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Transposable element (TE) sequences make up a substantial fraction of mammalian
genomes and exert a variety of regulatory influences on mammalian genes. We ex-
plore the contributions of TEs to the epigenetic mechanisms that regulate mammalian
genomes, emphasizing nucleosome positioning and epigenetic histone modifications. A
link between TEs and epigenetics rests on the fact that underlying genetic sequences
partially mediate the nature and identity of epigenetic modifications. Here, we review
the studies that have uncovered histone modifications that are targeted to mammalian
TE sequences and propose a series of hypotheses regarding the potential epigenetic
regulatory effects of mammalian TEs. We propose that mammalian TE sequences have
specific nucleosome binding properties with regulatory implications for nearby genes,
are involved in the phasing of nucleosomes, and recruit epigenetic modifications to func-
tion as enhancers; that epigenetic modifications at TE sequences affect the regulation
of nearby genes; and that TEs serve as epigenetic boundary elements. It is hoped that
these proposed scenarios may help to serve as a roadmap for future investigations into
the epigenetic regulatory effects of mammalian TEs.
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Introduction

Transposable elements (TEs) constitute a
vast percentage of mammalian genomes. The
ubiquity of TEs has been appreciated for some
time; they have been found in the genomes of a
wide variety of species from all three domains of
life. Accordingly, TEs have played a substantial
role in shaping the evolution of these species
as evidenced by their profusion and universal
distribution. Here, we speculate on the global
contribution of TEs to the epigenetic mech-
anisms that regulate various aspects of mam-
malian genomes.

The relationship between TEs and epige-
netic regulatory mechanisms emanates from
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the evolutionary tinkering between TEs and
their host genomes.! Because of the disruptive
nature of transposition, it is imperative for host
genomes to evolve various tools to suppress el-
ement activity and ensure their own survival.
This idea forms the core of the “genome de-
fense” model, which proposes that many epige-
netic regulatory processes came into existence
to defend against the transposition of TEs.?
Thus, TEs may be the original targets for epige-
netic mechanisms that have global impacts on
the regulation of gene expression and genome
organization.

In eukaryotes, double-stranded DINA wraps
around a core of a histone octamer to form a
nucleosome. The tails of the histone proteins in
the nucleosome core are often covalently modi-
fied by the addition of methyl and acetyl groups
to various lysine and arginine residues. These
epigenetic histone modifications, and combina-
tions thereof, specify various chromatin states
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that carry regulatory “meanings” for the cell.
For instance, the tri-methylation of histone
H3 at lysine 9 (H3K9me3) signals the forma-
tion of heterochromatin and gene silencing,
whereas mono-methylation of histone H3 at
lysine 4 (H3K4mel) indicates active or open
chromatin.

Most of what is currently known regarding
the relationship between TEs and epigenetic
histone modifications comes from studies on
plants and fungi (see reviews Refs. 3-9 and ref-
erences therein). TEs are abundant in the het-
erochromatin of a number of plant species. In
Arabidopsis thaliana, TEs are not only enriched
in heterochromatic regions in and around cen-
tromeres and knobs, but insertions of TEs into
euchromatic regions can also induce the lo-
cal formation of heterochromatin.!® This TE-
induced repressive chromatin can spread to epi-
genetically silence nearby genes. The TE rich
regions in Arabidopsis form heterochromatin by
recruiting repressive histone modifications.!!
Similarly, in the yeast Schizosaccharomyces pombe,
TEs are targeted by repressive H3K9me3 to
induce the formation of heterochromatin.'? In-
terestingly, the RINA interference (RINAi) path-
way 18 primarily responsible for the targeting of
repressive modifications in both Arabidopsis and
S. pombe. ™1

Compared to the level of understanding for
plants and fungi, there is relatively little known
concerning TEs and epigenetics in mammals.
In this article, we emphasize the role of TEs
in the epigenetic regulation of mammalian
genomes via nucleosome positioning and his-
tone modifications. To this end, we (1) review
the handful of studies that exist on this subject
to date and (2) propose five specific hypotheses
regarding mechanisms by which TEs may be
involved in the epigenetic regulation of mam-
malian genomes. For these TE-epigenetic hy-
potheses, we outline the kinds of analyses that
can be done to test them along with the results
that could be expected. This approach is taken
to help serve as a roadmap for future investi-
gations into the epigenetic regulatory effects of
mammalian TEs.
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The enrichment of repressive H3K9 di-
methylation at Alu repeats in human cells was
first discovered accidentally by Kondo and Issa
in 2003."% In this study, they used an H3-Lys
methylated antibody in chromatin immunopre-
cipitation and sequenced the recovered DNA.
They found that out of the 47 independent
clones sequenced 37 mapped to TEs, and 32
of these were Alu elements. This led to the
conclusion that the suppression of Alu element
transposition is accomplished by the targeting
of H3K9 di-methylation to these sequences,
consistent with the “genome defense” model
for the epigenetic modifications of TEs.

Another study of the mouse epigenome by
Martens et al. revealed the association of var-
ious repressive histone methylations with dif-
ferent types of repetitive DNA.!* In this study,
lysates of cross-linked chromatin in embryonic
stem (ES) cells were sonicated and subjected
to chromatin immunoprecipitation using a set
of antibodies specific to mono-, di-, and tri-
methylations of H3K9, H3K27, and H4K?20.
The recovered DNA was probed by clusters
of primers representing major repeat classes
to produce PCR fragments of the element se-
quences. TEs were found to have variable lev-
els of the histone methylation marks and these
seemed to vary greatly between different types
of ES cells. On the other hand, tandem re-
peats displayed a strong affinity for the given
set of histone methylations, and these remained
relatively constant over different types of ES
cells. RT-PCR analysis revealed the presence
of double-stranded RNA (dsRNA) produced by
tandem repeats indicating the involvement of
RNAI mechanism for the recruitment of his-
tone marks.

The Bernstein and Lander groups pub-
lished a genome-wide map of several histone
tail modifications in differentiated and undif-
ferentiated mouse stem cells.!>!® They used
chromatin immunoprecipitation followed by
high-throughput sequencing to determine the
modification chromatin

status of various
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regions across the genome. They noted that sev-
eral classes of repetitive DNA are marked by en-
richment of H3K9 and H4K 20 tri-methylation
repressive histone marks. Among the enriched
repetitive DNA classes are tandem repeats at
the telomere and satellites as well as LTR-
retrotransposon TEs. Intracisternal A parti-
cle (IAP) and early transposons (ETn) were
the only families of LTR-retrotransponons en-
riched for these modifications. IAP and ETn
are young, recently active families of mouse
TEs and their enrichment with repressive hi-
stone modifications is consistent with the need
for the host to suppress their activity. The au-
thors of this study also predicted the involve-
ment of the RNAi pathway for the recruit-
ment of these modifications to TE sequences,
as AP and ETn both produce double-stranded
RNA.

A more recent study characterized various
repressive histone modifications in mouse em-
bryonic stem cells using chromatin immuno-
precipitation followed by microarray analysis
of bound DNA fragments (so called ChIP-
Chip) analysis.'” The experimental analysis
was followed by a computational step to ob-
tain a low-resolution “birds-eye” view of the
tri-methylation of H3K27 on chromosome 17.
This involved dividing chromosome 17 into
consecutive windows of 200kb and comput-
ing the aggregate H3K27 methylation status
as well as the density of genes and different
types of TEs. They observed a banding pattern
throughout the chromosome with each band
spanning several megabases. The enrichment
of H3K27me3 was found to be correlated with
silent genes and their flanking intergenic re-
gions. H3K27me3 domains were also observed
in gene-rich as well SINE-rich regions that
carry many active modifications. Alternatively,
the gene-poor regions that are also LINE and
LTR-rich were found to be depleted in active
modifications as well as tri-methylated H3K27.
This indicates a global pattern of complimen-
tary LINEs and SINEs clustering in genomic
regions that carry specific epigenetic marks.
Thus, LINEs and SINEs were found to divide
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the mouse genome into domains that entail spe-
cific epigenetic implications.

The studies described above addressing the
relationship between mammalian TEs and epi-
genetic histone tail modifications present a
complex picture and often contradict each
other.!®!8 For instance, Alu elements (SINEs)
were shown to be enriched for repressive
H3K9me2 marks in human,'® whereas no
mouse TEs (including SINEs) showed enrich-
ment for this particular modification.!* A later
study did show that mouse LTR elements,
but not SINEs, were enriched for other re-
pressive histone marks.!> Furthermore, the na-
ture and identity of histone marks targeted to
TEs changed markedly between families of el-
ements and among different cell types.!* 1517
Given the relative paucity of global epigenetic
studies in mammals, along with the contra-
dictory and complicated results these studies
yield, a comprehensive picture of the rela-
tionship between mammalian TEs and epige-
netic histone modifications remains to be es-
tablished. Clearly, more research is needed to
elucidate the connections between mammalian
TEs and epigenetics. Below, we propose a se-
ries of specific hypotheses regarding the po-
tential contributions of TEs to the epigenetic
regulation of the mammalian genome that can
be taken as a roadmap for future inquiries into
this area of research.

Hypothesis 1: TE Sequences Have
Specific Nucleosome Binding
Properties with Regulatory
Implications for Nearby Genes

In eukaryotes, genomic DNA loops twice
around a core of eight histone proteins to form
a nucleosome—the fundamental unit of chro-
matin.!? In order for this to happen, the DNA
has to bend at specific intervals, which is facili-
tated by the occurrence of certain dinucleotide
motifs. In other words, the ability of genomic
DNA to bind the histone core and position nu-
cleosomes is determined, to some extent, by
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its sequence.?’ This suggests that epigenetic
regulatory features, which are mediated by hi-
stone modifications, are related to the underly-
ing genetic sequence context, much of which in-
cludes TEs in mammals. Thus, we hypothesize
that patterns and levels of nucleosome binding
at mammalian promoter sequences are medi-
ated in part by the distribution of repetitive
sequence elements, TEs in particular, and that
the TE profiles of mammalian gene promoters
exert tissue-specific regulatory effects by virtue
of their binding interactions with nucleosomes.

Consistent with this prediction, there is
abundant evidence from other species that
points to a connection between repetitive DNA
elements, the local chromatin environment and
epigenetic gene regulation. For instance, in
Drosophila and plant species, densely compact
heterochromatin is enriched for both TEs and
simple sequence repeats (SSRs).?! The accu-
mulation of TEs in heterochromatin serves to
protect the host genome by mitigating delete-
rious effects associated with transposition and
ectopic recombination between dispersed ele-
ment sequences.’ In plants it has even been
shown that de novo heterochromatin formation
can be caused by insertions of TEs into eu-
chromatin.'” When this occurs, the TE induced
repressive chromatin environment can spread
to nearby genes and silence their expression.
The enrichment of TEs in heterochromatin,
taken together with the repressive features of
this genomic environment, has led to the pro-
posal that heterochromatin originally evolved
to serve as a genome defense mechanism by
silencing TEs.?*?% The known relationship be-
tween genome repeats, local chromatin envi-
ronment and gene regulation in Drosophila and
plants suggests the possibility that TEs may also
be involved in regulating expression of genes in
even more repeat-rich mammalian genomes by
altering the chromatin environment.

To test the relationship between TEs, nucle-
osome binding and gene regulation in mam-
mals, it 13 necessary to investigate the extent
to which the density of TEs and nucleosome
binding covary along proximal promoter se-
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quences. Previous studies strongly suggest that
such a connection exists. For instance, it is
well known that nucleosome binding affini-
ties are high distal to transcription start sites
and the binding affinity decreases closer to
transcription start sites where there is a “nu-
cleosome free” region just upstream.?’ Our
own work suggests that the relative density of
TE insertions in promoter sequences demon-
strates a similar trend.?* 2% TEs are relatively
abundant far from transcription start sites and
decrease steadily along more proximal pro-
moter sequences. Interestingly, however, SSRs
show the opposite trend with a marked en-
richment just upstream of transcription start
sites in the very same region where nucleo-
some binding reaches its nadir. These data sug-
gest that different classes of genome repeats
may be involved in tuning the accessibility of
chromatin to transcription factors, either open-
ing or closing depending on the kind of re-
peat, by virtue of their influence on nucleosome
binding,

The ability of transcription factors to access
proximal promoter sequences will also have
regulatory implications. To explore this possi-
bility, repetitive DNA profiles of proximal pro-
moter regions could be used to group mam-
malian genes into related clusters. This would
amount to a novel way of classifying genes
based solely on the density and relative loca-
tions of TEs in their proximal promoter re-
gions. Once genes are grouped in this way, the
gene expression and functional properties of the
resulting clusters could be compared to their
characteristic repeat architectures. For exam-
ple, if TE insertions in proximal promoter re-
gions are deleterious and lead to the repression
of gene expression, perhaps by closing the lo-
cal chromatin, then one would expect that sets
of genes with TE-rich promoters would show
lower expression than those groups containing
TE-depleted gene promoters. It is also tempt-
ing to speculate as to how the TE profile of gene
promoters, and associated nucleosome binding
patterns, may affect tissue-specific patterns of
gene expression.
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Hypothesis 2: TE Sequences
Are Involved in the Phasing
of Nucleosomes

The precise positioning of nucleosomes
around certain genomic positions (anchors) is
referred to as nucleosome phasing. For in-
stance, nucleosomes show characteristic po-
sitioning upstream and downstream of tran-
scription start sites in the human genome.?’
Nucleosome phasing is thought to have im-
portant regulatory functions by mediating ac-
cess of transcription factors and RNA poly-
merase to genomic DNA. We hypothesize
that if TEs harbor certain regulatory se-
quences, such as transcription factor binding
2830 or transcription start sites,>! ®* they
may also show characteristic patterns of nu-
cleosome phasing. To evaluate this hypothesis,
one could characterize the phasing of nucle-
osomes in and around various classes of TEs
throughout mammalian genomes. This type of
genome-scale analysis is becoming more-and-
more possible owing to the accumulation of
experimentally characterized nucleosome po-
sition maps for entire eukaryotic genomes. For
instance, Schones ¢t al. produced a human
genome map of nucleosome positions in CD4+
T cells using chromatin immunoprecipitation
followed by high-throughput sequencing.?’ If
such nucleosome positioning maps are com-
bined with available TE annotations, typically
computed using the RepeatMasker program
(http://www.repeatmasker.org), the contribu-
tion of TEs to nucleosome phasing could be
systematically evaluated. In addition to simply
evaluating the ability of TEs to phase nucleo-
somes, genome-scale TE-nucleosome binding
data sets could be scanned for the enrichment
of TE-derived transcription factor binding sites
and transcription start sites to investigate the
presence of nucleosome phasing with respect
to these regulatory features in various classes of
TEs.

Nucleosome phasing around genomic an-
chors can be revealed using a recently de-
veloped algorithm called the Genomic Sig-

sites
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nal Aggregation (GSA) measure.’ GSA evalu-
ates the genomic distribution of short sequence
tags that point to the locations of nucleosomes
characterized by chromatin immunoprecipita-
tion followed by high-throughput sequencing.
Specifically, the GSA algorithm works by cen-
tering genome sequence intervals around de-
fined genomic anchors, such as transcription
start sites or TE sequences. The counts of se-
quence tags are aggregated with respect to their
relative position around the genomic anchors.
This yields position-specific distributions of tag
count scores around a genomic anchor. The tag
count score distributions are then evaluated for
the presence of peaks and valleys. In the case
of nucleosome defining sequence tags, this is
done by searching for local tag count maxima
within a size range approximating the length
of nucleosome bound DNA. Once local max-
ima (i.e., peaks) are calculated in this way, the
interpeak distance is calculated as the mean of
the distance between adjacent plus strand and
adjacent minus strand peaks. Well-positioned
nucleosomes have variation of interpeak dis-
tances that do not exceed 40bp. In addition, to
this algorithmic approach, visual inspection is
used to evaluate nucleosome phasing.

The only genomic features known to phase
nucleosomes at this time are transcription start
sites and binding sites for the transcription fac-
tor and insulator protein CTCE® If TE se-
quences could be shown to phase nucleosomes
in a similar way, it would underscore their
significance as genomic regulatory elements
and further establish their role as mediators of
genetic-to-epigenetic interactions.

Hypothesis 3: TE Sequences Recruit
Epigenetic Modifications to Function
as Enhancers

Enhancers are gene regulatory sequences
that exert their effects from a distance, as op-
posed to proximal promoter sequences that
control expression locally. It is of great inter-
est to know the extent to which mammalian
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enhancer sequences are derived from TEs. As
described above with respect to nucleosome po-
sition maps, numerous genome-scale functional
data sets have accumulated in recent years. An
even more exciting development with respect
to epigenetics is the recent publication of a
genome-wide map of 38 epigenetic histone tail
modifications in human CD4" T cells.*® It is
now possible to combine a variety of sources
of functional genomic data in order to predict
and locate TE-derived enhancer sequences. We
hypothesize not only that TEs function as en-
hancers but that they do so by recruiting specific
epigenetic histone tail modifications.

To evaluate this hypothesis, enhancers could
be operationally characterized as (1) DNasel
hypersensitive regions that (2) contain specific
binding sites for transcription factors known
to bind enhancers, and (3) specific epigenetic
histone modifications that characterize known
enhancers, and (4) are located at least sev-
eral thousand bases away from the nearest
transcriptional start site. It should be possible
to conduct an integrated genomic-functional
analysis to find TEs that conform to this specific
set of predictions. For instance, genome-wide
data on experimentally characterized DNasel
hypersensitive sites could be co-located with the
histone tail modification dataset by associating
genes with an enhancer region that lies dis-
tal to the start site of transcription. Criteria
such as these could be used to identify puta-
tive enhancer regions and co-locate transcrip-
tion factor binding sites with DNasel hyper-
sensitive regions. Finally, these data could be
intersected with TE annotations detailed with
RepeatMasker to find TE-derived enhancer
sequences.

Furthermore, classes of TEs that are en-
riched in different transcription factor binding
sites can be grouped together for evaluation
using the GSA analysis. As discussed in the
preceding section, the GSA algorithm desig-
nates each transcription factor binding site as
an anchor and assigns a score to all genomic
positions nearest to it. The score is based on
the number of tags that map to each genomic
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location as well as the distance of the location
from the anchor. The aggregate distribution of
scores around the transcription factor binding
sites can be plotted against the distances from
these sites to decipher the pattern and strength
of each histone tail modification. Such an anal-
ysis would reveal the overall epigenetic envi-
ronment with respect to each of the 38 histone
tail modifications of the different transcription
factor binding sites that originate in putative
TE-derived enhancer regions.

The approaches described above would
serve to identify putative TE-derived enhancer
sequences with particular epigenetic modifica-
tions but would not yield any information on
their ability to actually regulate the expression
of host genes. To interrogate the gene regula-
tory functions of such TE-derived enhancers,
one could evaluate whether their most likely
target genes are co-regulated. For instance,
each enhancer could be uniquely associated
to the nearest gene and the gene’s CD4" T
cell expression pattern could be evaluated using
microarray data. There are numerous genome-
scale expression data sets available for mam-
mals that provide expression data for tens-of-
thousands of genes over scores of tissues and
conditions.?” This kind of data is ideal for pre-
cisely defining genes’ expression patterns and
uncovering groups of co-regulated genes. Ex-
pression can be classified according to the type
of transcription factor binding site present in
the enhancer as well as the individual histone
tail modifications to assess the effect of each
modification, and the combinations thereof, on
tissue-specific gene expression.

Hypothesis 4: Epigenetic
Modifications at TE Sequences
Effect the Regulation
of Nearby Genes

Mammalian genomes, such as the human
genome, are extremely repeat rich. The hu-
man genome is at least 50% repetitive DNA,
the vast majority of which consists of TEs.*
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On the other hand, protein coding sequences
make up only 1.5% of the human genome.
Therefore, any given human gene amounts to
a series of relatively tiny exon islands sitting in
a sea of TEs, many of which make up regula-
tory regions of the gene.?** It stands to reason
that these abundant TE sequences may have
a substantial effect on how nested genes are
expressed. Indeed, a number of studies have
related the TE environment of mammalian
genes to their levels and patterns of expression.
For instance, Alu (SINE) elements are enriched
in and around highly and broadly expressed
genes, whereas L1 (LINE) elements are more
abundant in genes with lower levels of expres-
sion.***? While demonstrating a connection
between TEs and gene expression, such studies
do not, for the most part, provide any mech-
anistic basis for understanding how the TEs
help to regulate the genes. We hypothesize that
recruiting epigenetic marks is one mechanism
by which the TE environment of mammalian
genes can exert specific regulatory effects.

To evaluate this hypothesis, one could in-
tegrate data on the TE environment of mam-
malian genes with the presence and distribution
of epigenetic marks and gene expression data.
Such an integrated study is possible for the hu-
man and mouse genomes, both of which have
recently published genome wide maps of epi-
genetic histone modifications!>*® in addition
to abundant data on gene expression and TE
sequence distributions. For instance, the status
of particular histone modifications, or combi-
nations thereof, as active or repressive is deter-
mined by computing the relative enrichment of
expression for sets of genes that possess those
modifications compared to sets of genes that
do not. A similar approach could be taken for
TEs. The enrichments of specific families of
TEs in and around human or mouse genes
could be compared simultaneously to the dis-
tribution of specific histone modifications, or
combinations, and the expression enrichments
of the genes. This kind of approach could point
to a role for TEs in recruiting particular sets of
histone modifications that entail specific reg-
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ulatory outcomes. One may expect that for
TEs that are targets of repressive modifica-
tions, their enrichments in and around human
or mouse genes would lead to the epigenetic re-
pression of those genes. This may differ based
on the identity of the TE families being ex-
amined. Older families of TEs are less prone
to be transpositionally competent and are thus
not necessarily expected to serve as targets for
repressive modifications. Therefore, older TEs
may be associated with active histone modifica-
tions that help to upregulate co-located genes.

Hypothesis 5: TEs Serve as
Epigenetic Boundary Elements

An epigenetic boundary element is a DNA
sequence that can act as a buffer between active
and repressed chromatin by resisting the pro-
liferation of epigenetic changes that are char-
acteristic of each.”® By blocking the spread of
active or repressive chromatin, boundary ele-
ments establish genomic domains of gene reg-
ulation. Boundary elements can also serve to
limit the regulatory effects of enhancers to the
domains in which they reside. Only a few exam-
ples of boundary elements have been described
including the gypsy TE in Drosophila.** We hy-
pothesize that TEs may serve as abundant and
dispersed epigenetic boundary elements that
help to establish chromatin based regulatory
domains along mammalian genomes. This pre-
diction can also be evaluated using the kind
of integrated genomic-functional analysis de-
scribed above for enhancers.

The aforementioned genome-wide map of
histone tail modifications® includes epigenetic
marks that are both active and repressive. One
may expect that boundary elements would be
characterized by a specific distribution of epi-
genetic histone marks with active modifications
enriched on one side of the boundary element
and repressive modifications enriched on the
other. Furthermore, adjacent genes in the ac-
tive region should be expressed, whereas genes
in the repressed region are expected to be silent.



Huda & Jordan: TEs and Epigentic Regulation

To test our hypothesis on TE-derived bound-
ary elements, one could scan genome-wide hi-
stone modification maps to look for the kinds
of patterns of histone tail modifications around
TE sequences that specify boundary elements
and integrate these data with the expression
patterns of genes that flank the boundary ele-
ments. This would entail evaluation of the sim-
ilarity of histone tail modifications present up-
stream and downstream of TE sequences. In
essence, TE-derived boundary elements would
show anti-correlations between the signals for
active versus repressive marks upstream and
downstream of the element insertion sites.

In addition to searching for TEs that parti-
tion chromatin environments, the presence of
binding sites for the insulating binding protein
CTCF could also be used to search for TE-
derived boundary elements. CTCF is known
to bind genomic DNA and prevent the spread
of heterochromatin,®® and CTCF binding sites
have uncovered discrete chromatin modifica-
tion domains in the human genome.*® These
global (genome-scale) approaches to evaluating
the contributions of TEs to boundary elements
could be used to develop algorithms that can
uncover specific cases of TE-derived boundary
elements.
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