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It was previously thought that epigenetic histone modifications of mammalian transposable elements (TEs)
serve primarily to defend the genome against deleterious effects associated with their activity. However, we
recently showed that, genome-wide, human TEs can also be epigenetically modified in a manner consistent
with their ability to regulate host genes. Here, we explore the ability of TE sequences to epigenetically regulate
individual human genes by focusing on the histone modifications of promoter sequences derived from TEs.
We found 1520 human genes that initiate transcription from within TE-derived promoter sequences. We
evaluated the distributions of eight histone modifications across these TE-promoters, within and between the
GM12878 and K562 cell lines, and related their modification status with the cell-type specific expression
patterns of the genes that they regulate. TE-derived promoters are significantly enriched for active histone
modifications, and depleted for repressive modifications, relative to the genomic background. Active histone
modifications of TE-promoters peak at transcription start sites and are positively correlated with increasing
expression within cell lines. Furthermore, differential modification of TE-derived promoters between cell
lines is significantly correlated with differential gene expression. LTR-retrotransposon derived promoters in
particular play a prominent role in mediating cell-type specific gene regulation, and a number of these LTR-
promoter genes are implicated in lineage-specific cellular functions. The regulation of human genes mediated
by histone modifications targeted to TE-derived promoters is consistent with the ability of TEs to contribute to
the epigenomic landscape in a way that provides functional utility to the host genome.

© 2011 Elsevier B.V. All rights reserved.
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1. Introduction eukaryotic genomes have evolved a variety of mechanisms to control

the proliferation of the TEs. For instance, it is thought that epigenetic

Transposable elements (TEs) form a substantial fraction of
eukaryotic genomes. TEs do not proliferate by increasing the fitness
of their hosts, rather their abundance can be attributed to their ability
to out-replicate their host genomes (Doolittle and Sapienza, 1980;
Orgel and Crick, 1980). In fact, transposition is primarily deleterious
and may cause major disruptions for host genomes. Accordingly,
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regulatory systems originally evolved to mitigate the deleterious
effects of TEs by suppressing element transcription and/or preventing
ectopic recombination between dispersed TE sequences (Henikoff and
Matzke, 1997; McDonald, 1998; Matzke et al., 2000; Lippman et al.,
2004; McDonald et al., 2005). The phenomena by which host genomes
epigenetically control TEs are collectively referred to as ‘genome
defense’ mechanisms (Yoder et al., 1997).

Epigenetic modifications can be classified into two processes:
direct modification of the DNA molecule (Fazzari and Greally, 2004)
or modification of the histone proteins that form the core of
eukaryotic nucleosomes (Li, 2002). A number of eukaryotic species
use these epigenetic mechanisms to shut down the activity of TE
sequences. This process has been well studied in plants and yeast
where TEs are targeted by DNA and histone methylation. This
targeting causes de novo formation of heterochromatin and is thought
to be mediated by the RNA interference pathway (Gendrel et al., 2002;
Grewal and Elgin, 2007; Grewal and Jia, 2007; Slotkin and Martiens-
sen, 2007; Suzuki and Bird, 2008; Weil and Martienssen, 2008). For
instance, TE insertions have been shown to recruit repressive histone
modifications and initiate the formation of local heterochromatin in
Arabidopsis thaliana (Gendrel et al., 2002; Lippman et al., 2004). In
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another well studied system, Schizosaccharomyces pombe, TE inser-
tions can attract repressive modifications which in turn lead to gene
silencing and heterochromatin formation (Volpe et al., 2002).

To date, a handful of studies have explicitly evaluated the
relationship between TEs and epigenetic modifications in mammals.
In 2003, Kondo and Issa investigated the distribution of the histone
modification histone H3 Lysine 9 dimethylation (H3K9me2) in
different regions of the human genome and found Alu elements to
be highly enriched for that repressive modification (Kondo and Issa,
2003). Similarly in the mouse genome, Martens et al. found TEs to be
enriched for repressive marks albeit at varying levels among different
TE families and cell lines (Martens et al., 2005). In another mouse
study by the Bernstein and Lander groups, young long terminal repeat
(LTR)-retrotransposons families (IAP and ETn) were found to be
enriched for several repressive histone marks (Mikkelsen et al., 2007).
Following up on this study, Matsui et al. recently reported that H3K9
methylation is the primary mechanism by which endogenous retro-
viruses are repressed in mouse embryonic stem cells (Matsui et al.,
2010). The Jenuwein group also reported enrichment of H3K27me3, a
classic repressive modification, in human SINEs (Pauler et al., 2009).
All of these studies focus on repressive modifications of mammalian
TEs and thus point directly to genome defense as a critical role for the
histone modifications of these elements.

On the other hand, TEs are not solely deleterious; there are
numerous documented cases where formerly selfish TE sequences
now provide some functional utility for their host genomes (Kidwell
and Lisch, 2000). This occurs most often when TEs donate regulatory
sequences that help to control the expression of host genes
(Feschotte, 2008). For instance, TEs are known to provide transcrip-
tion factor binding sites (Jordan et al., 2003; Polavarapu et al., 2008),
transcription start sites (Conley et al., 2008; Cohen et al., 2009) and
enhancer elements (Bejerano et al., 2006; Santangelo et al., 2007) to
their host genomes. Cases such as these, where TE sequences provide
functional elements to their host genomes, can be considered as
genomic ‘exaptations’ (Brosius and Gould, 1992). Exaptation refers to
the phenomenon whereby an organismic feature plays a role for
which it was not originally evolved (Gould and Vrba, 1982). TE
regulatory sequences originally evolved to ensure that the TEs could
replicate within genomes, thus ensuring their long term survival.
Only later were these sequences exapted to serve the needs of their
hosts.

Thus TEs provide sequences that help to regulate their host
genomes, and TEs are frequently targeted by epigenetic modifications.
These two facts led us to hypothesize that many of the regulatory
effects of TEs may be mediated by epigenetic modifications. We
recently tested this hypothesis for human TEs by evaluating the
distributions of active and repressive histone modifications targeted
to TEs genome-wide (Huda et al., 2010). This study revealed that
numerous human TEs are enriched for active histone modifications,
TEs closer to genes are more epigenetically modified than TEs further
away from genes and more conserved TEs bear proportionally more
histone modifications than younger TEs. All of these features are
consistent with the notion that many TE histone modifications
represent exaptations that are now used to regulate the human
genome.

While the global landscape of histone modifications of human TEs
indicates their overall epigenetic regulatory potential, exaptation is a
phenomenon that occurs for individual organismic features on a case-
by-case basis. With respect to TEs, this means that TE exaptation
probably operates at the local scale, on individual TE sequence
insertions, as opposed to genome-wide on all TEs. In fact, it is almost
certainly the case that the majority of human TE sequences do not
play a role in epigenetically regulating host genes. Therefore, our aim
in this study was to identify the individual TE sequences that help to
regulate human genes and to evaluate the extent to which their
regulatory effects may be epigenetically mediated. To that end, we

focused on histone modifications of TEs that provide promoter
sequences, specifically transcription start sites (TSS), to human genes.

We used histone modification data provided by the ENCODE
project to study the epigenetic regulation of TE-derived promoters in
two human cell lines: GM12878 and K562 (Celniker et al., 2009).
GM12878 is a lymphoblastoid cell line derived from a female donor of
northern and western European descent. K562 is an immortalized
cancer cell line obtained from a female donor with Chronic
Myelogenous Leukemia. The data consist of genome-wide maps of
the locations of eight histone modifications: H3K4me1, H3K4me2,
H3K4me3, H3K9ac, H3K27ac, H3K27me3, H3K36me3 and H4K20me1.
All but one (H3K27me3) of these modifications are activating, i.e. their
effect leads to euchromatin formation and promotion of gene
expression. H3K27me3 is a repressive histone mark that is associated
with heterochromatin and gene silencing. We also analyzed gene
expression data provided by the ENCODE pilot project using exon
array experiments in both the cell lines.

We co-located UCSC gene annotation data with RepeatMasker TE
annotation data to obtain a set of human gene TSS derived from TE
sequences. To explore the epigenetic regulatory potential of TE-
derived TSS across the two cell lines, we mapped histone modification
data to the TSS in both cell types and ranked them according to
differential histone modifications between cell types. The cell type
specific expression levels of genes with TE-derived TSS were then
evaluated to determine if gene expression divergence corresponds to
TE modification differences between the cell lines. These analyses
demonstrated that TE-derived promoters are in fact epigenetically
modified in such a way as to facilitate differential gene regula-
tion between cell lineages. Thus, we present evidence for the
epigenetically mediated exaptation of TE sequences in driving cell-
type specific gene expression.

2. Results and discussion
2.1. TE-derived human gene promoters

We focused our analysis on human genes with promoter
sequences derived from TEs in order to evaluate the epigenetic
modifications of TEs that are most likely to have regulatory con-
sequences for the human genome. To do this, we surveyed the human
genome sequence (NCBI Build 36.1; UCSC hg18) for genes that have
TE-derived promoters by comparing the locations of gene models
with TE annotations. We found 1520 human genes whose TSS lie
within annotated TE boundaries. These TE-derived promoters were
classified according to their constituent families: Alu, L1, LTR, DNA,
L2 and MIR. Using the genomic abundances of these families as
background, we determined over- and under-represented families
of TEs that donate TSS. Alu, DNA, LTR L2 and MIR elements are
over-represented, whereas L1 is the only family that is under-
represented in donating TSS (Fig. 1 and Supplementary Table 1; %
test, P<5.24E—101).

The age of TEs can be ascertained by comparison of individual
element sequence insertions with sub-family consensus sequences
(Kapitonov and Jurka, 1996). In the human genome, Alus and L1s are
the youngest TE families, LTRs and DNA elements are of intermediate
age, and the L2 and MIR families are the most ancient (Lander et al.,
2001). In general, older families of TEs donate proportionally more
TSS than younger ones do (Fig. 1). MIR, which is the oldest TE family in
the human genome, is the most over-represented family in this set
followed by L2. Both MIR and L2 sequences have previously been
implicated as having regulatory function based on anomalously low
levels of between species sequence divergence (Silva et al., 2003).
Their over-representation among TE-derived promoters is consistent
with this result and with the principle of phylogenetic footprinting,
which holds that functionally important sequences are more likely to
be evolutionarily conserved (Marino-Ramirez et al., 2005).
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Fig. 1. Contribution of different TE families to human gene TSS. The number of
promoters (TSS) derived from different TE families. Expected values were calculated
based on the relative genomic abundance of the TE families. Statistical significance was
calculated using the y? test (Supplementary Table 1).

On the other hand, TEs are among the most rapidly evolving and
lineage-specific components of eukaryotic genomes. Accordingly, if
TEs donate regulatory sequences, they may help to drive regulatory
divergence between evolutionary lineages (Marino-Ramirez et al.,
2005; Marino-Ramirez and Jordan, 2006). Indeed, primate-specific
Alu elements contribute more TSS overall than any other TE family
(Fig. 1), and promoters derived from Alus may be expected to yield
primate-specific patterns of gene expression. However, the abun-
dance of Alu-derived TSS may simply reflect the overall high numbers
of Alus in the genome along with the fact that they are known to be
enriched in gene regions (Soriano et al., 1983; Lander et al., 2001).

LTR elements are of intermediate age and they have previously
been noted for their exceptional role in providing promoter sequences
to human genes (Samuelson et al., 1990; Medstrand et al., 2001; Dunn
et al., 2003; van de Lagemaat et al., 2003; Bannert and Kurth, 2004;
Medstrand et al., 2005; Dunn et al., 2006; Romanish et al., 2007;
Conley et al., 2008; Cohen et al., 2009). Recently, Cohen et al. compiled
a list of known LTR derived promoters in the human genome, which
included 24 cases supported by experimental data (Cohen et al.,
2009). The computational approach to identifying TE-derived pro-
moters employed here identified 16 out of these 24 cases. The
8 missed instances may be attributed to the fact that the LTR-derived
promoters evaluated by Cohen et al. correspond to alternative
promoters that are not represented by gene models, which tend to
identify dominant or canonical promoters. Overall, our analysis also
indicates that LTR elements are over-represented in TE-derived
promoters albeit marginally. LTR elements, however, turn out to be
more prominent among differentially regulated genes, as will be
shown in later sections.

2.2. Genome-wide maps of epigenetic histone modifications

Histone modifications were analyzed in order to evaluate how the
epigenetic modifications of TE-derived promoters relate to cell-type
specific human gene expression. In order to do this, we needed to first
characterize the regulatory effects of individual histone modifications
genome-wide. To this end, we analyzed genome-wide histone
modification data, characterized as part of the ENCODE project, for
the related human cell lines GM12878 and K562 (Celniker et al.,
2009). Genome-wide maps of histone modifications for these cell
lines were generated by the Broad Institute using chromatin
immunoprecipitation followed by high throughput sequencing
(ChIP-seq). There are genomic location data available for eight

histone modifications - H3K4me1l, H3K4me2, H3K4me3, H3K9ac,
H3K27me3, H3K27ac, H3K36me3 and H4K20me1 - in both cell lines.

Histone modifications serve to either activate or repress the
transcription of genes. We defined the effect for each of the eight
individual histone modifications analyzed here as active or repressive
based on their associations with genes expressed at different levels,
regardless of whether these genes contained a TE-derived promoter.
To do this, we established presence/absence calls for each modifica-
tion over all human genes based on its enrichment at a gene locus as
described in the Materials and methods. Then for each modification,
the log normalized ratio of the average expression level for genes that
are marked present for the modification over the average expression
levels of genes that are absent for the modification was calculated.
These ratios classify the eight histone modifications into seven active
modifications - H3K4me1, H3K4me2, H3K4me3, H3K9ac, H3K27ac,
H3K36me3, H4K20mel - and one repressive modification -
H3K27me3 - in each of the two cell lines (Fig. 2). These results are
statistically significant (Supplementary Table 2; Student's t test,
0<P<2.1E—148), qualitatively identical for each cell line and
consistent with previous results (Barski et al., 2007; Wang et al.,
2008; Huda et al., 2010).

2.3. Epigenetic modifications at TE-derived promoters

Having established demonstrable regulatory effects for the eight
histone modifications over all human genes in the GM12878 and K562
cell lines, we wished to evaluate the enrichment of TE-derived
promoters with respect to these histone marks in the two cell lines. To
do this, we mapped ChIP-seq tags corresponding to eight epigenetic
histone modifications in both cell lines to our dataset of 1520 TE-
derived promoters. The total numbers of tags for each modification in
these promoters were converted into log enrichment ratios by
comparing the gene tag counts against the genomic background tag
counts as described in the Materials and methods (Fig. 3). Across both
cell lines, TE-derived promoters were found to be significantly
enriched or depleted for 15 out of 16 comparisons (8 modifications x 2
cell lines) relative to the genomic background (Supplementary
Table 3; y? test, 0.39 <P<0). The GM12878 cell line shows significant
enrichments for all 7 activating modifications (H3K4me2, H3K9ac,
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Fig. 2. Characterization of individual histone modifications as active or repressive. For
each histone modification, in both GM12878 and K562 cells, the average expression
level of all genes marked present for the modification were divided by the average
expression level of all genes marked absent for the modification and this ratio was log
normalized. Presence and absence calls for each modification at human gene promoters
were determined using Poisson distributions parameterized by the genomic back-
ground tag count of each modification (Materials and methods). Activating histone
modifications show positive gene expression enrichment ratios, and repressive histone
modifications show negative enrichment ratios (Wang et al, 2008). Statistical
significance values for the enrichment ratios of each modification were calculated
using the Student's t test (Supplementary Table 2).
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Fig. 3. Histone modification enrichment in TE-derived promoters. Enrichment values
for the eight individual histone modifications were calculated over the 1520 TE-derived
promoters in both GM12878 and K562 cells. Log, enrichment values are computed by
comparing the average ChIP-seq tag counts in TE-derived promoters against the
genomic background tag counts (Materials and methods). Statistical significance values
for each modification were calculated using the x? test (Supplementary Table 3).

H3K4me3, H3K27ac, H3K4me1, H3K36me3 and H4K20mel) and a
significant depletion for the only repressive modification
(H3K27me3). The same promoters in the K562 cell line are also
significantly enriched for all activating modifications, and they are
depleted, albeit not significantly so, for the repressive modification
HeK27me3. There are a number of other well characterized repressive
histone modifications that are not available for genome-wide analysis
in these cell lines. This introduces some bias into the analysis, and it is
a formal possibility that the TE sequences that are found to provide
promoters here are enriched for other repressive modifications.
However, since active and repressive modifications tend to be co-
located along the genome, this is not likely to be the case.

As a control analysis, we compared the enrichment of these same
histone modifications across TE families genome-wide. The patterns
of histone modifications at TE-derived promoters are entirely distinct
from those seen for TEs genome-wide. In almost all cases, TE
sequences that provide promoters are more enriched for active
modifications and more depleted for the repressive modification than
any of the TE families genome-wide. For instance, TE-promoter
sequences show the highest enrichment for 6 out of 7 active marks in
GM12878 (Supplementary Fig. 1 and Supplementary Table 4; ? test
0<P=7E—4) and all 7 active marks in K562 (Supplementary Fig. 2
and Supplementary Table 4; y? test 0<P=2E—3). In addition, on
average, TE promoter sequences are more depleted for the repressive
mark H3K27me3 than are TE sequences genome-wide. This is
consistent with previous results that show TE sequences to be
targeted by H3K27me3 (Pauler et al., 2009).

Taken together, these data indicate that TE-derived promoters are
enriched for activating histone modifications, suggesting that these
formerly selfish sequences are no longer epigenetically repressed and
may instead help to mediate the epigenetic activation of human
genes.

2.4. TE-promoter epigenetic modifications and gene expression

Given the observation that TE-derived promoters are epigeneti-
cally modified, we next tried to relate their epigenetic modifications
to the levels of cell-type specific expression of the genes they regulate.
To do this, microarray gene expression data for the GM12878 (20
samples) and K562 (21 samples) cell lines were taken from the NCBI
Gene Expression Omnibus (GSE12760), and processed as described in
the Materials and methods section to yield cell-type specific
expression levels for human genes with TE-derived promoters. To
evaluate the functional effect of TE histone modifications on gene

expression, we examined the modification landscape of the promoter
regions of genes expressed at varying levels. 10 kb genomic regions
were centered on the TE-derived TSS, and histone modification tag
counts of the seven active modifications were summed across
promoters in both cell lines. Genes with TE-derived promoters were
grouped into equal sized bins of high, medium and low expression for
each cell type. For each bin, we computed and plotted the total
number of tags-per-position along the TE-TSS centered genomic
regions (Fig. 4a and b). Overall, histone modification tag counts peak
around the TE-derived TSS as can be expected for epigenetically
regulated genes. Furthermore, genes with high expression levels have
more active modifications, whereas genes with medium and lower
expression have successively fewer active modifications. These plots
demonstrate that gene expression is proportional to the enrichment
of active modifications for both cell types indicating that TE-derived
promoters are involved in epigenetic gene regulation.

We attempted to explore the relationship between histone
modifications at TE-derived promoters and gene expression in a
more quantitative way by devising a ‘modification index’, which
represents the nature and extent to which a gene is epigenetically
modified. The modification index takes into account the level at which
a modification is deemed to be active or repressive, as well as the
number of tags for that modification present at the gene locus (see
Materials and methods). In other words, genes that are enriched for
active modifications will have higher modification indices and vice
versa. We computed the modification index of TE-derived promoters
and plotted these values against their expression levels in GM12878
and K562 cell lines. The modification indices of genes in our dataset
are significantly correlated with their expression levels in each cell
line (Fig. 4c and d GM12878: p=0.51, P=9E—52, K562: p=0.46,
P=9E—44). Thus, genes with TE-derived promoters that bear more
activating modifications tend to have a higher expression values
whereas genes that are enriched for repressive modifications have
lower expression. Taken together, the two approaches described in
this section support the notion that TE-derived promoters are
epigenetically regulated to drive the expression of human genes. In
other words, the set of human genes with TE-derived promoters
analyzed here represents a collection of TE exaptations whose
regulatory effects are, at least in part, epigenetically mediated.

2.5. Cell-type specific epigenetic regulation of TE-derived promoter genes

Next, we wanted to evaluate whether histone modifications of TE-
derived promoters could underlie cell-type specific gene expression.
To address this question, we compared gene expression divergence
with cell-type specific TE-promoter histone modifications for the
GM12878 and K562 cell lines. To uncover differentially expressed TE-
promoter genes, we performed ANOVA on the 20 and 21 samples of
GM12878 and K562 microarray expression data. Using a P-value
cutoff of 1E—4, we found 522 out of 1520 genes with significantly
divergent expression between the two cell lines (Fig. 5). 296 genes are
up-regulated in K562 and down-regulated in GM12878, whereas
another 226 genes are up-regulated in GM12878 and down-regulated
in K562. For differentially regulated TE-promoter genes, histone
modification divergence values were calculated as the differences
between the modification indices of each gene in each cell line
(GM12878 mod. index —K562 mod. index). TE-promoter histone
modification divergence values can be seen to be largely concordant
with gene expression divergence between cell lines (Fig. 5). In
addition, TE-promoter histone modification divergence values are
significantly positively correlated with gene expression divergence
values (Fig. 6a; p=0.61, P=3E—54). Thus, TE-promoters with
greater modification divergence tend to regulate genes with higher
expression divergence, ie. genes with divergently modified TE-
promoters are also divergently expressed between the GM12878
and K562 cell lines. This significant positive correlation holds when
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different ANOVA cut-off P-values are used or when all 1520 TE-
promoter genes are considered (Supplementary Fig. 3). Taken
together, these data underscore the ability of TE-derived promoters
to participate in the epigenetic regulation of cell-type specific gene
expression.

It can also be seen that individual TE-families have characteristic
values of both promoter modification divergence and gene expres-
sion divergence between cell lines (Fig. 6b). As is the case for
individual TE-promoter genes, the TE-family-specific modification
and expression divergence values are significantly positively corre-
lated (p=0.94, P=2E—9). The TE-promoters derived from the LTR
class of elements have the highest levels of both modification
and expression divergence between cell lines (Fig. 6b). In addition,
LTR-derived promoters are significantly over-represented among
both the top 100 most divergently modified promoters (x> test,
P=0.02) and the top 100 most divergently expressed TE-promoters
(Fig. 6¢; x? test P=0.003). These observations suggest that LTRs may
play a special role in the epigenetically mediated regulation of cell-
type specific human gene expression.

2.6. Epigenetic regulation of LTR-derived promoters

The implication of LTR-elements as having a prominent role in the
epigenetic regulation of cell-type specific gene expression is note-
worthy in light of numerous previous studies showing that LTR-
elements, primarily endogenous retroviruses, participate in the
regulation of mammalian genes (Samuelson et al., 1990; Medstrand
et al., 2001; Dunn et al., 2003; van de Lagemaat et al., 2003; Bannert
and Kurth, 2004; Medstrand et al., 2005; Dunn et al., 2006; Romanish

et al,, 2007; Conley et al.,, 2008; Cohen et al., 2009). There is also
evidence that LTR-elements are involved in the epigenetic regulation
of mammalian genes. An LTR retrotransposon, intra-cisternal A
particle (IAP), inserted upstream of the agouti locus becomes acti-
vated as a cryptic promoter of the gene upon local hypomethylation
(Morgan et al.,, 1999; Whitelaw and Martin, 2001). Expression of
agouti driven from the hypomethylated LTR promoter of the IAP
results in a syndrome of phenotypes including yellow fur, obesity and
diabetes as well an increased tumor-genesis. The discovery of the LTR-
driven epigenetic regulation of the agouti locus, when considered
together with the abundance of mammalian LTR elements, was taken
to indicate that this kind of mechanism may be widespread.
Consistent with this notion, we have uncovered evidence for LTR-
mediated epigenetic regulation of numerous human genes (Addi-
tional File: Locations of LTR-derived promoters). Below, we describe a
few individual cases of human genes that show evidence for
epigenetic regulation of cell-type specific expression mediated by
LTR-derived promoters.

GM12878 and K562 cells are derived from hematopoietic stem
cells that differentiate into a variety of blood cell types (Alberts et al.,
2002). GM12878 cells are lymphoblast precursors derived from
lymphoid stem cells, whereas K562 cells are cancerous myeloid
stem cells derived from Chronic Myelogenous Leukemia (Supple-
mentary Fig. 4). SAGE1 (sarcoma antigen 1) encodes a cell surface
antigen that is known to be expressed in tumor tissues relative to
normal tissues and has been investigated as a potential target for
cancer immunotherapy (Atanackovic et al., 2006). SAGE1 expression
is driven by an LTR-promoter derived from the ERVL-MalR LTR-
retrotransposon subfamily, and it is upregulated in K562 cells relative
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Fig. 5. Gene expression and TE-promoter histone modification divergence for
differentially expressed genes. Cell-type specific gene expression levels, along with
their corresponding TE-promoter histone modification divergence values, are shown
for 522 differentially expressed genes. (Left) Normalized exon array expression data in
20 GM12878 and 21 K562 samples are presented as a heat map, and (right)
corresponding histone modification divergence values are represented as horizontal
bars with varying color intensity. Genes were clustered based on their expression levels
using hierarchical clustering. Histone modification divergence values are calculated as
the difference between promoter histone modification indices for GM12878-K562.

to GM12878 (ANOVA F=398.1, P~0). Accordingly, the ERVL
promoter is enriched for active modifications and depleted for
repressive modifications in K562 as compared to GM12878.

Like SAGE1, expression of CT45 (cancer/testes antigen 45, CT45-1,
CT45-4, CT45-6) genes is also characteristic of hematological malig-
nancies and their upregulation is indicative of cancer progression
(Chen et al., 2010). SAGE1 and these three CT genes are paralogs that
appear to use the same kind of ERVL LTR as a promoter. Presumably,
these genes arose via duplication after the promoter was derived from
an ERVL insertion. In all cases, the CT45 genes are upregulated in K562
relative to G12878 (ANOVA F=865.3, P~0) and also relatively
enriched for active histone modifications at the LTR promoter.

IL23R (Interleukin 23 Receptor) is a receptor for the cytokine IL23
and is expressed on the surface of a number of hematopoietic cell

Fig. 6. Comparison of TE-promoter histone modification divergence and gene
expression divergence. (a) Scatter-plot of TE-promoter histone modification diver-
gence against gene expression divergence, between GM12878 and K562 cells, for
differentially expressed genes. The linear trend line along with the Spearman's rank
correlation and statistical significance value are shown. (b) Scatter-plot of average TE-
promoter histone modification divergence against average gene expression divergence
for individual TE families. The linear trend line along with the Spearman's rank
correlation and statistical significance value are shown. (c) The relative frequencies of
LTR-derived TE-promoters are compared against the relative frequencies of all other
TE-derived promoters for the 100 most divergently expressed and the most
divergently modified TE-promoter genes. Relative frequencies were calculated as
(observed-expected)/expected TE-promoter counts for the different TE-families,
where expected counts were based on the TE-family counts over all 1520 TE-promoter
genes.

types derived from the lymphoid and myeloid lineages. It has been
implicated in a number of functions related to immune responses to
diseases including cancer (Langowski et al., 2006), and has previously
been shown to be upregulated in Chronic Myelogenous Leukemia
(CML) cells (Zhang et al., 2006). Consistent with these findings, our
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analysis indicates that the LTR derived promoter for the IL23R gene is
epigenetically modified with active modifications in the K562 cell line
and also expressed at higher levels in K562 compared with the
GM12878 cell line (ANOVA F=283.3, P~0; Fig. 7).

There are also examples of epigenetically regulated LTR-promoter
genes that may play a role in the developmental specification of cell-
type specific function along the lymphoid lineage (GM12878). IL1R2
(Interleukin-1 Receptor 2) is another gene that initiates transcription
from within an ERVL LTR-element. The IL1R2 LTR-promoter is
enriched for active modifications in GM12878 relative to K562, and
accordingly it drives upregulated expression in GM12878. The IL1R2
gene encodes a receptor for the cytokine IL1 which is responsible for
activating B and T lymphocytes (Kuno and Matsushima, 1994). IL1R2
upregulation in GM12878 suggests a role for its ERVL promoter in
driving lymphoid specific expression via differential epigenetic
histone modifications.

2.7. Alternative TE-derived promoters

In most cases, human genes have multiple transcript variants
including alternative promoters, and TE sequences often serve as
minor promoters that drive a specific subset of the overall gene
expression (Cohen et al., 2009). Thus, it may be the case that many of
the TE-derived promoters analyzed here are alternative promoters
that complement dominant non-TE derived promoters. To evaluate
this possibility, we searched for alternative non-TE-derived pro-
moters for those genes that have TE-derived promoters (see Materials
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Fig. 7. Cell-type specific gene expression and TE-promoter histone modifications for
IL23R. (a) Relative IL23R gene expression levels are shown across replicate samples for
the K562 and GM12878 cell lines. (b) Cell-type specific histone modifications of the
IL23R TE-derived promoter. Locations of the TSS and first exon of the gene are shown
along with the location of the ERVL sequence from which they are derived. Relative
ChIP-seq tag counts for active and repressive histone modifications, binned in 50 bp
windows, are shown for the ERVL-derived promoter in both cell types.

and methods). We identified 2481 additional promoters that do not
initiate transcription within TEs, and correspond to 1211 out of 1520
genes with TE-derived promoters. For each of these genes, we used
CAGE (Cap Analysis of Gene Expression) data to compare the levels of
transcriptional initiation generated from TE-derived promoters
versus non-TE-derived promoters. For 42% (1044/2481) of cases, the
non-TE-derived promoter serves as the dominant promoter, in
the sense that it initiates higher levels of transcription, whereas
31% (476/1520) of the TE-derived promoters are dominant. Thus,
there is a slight tendency for non-TE derived promoters to drive
higher levels of expression than TE-derived promoters (Sign test
Z=14.5 P=6.8E—48), consistent with previous results (Birney et al.,
2007; Rosenbloom et al., 2010).

We also compared the epigenetic regulation of TE-derived
promoters with that of non-TE-derived promoters. To do this, we
analyzed the histone modification landscape of non-TE-derived
promoters, together with gene expression data, and found their
epigenetic regulation to be similar to TE-derived promoters. We
computed the enrichment of histone modification in our set of non-
TE-derived promoters and found them to be significantly enriched for
all modifications in GM12878 cell line and significantly enriched for
all but one (H3K27me3) histone mark, which was found to be
significantly depleted (Supplementary Fig. 5 and Supplementary
Table 5; 2 test, 0 <P<6.9E—33). We also computed the modification
index of non-TE-derived promoters and related that to their
expression in each cell line. As is the case with TE-derived promoters,
the modification index is significantly positively correlated with gene
expression in non-TE-derived promoters (Supplementary Fig. 6 and 7;
GM12878: p=0.49, P=8E—150, K562: p=0.55, P=6E—196).
Similarly, modification divergence between the GM12878 and K562
cell line is also significantly correlated with expression divergence in
the two cell types (Supplementary Fig. 8; p=0.48, P=8E—143).
Thus, TE-derived promoters resemble non-TE-derived promoters in
our measures of epigenetic modifications and are similarly related to
cell type specific gene expression.

We also evaluated the sequence conservation of TE-derived TSS to
assess the extent to which TE-derived promoter activity may be
evolutionarily conserved. Comparative analysis of nucleotide conser-
vation scores, based on whole genome sequence alignment of 18
mammalian species (UCSC PhyloP) (Siepel et al.,, 2006), reveals that
TE-derived TSS are significantly less conserved than the human
genomic background (TE-TSS conservation=0.3140.15, genome
conservation = 0.43; z=30.3, P~ 0). The lack of apparent conserva-
tion of TE-derived promoter activity is not surprising when you
consider that TE sequences are the most lineage-specific and rapidly
evolving sequences in eukaryotic genomes (Marino-Ramirez et al.,
2005). In fact, we have previously shown that numerous functionally
active regulatory sequences are derived from TE sequences that are
not evolutionarily conserved (Marino-Ramirez et al., 2005; Marino-
Ramirez and Jordan, 2006; Piriyapongsa and Jordan, 2007; Polavarapu
et al., 2008). This result is consistent with our finding that the majority
of TE-derived TSS serve as alternative promoters in the sense that TE-
derived sequences may also serve as alternative promoters over
evolutionary time-scales. Evolutionarily emergent TE-derived pro-
moters may be expected to provide lineage-specific regulatory
functions that could encode phenotypic differences between species.

3. Conclusions

Previous studies on the epigenetic modifications of mammalian
TEs have focused on repressive histone modifications that presumably
serve to mitigate the deleterious effects of TEs (Kondo and Issa, 2003;
Martens et al., 2005; Mikkelsen et al., 2007; Pauler et al., 2009; Matsui
et al, 2010). However, we recently showed that, genome-wide,
human TEs are epigenetically modified in a way that suggests some
elements have been exapted to regulate their host genome (Huda
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et al,, 2010). In this report, we demonstrate one specific way that
histone modifications of human TEs can facilitate the regulation of
host genes. We show that TE-derived promoters are epigenetically
modified to regulate gene expression in a cell-type specific manner,
and the TE-mediated regulation of these genes may be related to
lineage-specific cellular functions. These data underscore the poten-
tial for epigenetically mediated TE exaptations to influence the
regulation of hundreds of human genes.

The results reported here, taken together with previous studies on
TE epigenetic modifications, indicate that histone modifications of TE-
derived sequences serve both repressive and activating roles. Initially,
TE sequences are selfish genetic elements that do not play any
adaptive role for the host genomes in which they reside. Indeed, active
TEs can be considerably deleterious for the host and are consequently
repressed by a number of mechanisms including histone modifica-
tions and DNA methylation. However, over the course of evolution TE-
derived sequences may become exapted to play some functional role
for their host genome, and this has occurred a number of times via the
donation of regulatory sequences including novel promoters. Our
analysis of TE-derived promoters indicates that the regulatory
exaptation of TE sequences is mediated in part by epigenetic histone
modifications, which can be cell-type specific and help to facilitate
differential expression.

4. Materials and methods
4.1. Identification of TE-derived promoters

We downloaded the annotations for UCSC genes (Hsu et al., 2006)
and TE RepeatMasker annotations from the March 2006 build (NCBI
Build 36.1; UCSC hg18) of the human genome using the UCSC table
browser (Karolchik et al., 2003; Karolchik et al., 2004). The start
coordinates of genes were intersected with the TE annotation
coordinates to identify TE-derived promoters, which are defined as
TSS of UCSC genes that are located within TE sequences. This analysis
yielded 1533 genes that initiate transcription in TE sequences.

4.2. Identification of alternative promoters

UCSC gene models were also used to identify alternative promoters
for genes with TE-derived promoters. To do this, genes with TE-
derived promoters were evaluated for the presence of overlapping
gene models (i.e. mapped transcripts) that shared part or most of the
exon/intron structure but differed with respect to the TSS. The
locations of these TSS were taken as non-TE-derived alternative
promoters that could be paired with congenic TE-derived promoters.

UCSC gene models that share part or most of the exon/intron
structure with Overlapping gene models with distinct TSS that have
the same basic exon/intron structure were taken as non-TE-derived
alternative promoters.

CAGE tag data from GM12878 and K562 cell lines, provided as part
of the ENCODE data sets (Birney et al., 2007; Rosenbloom et al., 2010),
were used to quantify the different levels of transcription initiation
from TE-derived promoters versus non-TE-derived promoters at the
same locus. Transcription initiation levels for individual promoters
were measured as the number of CAGE clusters that map within
200 bp of the TSS.

4.3. Gene expression analysis

We downloaded Affymetrix exon array signal intensity data from
the GEO database under accession number GSE12760. This dataset
contains 20 samples of GM12878 and 21 samples of K562 cell line
analyzed as part of the ENCODE project (Birney et al., 2007). We
normalized the dataset using the MAS5 algorithm provided by the
Bioconductor package Exonmap (Miller et al., 2007). The normalized

data was mapped to a genomic locus by averaging the expression
values of all probes whose genomic coordinates lay within that the
boundaries of that locus for all replicates. The genomic locus of a TE-
derived promoter gene was defined as bounded by the transcription
start site to the transcription end site. In our dataset of 1533 genes, we
were able to obtain expression probes for all but 13 genes. We
eliminated these genes from consideration to obtain a final dataset of
1520 TE-derived promoter genes.

4.4. Gene expression and histone modification enrichment analysis

We downloaded the ENCODE (Birney et al., 2007) histone
modification data in GM12878 and K562 cell lines from the USCS
genome browser for 8 histone modifications: H3K4me1, H3K4me2,
H3K4me3, H3K9ac, H3K27me3, H3K27ac, H3K36me3, H4K20mel.
These data are taken from the 2009 ENCODE release based on the
scale-up phase of the project that covers the entire human genome
sequence (Rosenbloom et al., 2010). We defined proximal promoters
of TE-derived genes as 1 KB upstream and downstream of the TSS. In
this region, we found the number of ChIP-seq tags of each histone
modification and used it to calculate a binary presence/absence call of
that modification in each promoter using the Poisson distribution as
background. We associated the promoters with their respective genes
and computed gene expression as described in the preceding section.
We combined the gene expression data from both cell lines to obtain
gene expression fold change in genes that bear different histone
modifications as follows:

Expression fold change( fc)
I average expesion of genes with modification
2\ average expession of genes without modification

4.5. Histone modification enrichment of TE-derived promoters

We computed the number of tags of each of the eight histone
modifications that mapped within 1 KB upstream and downstream of
the TE-derived TSS. The enrichment of a particular modification was
calculated using the following formula:

Modification enrichment y3kame1, H3Kk4me2,

H3K4me3, H3K9mel,
H3K27me3, H3K36mel,
H3K36me2, H4K20me2

. (Normalized tag countin TE derived promoter)

Normalized tag count in genomicbackground

where

Normalized tag count p, — y3kame1, H3K4me2, H3K4me3, H3K9mel,
H3K27me3, H3K36me1, H3K36me2, H4K20me2
__ number of tags,, ingenomiclocus

length of genomiclocus

4.6. Modification index

We calculated the modification index as a measure of the combined
effect of all histone modifications at a genomic locus. Modification index
for all modifications in a particular cell line is computed as follows:

Modification Index | m y3g4me1, H3K4me2, H3K4me3, H3K9mel,
H3K27me3, H3K36mel, H3K36me2, H4K20me2

8
> (numberof tagsof m x fc,, )
m=1

length of genomiclocus

fc=Expression fold change defined earlier.
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4.7. Statistical analyses

We used a two tailed y? test with df =5 to determine the
statistical significance of the over- and under-represented TE-families
that donate human transcription start sites (Fig. 1). The genomic
abundance of TE families was used to compute the expected number
of promoters derived from each family. The x? test was also used to
ascertain the statistical significance of individual histone modification
enrichments in TE-derived promoters (Fig. 3). In this case, the total
number of mapped tags of each histone modification in each cell line
was normalized by the length of the genome and taken as
background.

To determine the regulatory effect of individual histone modifica-
tions, we modeled the genomic background tag distributions of each
histone modification using the Poisson distribution parameterized
with the genomic average tag count per position (Wang et al., 2008).
From each histone modification-specific genomic background tag
count Poisson distribution, we determined the threshold for the
number of tags present at a genomic locus to be considered modified
using a significance cutoff of P=0.001. The presence or absence calls
were used to calculate expression fold change as discussed in an
earlier section (Materials and methods — Gene expression and
histone modification enrichment analysis, Fig. 2). Statistical signifi-
cance was calculated using the two tailed Student's t test with
(n=32,621 -2) degrees of freedom, where n is the total number of
genes considered for expression fold change analysis.

Differentially expressed genes were identified using one way
ANOVA (Analysis of variance) on two samples from GM12878 and
K562 cell lines with 20 and 21 replicates (d.f. =39) in each sample
respectively. A Bonferroni adjusted significance cutoff of P=1E—4
(0.05/1500 tests) was used to calculate ANOVA using the Genesis
program (Sturn et al., 2002).

Spearman's rank correlation coefficients p were calculated for all
correlation analyses using the R program. The distribution of
Spearman's rank correlation coefficients p was determined using the
formula t = r\/(n—2) / (1—r)? with d.f =n—2 to determine statis-
tical significance (Sokal and Rohlf, 1981).

The tendency for non-TE derived promoters to serve as dominant
promoters relative to alternative TE-derived promoters was evaluated
using the Sign test. For this test, Z = (jx—y|—1)/ v'N where x =# of
genes with a dominant non-TE promoter, y = # of genes with a domi-
nant TE-promoter and N = total # of genes. The corresponding P-value
was approximated with a Standard Normal distribution.

Supplementary materials related to this article can be found online
at doi:10.1016/j.gene.2010.12.010.
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