removal
of background gene clusters, observations indicate that
each tissue type had their own unique ECR signature.
There were 7 unique clusters remaining for each of the
expression datasets. A combination of the differentiated
gene clusters that aligned with background gene clusters
and the 45 non-background gene clusters are speculated
to be epigenetic control regions and important for the
epigenetic regulation of genome activity.
Transgenerational sperm DMR sites were used from

previous experiments and in a cluster approach similar
to the gene clusters associated with ECR sites [4]. A
total of 776 DMR sites were used as input to the clus-
tering analysis (Additional file 1: Figure S1) and 21
DMR clusters were identified. These 21 DMR clusters
were overlapped with the ECR clusters (Figs. 5 and 6).
A noticeable amount of overlap was found with all gene
clusters as well (Table 1B). This study was done to
check if gene clusters associated with ECR overlap with
DMR clusters. DNA methylation may be part of the
epigenetic mechanism that regulates gene expression
within the ECR region. The effect of the inherent back-
ground gene clusters in the genome on interpretation
of gene clusters and DMR clusters was considered. The
concern was that the existence of background gene
clusters alter the interpretation of the gene clusters
identified. Therefore, the locations of gene expression
for the gene clusters and identification of the DMR
clusters were presented both with and without subtrac-
tion of background gene clusters. Although unique
gene clusters and DMR clusters were identified without
the background gene clusters, the inherent background
gene clusters are expected to have the same character-
istics and function as general ECR. The speculation is
made that evolutionary forces that promote clustering
of genes on the genome involve epigenetic factors such
as DNA methylation that contribute to regional gene
regulation. Therefore, it is anticipated that a functional
importance exists for the co-localized gene expression
within a gene cluster and the co-localized DMR clusters
have a role in the gene regulation in the ECR. The
causal relationship of these gene and DMR clusters in-
volving epigenetic regulation needs to be further estab-
lished. Future studies involving genome wide analysis
of DMR and an analysis of a wider variety of tissues
and cell types for gene expression will facilitate this
analysis in the future.

Conclusions
The current study demonstrates that environmentally
induced epigenetic transgenerational inheritance of F3 gen-
eration sperm DMRs often cluster on the genome and as-
sociate with the previously identified gene clusters within
epigenetic control regions (ECR). Similar observations were

made with transgenerational somatic cell DMR clusters
and gene clusters. Therefore, within the ECR the gene clus-
ter is speculated to be regulated by the associated DMR
cluster. The causal link between the gene cluster and DMR
cluster remains to be established, but the potential presence
of ECR that are regulated by DMR clusters provide a novel
mechanism for the control of genome activity. The ability
of a variety of different environmental exposures to pro-
mote the epigenetic transgenerational inheritance of sperm
DMR clusters and tissue specific gene expression profiles is
anticipated to utilize in part such a regulatory mechanism.

Methods
Previous animals procedures
All experimental protocols involving rats were pre-
approved by the Washington State University Animal
Care and Use Committee. Hsd:Sprague Dawley®™SD®™
female and male rats of an outbred strain (Harlan) were
maintained in ventilated (up to 50 air exchanges/hour)
isolator cages containing Aspen Sani chips (pinewood
shavings from Harlan) as bedding, on a 14 h light: 10 h
dark regimen, at a temperature of 70 F and humidity of
25 to 35 %. Rats were fed ad libitum with standard rat
diet (8640 Teklad 22/5 Rodent Diet; Harlan) and ad
libitum tap water for drinking.
At proestrus as determined by daily vaginal smears, the

female rats (90 days of age) were pair-mated with male rats
(120 days). On the next day, the pairs were separated and
vaginal smears were examined microscopically. In the
event sperm were detected (day 0) the rats were tentatively
considered pregnant. Vaginal smears were continued for
monitoring diestrus status in these rats until day 7. Preg-
nant rats were then given daily intraperitoneal injections
of vinclozolin or other toxicants with an equal volume of
sesame oil (Sigma) on days E-8 through E-14 of gestation
[31]. Treatment groups were Control (DMSO vehicle) and
exposure. The pregnant female rats treated with DMSO or
vinclozolin were designated as the F0 generation.
The offspring of the F0 generation were the F1 gener-

ation. The F1 generation offspring were bred to other F1
animals of the same treatment group to generate an F2
generation and then F2 generation animals bred similarly
to generate the F3 generation animals. No sibling or cousin
breedings were performed so as to avoid inbreeding. Note
that only the original F0 generation pregnant females were
injected with the DMSO or vinclozolin.
Six female and six male rats of F3 generation Control

and Vinclozolin lineage at 120 days of age were eutha-
nized by CO2 inhalation and cervical dislocation. Tissues
including testis, prostate, seminal vesicle, kidney, liver,
heart, ovary and uterus were dissected from rats and were
processed and stored in TRIZOL (Invitrogen) at -80 °C
until RNA extraction. High quality RNA samples were
assessed with gel electrophoresis and required a minimum
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OD260/280 ratio of 1.8. Three samples each of control
and exposure F3 generation lineage tissues were applied
to microarrays. For each of three Vinclozolin or Control
microarray sample, RNA from two rats were pooled. The
same pair of rats were used for each tissue type.

Previous microarray analysis
The microarray hybridization and scanning was performed
by the Genomics Core Laboratory, Center for Reproductive
Biology, Washington State University, Pullman, WA using
standard Affymetrix reagents and protocol. Briefly, mRNA
was transcribed into cDNA with random primers, cRNA
was transcribed, and single-stranded sense DNA was syn-
thesized which was fragmented and labeled with biotin.
Biotin-labeled ssDNA was then hybridized to the Rat Gene
1.0 ST microarrays containing more than 30,000 transcripts
(Affymetrix, Santa Clara, CA, USA). Hybridized chips were
scanned on Affymetrix Scanner 3000. CEL files containing
raw data were then pre-processed and analyzed with Partek
Genomic Suite 6.5 software (Partek Incorporated, St. Louis,
MO) using an RMA, GC-content adjusted algorithm.
Raw data pre-processing was performed in 11 groups,
one for each male or female tissue, as well as the Sertoli
cell, granulosa cell and primordial germ cells. Comparison
of array sample histogram graphs for each group showed
that data for all chips were similar and appropriate for fur-
ther analysis.
The microarray quantitative data involves signals from

an average 28 different oligonucleotides (probes) arrayed
for each transcript and many genes are represented on
the chip by several transcripts. The hybridization to each
probe must be consistent to allow a statistically signifi-
cant quantitative measure of resulting gene expression
signal. In contrast, a quantitative PCR procedure uses
only two oligonucleotides and primer bias is a major factor
in this type of analysis. Therefore, we did not attempt
to use PCR based approaches as we feel the microarray
analysis is more accurate and reproducible without pri-
mer bias.
All microarray CEL files from this study have been de-

posited with the NCBI gene expression and hybridization
array data repository GEO (GEO series accession number:
GSE35839) and can be also accessed through www.skin-
ner.wsu.edu. For gene annotation, Affymetrix annotation
file RaGene1_0stv1.na32.rn4.transcript.csv was used.

Previous sperm DNA isolation and methylated DNA
immunoprecipitation (MeDIP)
Sperm heads were separated from tails through sonic-
ation following previously described protocol (without
protease inhibitors) [32] and then purified using a series
of washes and centrifugations [33] from a total of nine
F3 generation rats per treatment lineage that were 120 days

of age. DNA extraction on the purified sperm heads was
performed as previously described [27]. Equal concentra-
tions of DNA from individual sperm samples were then
used to produce pools of DNA material. Three DNA pools
were produced in total per treatment, which contained the
same amount of sperm DNA from three animals. There-
fore a total of 45 animals were used for building three
DNA pools per treatment for the 4 experimental groups
plus controls. These DNA pools were then used for meth-
ylated DNA immunoprecipitation (MeDIP). MeDIP was
performed as follows: 6 μg of genomic DNA was subjected
to series of three 20 pulse sonications at 20 % amplitude
and the appropriate fragment size (200-1000 ng) was veri-
fied through 2 % agarose gels; the sonicated genomic
DNA was resuspended in 350 ul TE and denaturated for
10 min at 95 °C and then immediately placed on ice for
5 min; 100 ul of 5X IP buffer (50 mM Na-phosphate pH7,
700 mM NaCl, 0.25 % Triton X-100) was added to the
sonicated and denatured DNA. An overnight incubation
of the DNA was performed with 5 ug of antibody anti-
5-methylCytidine monoclonal from Diagenode S.A
(Denville, NJ) at 4 °C on a rotating platform. Protein
A/G beads from Santa Cruz (Santa Cruz, CA) were
prewashed on PBS-BSA 0.1 % and resuspended in 40 ul
1X IP buffer. Beads were then added to the DNA-antibody
complex and incubated 2 h at 4 °C on a rotating platform.
Beads bound to DNA-antibody complex were washed 3
times with 1 ml 1X IP buffer; washes included incubation
for 5 min at 4 °C on a rotating platform and then centrifu-
gation at 6000 rpm for 2 min. Beads-DNA-antibody com-
plex were then resuspended in 250 ul digestion buffer
(50 mM Tris HCl pH 8, 10 mM EDTA, 0.5 % SDS) and
3.5 ul of proteinase K (20 mg/ml) was added to each sam-
ple and then incubated overnight at 55 °C on a rotating
platform. DNA purification was performed first with phe-
nol and then with chloroform:isoamyl alcohol. Two
washes were then performed with 70 % ethanol, 1 M NaCl
and glycogen. MeDIP selected DNA was then resuspended
in 30 ul TE buffer.

Previous tiling array MeDIP-Chip analysis
Roche Nimblegen’s Rat DNA Methylation 3x720K CpG
Island Plus RefSeq Promoter Array was used, which
contains three identical sub-arrays, with 720,000 probes
per sub-array, scanning a total of 15,287 promoters
(3,880 bp upstream and 970 bp downstream from tran-
scription start site). Probe sizes range from 50–75 mer
in length with the median probe spacing of 100 bp.
Three different comparative (MeDIP vs MeDIP) hybridiza-
tions experiments were performed for each experimental
group versus control, each encompassing DNA samples
from 6 animals (3 treatment and 3 control groups) and
3 sub-arrays. MeDIP DNA samples from experimental
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groups were labeled with Cy3 and MeDIP DNA sam-
ples from the control group were labeled with Cy5.

Previous bioinformatic and statistic analyses of chip data
For each comparative hybridization experiment, raw
data from both the Cy3 and Cy5 channels were imported
into R (R Development Core Team (2010), R: A language
for statistical computing, R Foundation for Statistical
Computing, Vienna, Austria. ISBN 3-900051-07-0, URL
http://www.R-project.org), checked for quality and con-
verted to MA values (M = Cy5-Cy3; A = (Cy5 + Cy3)/2).
The following normalization procedure was conducted.
Within each array, probes were separated into groups by
GC content and each group was separately normalized,
between Cy3 and Cy5 using the loess normalization
procedure. This allowed for GC groups to receive a
normalization curve specific to that group. After each
array was normalized within array, the arrays were then
normalized across arrays using the A quantile normalization
procedure.
Following normalization each probe within each array

was subjected to a smoothing procedure, whereby the
probe’s normalized M values were replaced with the me-
dian value of all probe normalized M values across all
arrays within a 600 bp window. If the number of probes
present in the window was less than 3, no value was
assigned to that probe. Each probe’s A values were like-
wise smoothed using the same procedure. Following
normalization and smoothing each probe’s M value rep-
resents the median intensity difference between vinclo-
zolin lineage and control lineage of a 600 bp window.
Significance was assigned to probe differences between
lineage and generation samples by calculating the median
value of the intensity differences as compared to a normal
distribution scaled to the experimental mean and standard
deviation of the normalized M. A Z-score and P-value
were computed for each probe from that distribution. The
statistical analysis was performed in pairs of comparative
IP hybridizations between treatment lineage (T) and con-
trol lineage (C) (e.g. T1-C1 and T2-C2; T1-C1 and T3-C3;
T2-C2 and T3-C3). In order to assure the reproducibility
of the candidates obtained, only the candidates showing
significant changes in every one of the paired comparisons
were chosen as having a significant change in DNA
methylation between each of the experimental group and
controls. This is a very stringent approach to select for
changes, since it only considers repeated changes in all
paired analysis.
The statistically significant differential DNA methylated

regions were identified and P-value associated with each re-
gion presented. Each region of interest was then annotated
for gene and CpG content. This list was further reduced to
those regions with an average intensity value exceeding 9.5
(log scale) and a CpG density ≥ 1 CpG/100 bp.

Description of the datasets
The previous methods described above were used to ob-
tain the datasets used in the current study. The different
expression datasets collected from the different experi-
ments were female tissue, male tissue [4], Sertoli cell [5],
granulosa cell [6] and primordial germ cells [22]. For the
epimutation data 776 DMR regions were collected from
several experiments investigating transgenerational epi-
genetic inheritance of disease susceptibility after expos-
ure to the environmental toxicants dioxin, plastics,
pesticides, vinclozolin, bisphenol A and jet fuel [3].

Cluster analysis
For the clustering approach the window size used was
2 Mb (million bases) and this 2 Mb window was shifted
50 kb at a time in overlapped fashion. For each sliding
window the number of DMR sites was found. The slid-
ing window is used from the start of the chromosome
until the end for each chromosome separately. Once the
number of sites had been calculated for each window a
z-test was used to calculate the z-score for each window
from which the p-value was calculated. Any window with
less than 0.05 p-value was taken as statistically significant in
over-representation of DMR sites. Then finally windows
which fall within 50,000 bases (consecutive windows) of
each other are merged to create the final cluster. Clusters
were calculated for each of the tissue types separately.
The R code for this analysis is presented in Additional
file 1: Figure S1.

R code description and supplementary
The R code for the sliding window and the z-test is in
the Additional file 1: Figure S1 and also is available in
the author’s website www.skinner.wsu.edu.
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Additional file 1: Figure S1. Cluster R-Code. (PDF 52 kb)

Additional file 2: Table S1. Male gene clusters. Gene cluster sites with
start-end location, and the gene names and classification, and gene start-
stop, and types of the tissues for the Male Tissue Array dataset. (PDF 140 kb)

Additional file 3: Table S2. Female gene clusters. Gene cluster sites
with start-end location of each cluster site, genes in each cluster and
classification, and gene start and stop, and types of the tissue for the
Female Tissue Array dataset. (PDF 59 kb)

Additional file 4: Table S3. Sertoli DMR clusters. DMR clusters with
start-end, statistical significance for each DMR with start and stop
information for the Sertoli Cell dataset. (PDF 35 kb)

Additional file 5: Table S4. Granulosa DMR clusters. DMR clusters
with start-end, statistical significance for each DMR with start and
stop information for the Granulosa Cell dataset. (PDF 35 kb)

Additional file 6: Table S5. Primordial germ cell DMR clusters. DMR
clusters with start-end, statistical significance for each DMR with start and
stop information regarding the Primordial Germ cell dataset. (PDF 36 kb)

Haque et al. BMC Genomics  (2016) 17:418 Page 12 of 13
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Abbreviations
DMRs, Differential DNA methylation regions; ECRs, Epigenetic control regions;
PGC, Primordial germ cells; FT, Female tissues; MT, Male tissues; BKG, Background;
SC, Sertoli cells; GC, Granulosa cells.

Acknowledgments
We thank Ms. Heather Johnson for assistance in preparation of the
manuscript. This study was supported by an NIH grant to MKS.

Availability of supporting data
The data sets supporting the results of this article are available in the NCBI GEO
repository (GSE58091, GSE59553, GSE59555, GSE59511, GSE43559, GSE59510,
GSE43559, GSE59110, GSE41173, GSE59109, GSE43464, GSE59552, GSE59554,
GSE57693, GSE59278, GSE33423, GSE59277).

Authors’ contributions
MMH and MKS conceived the study; MMH and EEN performed the
computational work for the study; MMH, LBH and MKS wrote the manuscript;
MMH, EEN, LBH and MKS edited the manuscript. All authors read and approved
the final manuscript.

Competing interests
The authors declare that they have no competing interests.

Author details
1Center for Reproductive Biology, School of Biological Sciences, Washington
State University, Pullman, WA 99164-4236, USA. 2School of Electrical
Engineering and Computer Science, Washington State University, Pullman,
WA 99164, USA.

Received: 1 December 2015 Accepted: 17 May 2016

References
1. Skinner MK. Endocrine disruptor induction of epigenetic transgenerational

inheritance of disease. Mol Cell Endocrinol. 2014;398(1-2):4–12.
2. Jirtle RL, Skinner MK. Environmental epigenomics and disease susceptibility.

Nat Rev Genet. 2007;8(4):253–62.
3. Manikkam M, Guerrero-Bosagna C, Tracey R, Haque MM, Skinner MK.

Transgenerational actions of environmental compounds on reproductive
disease and identification of epigenetic biomarkers of ancestral exposures.
PLoS One. 2012;7(2):e31901.

4. Skinner MK, Manikkam M, Haque MM, Zhang B, Savenkova M. Epigenetic
Transgenerational Inheritance of Somatic Transcriptomes and Epigenetic
Control Regions. Genome Biol. 2012;13(10):R91.

5. Guerrero-Bosagna C, Savenkova M, Haque MM, Sadler-Riggleman I, Skinner
MK. Environmentally Induced Epigenetic Transgenerational Inheritance of
Altered Sertoli Cell Transcriptome and Epigenome: Molecular Etiology of
Male Infertility. PLoS One. 2013;8(3):e59922.

6. Nilsson E, Larsen G, Manikkam M, Guerrero-Bosagna C, Savenkova M,
Skinner M. Environmentally Induced Epigenetic Transgenerational
Inheritance of Ovarian Disease. PLoS One. 2012;7(5):e36129.

7. D’Haeseleer P. How does gene expression clustering work? Nat Biotechnol.
2005;23(12):1499–501.

8. Blanco E, Pignatelli M, Beltran S, Punset A, Perez-Lluch S, Serras F, Guigo R,
Corominas M. Conserved chromosomal clustering of genes governed by
chromatin regulators in Drosophila. Genome Biol. 2008;9(9):R134.

9. Guerrero-Bosagna C, Weeks S, Skinner MK. Identification of genomic
features in environmentally induced epigenetic transgenerational inherited
sperm epimutations. PLoS One. 2014;9(6):e100194.

10. Skinner MK, Guerrero-Bosagna C. Role of CpG Deserts in the Epigenetic
Transgenerational Inheritance of Differential DNA Methylation Regions. BMC
Genomics. 2014;15(1):692.

11. Eisen MB, Spellman PT, Brown PO, Botstein D. Cluster analysis and
display of genome-wide expression patterns. Proc Natl Acad Sci U S A.
1998;95(25):14863–8.

12. Pascual-Anaya J, D’Aniello S, Kuratani S, Garcia-Fernandez J. Evolution of
Hox gene clusters in deuterostomes. BMC Dev Biol. 2013;13:26.

13. Tschopp P, Duboule D. A genetic approach to the transcriptional regulation
of Hox gene clusters. Annu Rev Genet. 2011;45:145–66.

14. Szczepinska T, Pawlowski K. Genomic positions of co-expressed genes:
echoes of chromosome organisation in gene expression data. BMC research
notes. 2013;6:229.

15. Jamieson SE, Miller EN, Black GF, Peacock CS, Cordell HJ, Howson JM, Shaw
MA, Burgner D, Xu W, Lins-Lainson Z, et al. Evidence for a cluster of genes
on chromosome 17q11-q21 controlling susceptibility to tuberculosis and
leprosy in Brazilians. Genes Immun. 2004;5(1):46–57.

16. Vogel JH, von Heydebreck A, Purmann A, Sperling S. Chromosomal
clustering of a human transcriptome reveals regulatory background. BMC
bioinformatics. 2005;6:230.

17. Rosa BA, Oh S, Montgomery BL, Chen J, Qin W. Computing gene expression
data with a knowledge-based gene clustering approach. International
journal of biochemistry and molecular biology. 2010;1(1):51–68.

18. Kim S, Bhan A, Maryada BK, Choi K, Brun YV. EGGS: Extraction of gene clusters
using genome context based sequence matching techniques. EEE International
Conference on Bioinformatics and Biomedicine 2007. BIBM 2007:23-28. Silicon
Valley, Freemont CA.

19. Raghupathy N, Durand D. Gene cluster statistics with gene families. Mol Biol
Evol. 2009;26(5):957–68.

20. Avrova AO, Whisson SC, Pritchard L, Venter E, De Luca S, Hein I, Birch PR.
A novel non-protein-coding infection-specific gene family is clustered
throughout the genome of Phytophthora infestans. Microbiology. 2007;
153(Pt 3):747–59.

21. Sofer T, Schifano ED, Hoppin JA, Hou L, Baccarelli AA. A-clustering: a novel
method for the detection of co-regulated methylation regions, and regions
associated with exposure. Bioinformatics. 2013;29(22):2884–91.

22. Skinner M, Guerrero-Bosagna C, Haque MM, Nilsson E, Bhandari R, McCarrey J.
Environmentally Induced Transgenerational Epigenetic Reprogramming of
Primordial Germ Cells and Subsequent Germline. PLoS One. 2013;8(7):e66318.

23. Manikkam M, Tracey R, Guerrero-Bosagna C, Skinner MK. Dioxin (TCDD)
induces epigenetic transgenerational inheritance of adult onset disease and
sperm epimutations. PLoS One. 2012;7(9):e46249.

24. Manikkam M, Tracey R, Guerrero-Bosagna C, Skinner M. Plastics Derived
Endocrine Disruptors (BPA, DEHP and DBP) Induce Epigenetic
Transgenerational Inheritance of Adult-Onset Disease and Sperm
Epimutations. PLoS One. 2013;8(1):e55387.

25. Manikkam M, Tracey R, Guerrero-Bosagna C, Skinner M. Pesticide and Insect
Repellent Mixture (Permethrin and DEET) Induces Epigenetic
Transgenerational Inheritance of Disease and Sperm Epimutations. Reprod
Toxicol. 2012;34(4):708–19.

26. Tracey R, Manikkam M, Guerrero-Bosagna C, Skinner M. Hydrocarbons (jet fuel
JP-8) induce epigenetic transgenerational inheritance of obesity, reproductive
disease and sperm epimutations. Reprod Toxicol. 2013;36:104–16.

27. Guerrero-Bosagna C, Settles M, Lucker B, Skinner M. Epigenetic
transgenerational actions of vinclozolin on promoter regions of the sperm
epigenome. PLoS One. 2010;5(9):e13100.

28. Manikkam M, Haque MM, Guerrero-Bosagna C, Nilsson E, Skinner M. Pesticide
methoxychlor promotes the epigenetic transgenerational inheritance of adult
onset disease through the female germline. PLoS One. 2014;9(7):e102091.

29. Skinner MK, Manikkam M, Tracey R, Nilsson E, Haque MM, Guerrero-Bosagna
C. Ancestral dichlorodiphenyltrichloroethane (DDT) exposure promotes
epigenetic transgenerational inheritance of obesity. BMC Med. 2013;11:228.

30. Wan LB, Bartolomei MS. Regulation of imprinting in clusters: noncoding
RNAs versus insulators. Adv Genet. 2008;61:207–23.

31. Nilsson EE, Anway MD, Stanfield J, Skinner MK. Transgenerational epigenetic
effects of the endocrine disruptor vinclozolin on pregnancies and female
adult onset disease. Reproduction. 2008;135(5):713–21.

32. Tateno H, Kimura Y, Yanagimachi R. Sonication per se is not as deleterious to
sperm chromosomes as previously inferred. Biol Reprod. 2000;63(1):341–6.

33. Ward WS, Kimura Y, Yanagimachi R. An intact sperm nuclear matrix may be
necessary for the mouse paternal genome to participate in embryonic
development. Biol Reprod. 1999;60(3):702–6.

Haque et al. BMC Genomics  (2016) 17:418 Page 13 of 13


