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SUMMARY 

 

 Transposable elements (TEs) are repetitive DNA sequences that can move from 

one location in the genome to another.  In this process known as transposition, they often 

make copies of themselves and proliferate in the genome.  This has led to their staggering 

abundance in many eukaryotic genomes.  Indeed, nearly one half of the human genome is 

composed of TEs, which is likely to be an underestimate as many older TEs have mutated 

beyond recognition [1,2].   

For a long time, TEs were dismissed as ‘selfish’ or ‘junk’ DNA that have little or 

no role in the regulation or function of the host genome.  This idea is attributed to 

theoretical demonstrations that TEs, owing to their ability to our-replicate the host 

genome, can persist and proliferate without conferring any function or benefit to the host 

[3].  Furthermore, TEs were considered genomic parasites because transposition can 

cause disruption in the host genome [4].  Over time, this view came to be challenged as 

numerous experimental examples emerged that showed that individual TE sequences 

have been incorporated to serve the needs of the host genome.  Most of these studies 

provide anecdotal evidence of TE contributions while the global role of TE contributions 

to the human genome remains elusive. 

One of the ways by which TEs can influence the regulation of the human genome 

is by recruiting epigenetic histone modifications.  This area has been a subject of much 

speculation as these epigenetic regulatory mechanisms are thought to have emerged in 

response to the disruption caused by the transposition of TEs [5].  Recent studies have 

used Chromatin Immunoprecipitation followed by high-throughput sequencing (ChIP-
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seq) to generate genome-wide maps of epigenetic histone modifications in various human 

cell types.  These studies have provided an unprecedented opportunity to study the global 

role of TEs in the epigenetic regulation of the human genome.  Therefore, I studied the 

relationship between TEs and the human genome vis-à-vis epigenetic mechanisms and 

the extent to which TEs contribute to the epigenetic regulation of the human genome. 

Research advance 1: In chapter 2, various tools and methods to discover and 

annotate TEs in eukaryotic genomes are evaluated.  Commonly used tools CENSOR and 

RepeatMasker are compared using different metrics [6,7].  Both of these programs use a 

reference library of TE sequences for annotation.  A discussion is provided at the end of 

this chapter that details the advantages and disadvantages of using reference based versus 

de novo methods for TE annotation. 

Research advance 2: In chapter 3, the current state of understand of the 

relationship between TEs and various epigenetic mechanisms is deliberated.  Historical 

perspectives of the role of TEs in the evolution of the eukaryotic genomes are presented 

and the need to investigate the relationship between extant TEs and epigenetic 

mechanisms is elaborated.  Finally a road map that aims to elucidate the contribution of 

TEs in the epigenetic regulation of the human genome using models of nucleosome 

binding as well as high-throughput epigenetic data, is presented.  

Research advance 3: Chapter 4 discusses the role of TEs in regulating gene 

expression via nucleosome binding.  Promoter regions of human genes display a 

particular distribution of TEs as well as Simple Sequence Repeats (SSRs).  The 

distribution of TEs is closely related to the pattern of nucleosome binding in the promoter 

regions.  Indeed, nucleosome binding affinity is strongly positively correlated with TE 
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density and strongly negatively correlated to SSR density in the promoter regions.  

Nucleosome binding affinity of the promoter regions affects the accessibility of promoter 

DNA to DNA binding proteins and is thus implicated in the regulation of gene 

expression.  The relationship between the TE profile of promoters and the expression of 

their respective genes is also investigated.  Indeed, the distribution of TEs in human gene 

promoters is linked to gene expression and the TE promoter profile is associated with co-

regulation of the same genes, mediated by nucleosome binding.    

Research advance 4: Chapter 5 evaluates the global landscape of several histone 

modifications in human CD4+ T-cells with respect to two competing hypotheses: 

Genome defense and exaptation.  Genome defense postulates that epigenetic mechanisms 

such as histone modifications serve primarily to suppress the activity of TEs whereas 

exaptation entails that TEs are epigenetically modified in such a way as to allow them to 

be utilized by the human genome to serve its regulatory or coding needs.  Specific 

predictions from each of these hypotheses are tested using epigenetic data and the results 

offer more support to the exaptation model than the genome defense model.  The 

implications of these findings are discussed in light of the exaptation of TEs by the 

human genome. 

Research advance 5: In chapter 6, the extent to which TEs contribute 

transcriptional start site and promoter sequences to the human genome is investigated.    

Hundreds of transcriptional start sites of human genes originate in TEs and these TE-

derived promoter genes are epigenetically regulated in accordance with their function in 

the specific cell type.  TE-derived promoters are involved in epigenetically regulating cell 

type specific expression of these genes in two human hematopoietic cell lines, GM12878 
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and K562.  A substantial fraction of these genes is also differentially modified and 

expressed between the two cell lines as per their role in cell type specific function.  The 

role of TEs in epigenetically regulating gene expression in various human cell types is 

also discussed. 

Research advance 6: Chapter 7 explores the contribution of TEs in donating 

enhancer sequences that epigenetically regulate the expression of human genes in a cell 

type specific manner.  Experimentally characterized enhancers display a specific pattern 

of enrichment of various histone modifications and this pattern is used in a computational 

approach to guide the search for novel enhancers in the GM12878 and K562 cell lines.  

Using epigenetic histone modification data in the two cell lines, this approach yielded 

several hundred enhancers donated by TEs in each cell line.  The functional effect of 

these enhancers on regulating cell type specific expression of nearby genes is also 

investigated.  The results indicate that TE-derived enhancers play a substantial role in 

regulating the expression of genes in a cell type specific manner. 
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CHAPTER 1 

INTRODUCTION AND LITERATURE REVIEW 

 

Transposable elements and evolution 
 
 One of the most widely accepted hypotheses about the origin of life is referred to 

as the "RNA world" hypothesis.  It was formally proposed by Carl Woese in his book 

"The genetic code" which suggests that the RNA molecule was the earliest form of life 

[1].  The RNA world is thus described as a world full of RNA molecules that can 

polymerize and autonomously replicate themselves.  During the course of evolution, 

RNA molecules acquired the ability to move from an RNA state to a DNA state which is 

observed in most life forms today.  The origin of DNA required catalytic activity to 

integrate deoxyribonucleotide triphosphate (dNTP) on a replicating RNA template.  This 

was achieved by the enzyme Reverse Transcriptase which is one of the earliest known 

enzymes and is considered to be the harbinger of modern polymerase enzymes 

[2,3,4].  The ability to self-replicate and move from RNA to DNA state allowed for the 

emergence of remarkable complexity and diversity as manifested in the teeming millions 

of life forms today. 

A striking parallel can be drawn from eukaryotic transposable elements (TEs) that 

display the same behavior and abilities to propagate themselves.  Transposable elements 

are semi-autonomous self-replicating entities that reside exclusively in host genomes and 

have the ability to move from one location in the genome to another, a process known as 

transposition.  Most families of transposable elements transpose by generating RNA 

copies of themselves which are then reverse transcribed into back DNA to insert into the 



 2 
 

host genome.  The very same processes that enabled the nascent RNA molecule to self-

replicate and transition from RNA to DNA state also form the core principles of 

transposition.  Thus, from an evolutionary perspective, transposable elements can be 

regarded as successors to the RNA world; maintaining its ancient mechanism of 

propagation and continuing to shape the evolution of species. 

Transposable elements in the human genome 

 While TEs are found in all domains of life, the scope of studies encompassed in 

my research is limited to TEs in the human genome.  Human TEs can be classified into 

two major classes.  Class I elements, called retrotransposons go through an RNA 

intermediate before inserting themselves back into the genome.  The process is akin to 

"copy and paste" whereby an RNA copy of the element is generated by the host genome's 

transcription machinery, which is then reverse transcribed into DNA by reverse 

transcriptase encoded by retrotransposons.  Retrotransposons include Long Terminal 

Repeat (LTR) retrotransposons, Long Interspersed Nuclear Elements (LINEs) and Short 

Interspersed Nuclear Elements (SINEs).  LTR retrotransposons are characterized by 

direct repeats at both ends, and contain gag and pol and env genes in the middle.  These 

genes code for enzymes necessary for transposition such as reverse transcriptase, 

endonuclease and integrase.  They are similar in structure to retroviruses and are often 

referred to as endogenous retroviruses.  LINE elements, like LTR retrotransposons, 

encode for enzymes that enable them to transpose, but unlike LTR retrotransposons, 

LINEs do not contain long terminal repeats at their ends.  LINEs are composed of two 

open reading frames, ORF1 and ORF2.  ORF1 encodes an RNA binding protein and 

ORF2 encodes for reverse transcriptase and endonuclease.  Both LTR retrotransposons 
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and LINEs range from 6-12kb in length and are autonomous families of TEs that 

transpose with the help of their encoded proteins.  SINEs on the other hand are much 

shorter sequences, typically <500bp, and are derived from the remnants of RNA genes 

such as tRNA, rRNA and 7SL RNA.  SINEs are non-autonomous elements and depend 

on reverse transcription machinery donated by LINEs to transpose [5].   

Class II elements are called DNA transposons as they do not go through an RNA 

intermediate to transpose.  Instead they encode the enzyme transposase which enables 

them to move from one location in the genome to another through a mechanism that is 

analogous to "cut and paste".  Although this process doesn't increase the copy number of 

DNA transposons, they can proliferate if they transpose during the S phase of the cell 

cycle and their site of origin replicates ahead of their site of insertion [6,7]. 

When the draft sequences of the human genome were analyzed, it became 

apparent that around half of the euchromatic sequence was derived from TEs, and this 

fraction is likely to be an underestimate since many older TEs have mutated beyond 

recognition [8,9].  A single family of long interspersed nuclear elements (LINEs), LINE1, 

makes up ~17% percent of the human genome sequence, and there are more than one 

million copies of the Alu family of short interspersed nuclear elements (SINEs) in the 

genome.  In addition to being abundant and widespread, TE sequences also represent the 

most dynamic part of the human genome sequence.  The evolutionary lineage leading to 

the human genome has experienced numerous waves of expansion of TE families, and 

this has led to large differences in the TE composition of even closely related genomes 

[8,10].  For instance, the abundant Alu elements are entirely primate-specific, and the 

human genome has added at least 30Mb of new TE sequences since the divergence from 
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chimpanzee [11,12].  This high rate of change stands in stark contrast to that of human 

genes, which are deeply conserved relative to TEs [13,14]. 

Given their high copy numbers and genome dynamics, TEs have clearly had a 

profound effect on the structure and evolution of the human genome, but their impact on 

genome function has been under-appreciated until recently.  Historically, TEs were 

dismissed as selfish DNA elements that played little or no role in shaping the function 

and evolution of their host genomes [15,16].  This notion was based largely on theoretical 

demonstrations that TEs could increase their copy numbers without providing any 

function or benefit to their host; therefore, they need not be considered functional a priori 

[17].  Their existence and proliferation was solely attributed to their ability to out-

replicate the host genome.  However, as numerous examples of the contributions of 

repetitive DNA sequences to gene function accumulated, a more nuanced view emerged, 

one which emphasized that TEs occupy a continuum from extreme parasitism to obligate 

mutualism with their host genomes [18].  Indeed, a number of experimental studies 

revealed that TEs could donate regulatory sequences, which control the expression of 

nearby genes [19,20].  Subsequently, genome-scale analyses demonstrated just how 

widespread the contributions of TE sequences to regulatory elements are [21,22].  These 

observations are particularly stark in cases of epigenetic regulation, as mechanisms like 

methylation, imprinting, heterochromatin and RNA interference, evolved in concert with 

interspersed TEs [23,24,25,26,27,28]. 

  The studies in this thesis aim to explore the relationship between TEs and the 

epigenetic mechanisms that regulate various aspects of the genome.  I have qualitatively 

and quantitatively investigated two major routes by which transposable elements 
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contribute to the regulation of the human genome: by the donation of individual 

sequences that are utilized by host genome to increase its fitness, and by globally shaping 

the epigenetic mechanisms that are important in the regulation of human genes.  In the 

following chapters, I attempted to evaluate the impact of these phenomena on the 

regulation and evolution of the human genome. 

Genome defense, co-option and exaptation 

 The robust relationship between TEs and epigenetic mechanisms emanates from 

the evolutionary tinkering between TEs and the host genome.  Because of the disruptive 

nature of transposition, it is imperative for the host genome to evolve various tools to 

suppress their activity and ensure its own survival.  This idea forms the core of the 

"genome defense" model which proposes that these epigenetic processes came into 

existence to defend against the deleterious transposition of TEs [28]. Thus, TEs are the 

original targets for such epigenetic mechanisms which have a global impact on the 

regulation of gene expression and genome organization.  Indeed, DNA methylation as 

well as histone methylation and deacetylation seems to be directed towards TEs in 

various eukaryotic species [29,30,31].  

As TEs proliferate in a genome, they take with them, the ability to recruit 

epigenetic marks to different regions of the genomic.  These epigenetic marks can spread 

to nearby gene loci and affect their expression.  Recognizing the regulatory potential of 

these epigenetic mechanisms, the human genome has co-opted these processes to regulate 

its own genes.  Indeed, DNA methylation and histone methylation and acetylation have 

been shown to have a significant role in human gene regulation.  With a number of recent 

genome scale studies in various human tissues, the regulatory role of epigenetic 
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mechanisms has recently come into focus [32,33,34,35].  Thus, the mechanisms that 

originally evolved to suppress the activity of TEs now serve primarily to regulate the 

expression of human genes.  These findings have led to the emergence of a more nuanced 

view of the repression and activation facilitated by epigenetic mechanisms in the human 

genome.   

In addition to the role of human TEs in recruiting epigenetic modifications, 

transposition also results in the dispersal of a wide array of genetic sequences.  Different 

families of TEs harbor numerous regulatory and coding sequences that enable them to 

transpose.  These sequences are often recognized by the host genome to serve its 

regulatory and coding needs.  This process is known as exaptation by which a formerly 

selfish or parasitic element sequence is utilized to provide regulatory and/or coding 

sequences that serve to increase the fitness of the host [36].  In fact, there are hundreds of 

cases of TE sequences serving regulatory or coding function for human genes [21,22,37].   

Although transposition can cause disruption in the host genome, it can also 

provide diverse sequences with regulatory potential and ability to recruit epigenetic 

marks.  These features are often recognized by the host genome for their utility in 

regulating its own genes.  Furthermore, transposition is associated with the emergence of 

the epigenetic mechanisms such as DNA methylation and histone methylation and 

acetylation that now serve to regulate various aspects of the human genome 

[23,24,25,26,27,28].  In essence, the evolutionary relationship between TEs and the 

human genome can be characterized as mutual concession, where TEs are maintained in 

the human genome in exchange for providing the flexibility necessary for evolutionary 

success, while their deleterious effects are minimized.  Thus, it is the interplay between 
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genome defense, co-option and exaptation that has shaped the evolution of the human 

genome. 

Repetitive DNA and nucleosome binding 

 Repetitive sequences in the human genome are composed of TEs as well as 

simple sequence repeats (SSRs).  Together, all families of interspersed repeats (TEs) 

make up ~48% whereas SSRs make up ~3% of the human genome sequence.  SSRs are 

tandem repeats of a particular unit and are further classified based on the length of the 

unit (n), into microsatellites (n=1-13bp) or minisatellites (n=14-500bp), with one SSR for 

every 2kb of sequences on average.  The nature and global distribution of TEs as well as 

SSRs makes them ideal raw material for regulating nucleosome positioning in the human 

genome.   

DNA in eukaryotes is packaged into nucleosomes, the fundamental unit of 

chromatin [38].  A nucleosome comprises DNA wrapped around a core that consists of 

dimers of four histone proteins H2A, H2B, H3, and H4.  The packaging of DNA into 

nucleosomes is non-random and is influenced by sequence characteristics, mainly the 

occurrence of AA/TT/TA dinucleotides at every ~10bp [39].  Therefore, the presence of 

these dinuleotides determines the binding affinity of DNA to nucleosomes, which in turn 

affects the accessibility of DNA to various DNA binding proteins.  By controlling access 

to DNA near gene promoter regions, nucleosomes can affect the expression of 

genes.  Indeed, it has been shown that regulation of gene expression is linked to the 

nucleosome binding affinity of promoter sequences [40]. 

Our data indicates that the distribution of TEs and SSRs at human gene promoters 

regions is closely related to the nucleosome binding affinity of these promoters.  In a 
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proximal promoter region, nucleosome binding affinity as well as transposable element 

density gradually decreases as they get closer to the transcriptional start site.  On the 

other hand, the density of SSR increases to reach its highest just upstream of the 

transcriptional start site.  Indeed, nucleosome binding affinity of promoter regions is 

strongly positively correlated with the density of TEs, and strongly negatively correlated 

with the density of SSRs.  Furthermore, TEs demonstrate a significantly higher affinity 

for nucleosomes compared to SSRs and non-repetitive DNA throughout the human 

genome.   

Since nucleosome binding affinity is related to repression of transcription, the 

strong affinity of nucleosomes for TE sequences suggests a role of nucleosomes in 

suppressing the transcription of TEs.  This is in line with the genome defense hypothesis 

according to which nucleosome binding could have emerged as a way to repress the 

transcription of TEs.  However, as is the case with other epigenetic mechanisms in the 

human genome, it has been co-opted to hone the expression of human genes.  The 

regulation of human genes vis-à-vis nucleosome binding can be mediated by TEs 

themselves, whereby the TE insertions in various regions of human promoters could have 

been preferentially retained in accordance with their role in nucleosome positioning.  In 

fact, the distribution of TEs in human promoter regions is correlated with the expression 

of the same genes.  The relationship between the TE profile of promoters, nucleosome 

binding and gene expression is discussed in further detail in Chapter 4. 
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Transposable elements and epigenetic histone modifications 

The histone proteins that form the core of nucleosomes are subject to a number of 

covalent modifications.  They are referred to as epigenetic histone tail modifications and 

are mainly characterized by methylation and acetylation at various Lysine and Arginine 

residues at the amino tails of histone proteins.  Through various molecular mechanisms, 

these modifications convey specific meanings that have regulatory implications such as 

heterochromatin formation or gene activation.  With the advent of next generation 

sequencing technology, scientists have been able to study the regulatory roles of these 

modifications at mono-nucleosome level resolution.  A few recent studies have used the 

Chromatin Immunoprecipitation followed by sequencing (ChIP-seq) technique to map 

genome-wide locations of several histone modifications in different human cell types 

[32,33,35].   

The primary aim of these studies is to explore the role of epigenetic histone 

modifications in the context of human gene regulation.  To that end, they classified the 

modifications as active or repressive based on their enrichment in genes with different 

levels of expression.  They also investigated the patterns of enrichment over regulatory 

regions such as promoters, enhancers, insulators etc.  The analyses reveal a significant 

enrichment of histone modifications over genic and regulatory regions of the genome 

compared to the genomic background.  They also observed distinct patterns of 

enrichment of several histone modifications over human gene promoters, gene bodies, 

introns, exons, enhancers and insulators [32,33,35].  The findings of these studies show 

that epigenetic histone modifications are extensively employed by the genome to regulate 

the expression of genes in different human cell types. 
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On the other hand, the genome defense hypothesis posits that epigenetic histone 

modifications primarily serve to suppress the activity of TEs.  Earlier studies on plants 

and mammals have supported this notion as repressive histone modifications were shown 

to mark TE sequences [29,30,31].  The RNA interference (RNAi) pathway has been 

proposed as the mechanism for the recruitment of repressive marks to TEs [41,42].  In 

this process, the RNA transcripts from TE sequences are targeted by the Dicer and 

Drosha enzymes to generates siRNA and microRNA fragments that revert and bind to 

their originating DNA [42].  DNA that is bound by siRNA and microRNA molecules 

serves as a marker for heterochromatin protein (HP1) and Polycomb Group Proteins 

(PcB) for the de novo formation of heterochromatin via the recruitment of DNA 

methylation and repressive histone methylation.   

Thus, all studies to date that have investigated the function of epigenetic histone 

modifications, have done so either in the context of human gene regulation or genome 

defense or both.  Since, TEs have long been considered junk or selfish DNA, their 

potential role in the epigenetic regulation of the human genome has been all but 

dismissed.  As a result, these genome scale studies have overlooked the contributions of 

TEs to the regulation of human genes.  It is in this context that the studies encompassed 

in this thesis become relevant.  In chapters 5, 6, and 7, I explore the relationship between 

TEs and epigenetic histone modifications and analyze its implication on the regulation of 

the human genome.   

In chapter 5, I evaluated the role of epigenetic histone modifications with respect 

to two competing hypotheses, the genome defense hypothesis versus the exaptation 

hypothesis.  The genome defense and exaptation hypotheses can be taken to generate 
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testable predictions in terms of the way TEs are modified in the human genome.  

According to the genome defense hypothesis, younger TEs, that is those that are 

potentially active will bear more epigenetic modifications that older TEs, and TEs should 

be targeted mostly by repressive histone modifications. On the other hand, the exaptation 

hypothesis proposes that the modification status of TEs should be similar to that of genes 

i.e. enrichment for active as well as repressive modifications.  Furthermore, according to 

the exaptation hypothesis, older TEs should bear more epigenetic marks compared to 

younger TEs, and TEs that lie near genes should bear more epigenetic marks than those 

that lie further away from genes.  I analyzed genome-wide enrichment of active and 

repressive histone modifications in all families of human TEs in CD4+ T-cells and found 

that they are enriched for a number of active as well as repressive histone 

modifications.  These enrichment patterns of epigenetic histone modifications at human 

TEs is similar to that of genes, an observation inconsistent with the genome defense 

hypothesis.  Secondly, younger families of TEs bear more epigenetic marks than older 

ones, and TEs that lie near genes are more modified than those that lie away from 

genes.  All these observations lend little support to the genome defense model and 

suggest that TEs are epigenetically modified in such a way as to facilitate the regulation 

of human genes, an idea consistent with the exaptation model.  These results are 

discussed in further detail in chapter 5. 

  Exaptation is a process by which a formerly selfish TE sequence performs a 

function for which it was not originally evolved.  In the human genome, there are many 

well known cases where formerly selfish TE sequences now serve the needs of the 

host.  By definition, exaptation happens on a case by case basis where individual TE 
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sequences are recruited to serve the needs of the host genome.  The notion that the 

epigenetic modifications at human TEs is consistent with the exaptation model, does not 

imply that all TEs have been exapted by the human genome, but merely the fact that their 

ability to recruit epigenetic modifications makes them conducive to be exapted.  To that 

end, we explored the extent to which TE sequences have been exapted by finding all 

individual cases of TEs that are incorporated by the host genome to serve its regulatory or 

coding needs.  We divided this task into two different studies.  The first study entails 

finding transcriptional start sites of human genes that are donated by TEs and 

investigating the epigenetic regulation of these genes in maintaining cell type specific 

expression.  The second study involves locating enhancer sequences donated by TEs that 

have a functional role in epigenetically regulating gene expression in a cell type specific 

manner.   

In chapter 6 we report 1,520 human genes whose transcriptional start sites and 

promoters have been donated by TEs.  We explored the regulation of these promoters in 

two human hematopoietic cell lines, GM12878 and K562, characterized by the ENCODE 

project [33].  GM12878 is a lymphoblastoid cell line derived from the blood of a female 

of northern and western European descent whereas K562 is a Leukemia cell line derived 

from a patient suffering from Chronic Myelogenous Leukemia.  We found that genes 

with TE-derived promoters are epigenetically modified in a way that drives their 

expression in their respective cell types.  We also found that many of these genes are 

differentially epigenetically modified and subsequent differentially expressed between 

the GM12878 and K562 cell lines.  These data suggests that hundreds of TE sequences 
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are exapted to provide transcriptional start sites to human genes, and are epigenetic 

modifications have a functional effect in regulating cell type specific gene expression. 

Finally in chapter 7, we describe a computational approach to predict novel 

enhancers based on their epigenetic profile.  Recent studies have shown that epigenetic 

histone modifications display specific patterns of enrichment over functional enhancers in 

the human genome [43,44].  We modeled these patterns from experimentally 

characterized enhancers and used the model to guide the search for novels 

enhancers.  Using epigenetic histone modification data as well as open chromatin data, 

we predicted thousands of enhancers in both GM12878 and K562 cell lines.  From these 

data, we found 1,898 and 1,070 enhancers that reside within TE-sequences in GM12878 

and K562 cell lines respectively.  A vast majority of these enhancers are unique to the 

each cell line and thus play a role in driving cell type specific gene expression.  We 

associated TE-derived enhancers to human genes based on genomic proximity and 

investigated their role in influencing the expression of nearby genes.  Genes that possess 

a TE-derived enhancer are expressed at higher levels compared to the ones that do not.  

Moreover, the number of enhancers near genes that are differentially regulated between 

the two cell lines is related to their expression in each cell line.  In other words, genes that 

are up-regulated in one cell line contain more TE-derived enhancers in their proximity in 

the same cell line compared to the other and vice versa.  These findings are in further 

explored in chapter 7.   

To recapitulate, we implemented a genome-scale approach to study the epigenetic 

modifications of TEs in the human genome.  We found that human TEs are epigenetically 

modified in a way that is inconsistent with the predictions of the genome defense 



 14 
 

hypothesis, and consistent with the exaptation hypothesis.  Although the current 

epigenetic landscape of human TEs does not support the predictions of the genome 

defense hypothesis, it can still be credited for giving rise to the epigenetic mechanisms 

that now serve to regulate human genes.  At the same time, suppression of transposition 

via epigenetic histone modifications may have afforded TEs the ability to recruit 

epigenetic histone modifications.  This, in turn allows individual sequences of TEs to be 

exapted by the human genome to serve its own regulatory needs.  Indeed, we found 

hundreds of cases where TEs are donating promoter and enhancer sequences that 

epigenetically regulate genes in the human genome. 
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CHAPTER 2 

ANALYSIS OF TRANSPOSABLE ELEMENT SEQUENCES USING  
 

CENSOR AND REPEATMASKER 

 

Abstract 

Eukaryotic genomes are full of repetitive DNA, transposable elements (TEs) in 

particular, and accordingly there are a number of computational methods that can be used 

to identify TEs from genomic sequences.  We present here a survey of two of the most 

readily available and widely used bioinformatics applications for the detection, 

characterization and analysis of TE sequences in eukaryotic genomes: CENSOR and 

RepeatMasker.  For each program, information on availability, input, output and the 

algorithmic methods used is provided.  Specific examples of the use of CENSOR and 

RepeatMasker are also described.  CENSOR and RepeatMasker both rely on homology-

based methods for the detection of TE sequences.  There are several other classes of 

methods available for the analysis of repetitive DNA sequences including de novo 

methods that compare genomic sequences against themselves, class-specific methods that 

use structural characteristics of specific classes of elements to aid in their identification 

and pipeline methods that combine aspects of some or all of the aforementioned methods.  

We briefly consider the strengths and weaknesses of these different classes of methods 

with an emphasis on their complementary utility for the analysis of repetitive DNA in 

eukaryotes. 
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Introduction 

Transposable elements (TE) are repetitive DNA sequences capable of moving 

from one chromosomal locus to another.  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.  However, one of the major revelations of eukaryotic genome 

sequencing projects was the staggering abundance of TE related sequences in large 

genomes.  For instance, approximately one half of the human genome sequence was 

shown to consist of the remnants of TE insertion events [45].  In light of the sustained 

efforts underway to sequence and characterize numerous eukaryotic genomes, the 

prevalence of TEs necessitates the development and use of computational tools aimed at 

their detection, characterization and analysis.  After all, it is simply not possible to fully 

comprehend the structure, function and evolution of eukaryotic genomes without a deep 

understanding of their TEs. 

The most commonly used programs for the detection and analysis of TE 

sequences employ comparisons of genomic sequences to a library of consensus 

sequences that represent families of known repetitive (transposable) elements.  This is the 

so-called homology-based method for the detection of TEs in genomic sequence.  The 

Repbase Update [46,47] is a comprehensive database of known eukaryotic repetitive 

sequence elements maintained by the Genetic Information Research Institute (GIRI 

http://www.girinst.org).  The developers of the Repbase Update, led by Jerzy Jurka, 

pioneered computational approaches towards the automatic detection of TEs in genomic 

sequences.  DNA sequence searches against very early versions of Repbase, aimed 

primarily at the detection of Alu elements, were first carried out by the Pythia server 
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[48,49].  The Pythia server later gave way to the program CENSOR [50,51], which is still 

maintained and distributed by the GIRI.  The tight integration of CENSOR with the 

Repbase Update library provides the user with access to the latest available TE 

annotations, which are constantly being updated at the GIRI.  In addition to identifying 

known TEs in genomic sequence, CENSOR also provides for the de novo identification 

of simple sequence repeats that are characteristic of low complexity DNA regions [52].   

Arian Smit’s RepeatMasker is another widely used program that identifies the 

location and identity of TEs in genomic sequence via searches against the Repbase 

Update library [53].  RepeatMasker employs a similar approach to compare genomic 

sequences against Repbase as the CENSOR program does.  Additionally, RepeatMasker 

incorporates a great deal of ad hoc post-processing in order to try and ensure the best 

representation of TEs as single contiguous regions in genomic sequence.  RepeatMasker 

has been used to annotate the TEs of numerous eukaryotic genomes, including the human 

genome sequence, and static releases of RepeatMakser annotations are widely distributed 

on various genome databases.  Insight gained from RepeatMasker analyses has been 

critical to the field of genomics.  

In this chapter, we will provide specific information on, and examples of, the use 

of the programs CENSOR and RepeatMasker along with a description of several other 

complementary classes of methods available for the analysis of repetitive DNA 

sequences. 

Complementary methods 

CENSOR and RepeatMasker represent one general class of methods for the 

detection and analysis of repetitive DNA sequences.  There are several additional classes 
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of methods for the analysis of repetitive DNA: i-de novo methods, ii-class-specific 

methods and iii-pipeline methods.  All of the different classes of methods have different 

strengths and weaknesses with respect to their ability to detect and characterize TEs in 

eukaryotic genome sequences.  As such, they may be considered to be complementary, 

and indeed when different methods are compared on the same query sequence, they are 

often found to identify substantially non-overlapping parts of the sequence as being 

repetitive.  Thus, investigators should be careful not to rely overly on one method or 

another.  Homology based methods in particular are limited by the extent of knowledge 

that already exists concerning the repetitive elements of a given genome or evolutionary 

lineage.  In other words, the TEs, or their relatives, must have been previously 

characterized in order to be detected by homology-based methods.  For this reason, these 

methods will perform poorly when applied to genomes that have many uncharacterized 

TE families.  Homology based methods will also be unable to detect novel TE families 

with distinct sequences.  De novo methods, on the other hand, are ideal for identifying 

previously unknown repetitive DNA elements.  However, de novo methods provide no 

information on the identity of these elements, or whether they are even TEs at all, and as 

such can be best used to simply mask repetitive elements.  Clearly, homology based 

methods are far better suited for investigations into the biology and genome dynamics of 

the TEs themselves. 

 

De novo methods 

Another general class of applications for identifying repeats in genomic sequence 

entails the so-called de novo methods that identify repeats by comparing genomic query 
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sequences against themselves.  Repeats are characterized in this way by clustering the 

similar groups of sequences that emerge from self comparison.  De novo methods are 

interesting from an historical perspective because they represent the computational 

analogs of the re-association kinetic experiments that were first used to demonstrate the 

repetitive nature of eukaryotic genomes [54].   

De novo methods are naïve in the sense that they do not require any prior 

knowledge of the repetitive elements that may be present in the query sequence.  This has 

the effect of eliminating ascertainment biases leading to false negatives for unknown 

repetitive elements.  So in the formal sense de novo methods represent the most sensitive 

approach for the detection of repetitive DNA, and the recently developed 

WindowsMasker de novo method [55] has the added advantage of being much faster than 

homology based methods.  However, in order to work properly de novo methods require 

long and complete (or nearly so) query sequences (i.e. whole contigs or genomes).  More 

importantly, these methods do not provide any information on the characteristics of the 

repeats that are detected.  De novo methods will report repeats of very different classes, 

such as tandem repeats, large segmental duplications and interspersed repeats (TEs), 

together without discriminating among them.  In other words, de novo methods work well 

for the detection and/or masking of repeat elements but do not aid in their 

characterization or analysis.  De novo methods are also generally ineffective in 

identifying repetitive elements that are in low copy number as well as relatively ancient 

repetitive elements that may be too divergent from one another to be recognized as 

repetitive.  RECON is another de novo method available for the detection of repetitive 

DNA sequences [55].   
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Class-specific methods 

Class-specific methods are a relatively recent development in the detection and 

analysis of TE sequences.  For these methods, experts in the analysis of TEs have taken 

advantage of particular genomic features characteristic of specific classes of elements to 

aid in their identification.  This approach has been most widely implemented with the 

LTR_STRUC program that identifies members of the long terminal repeat (LTR) 

containing class of TEs by virtue of the direct repeat sequences that are present at both 

ends of the elements [56,57].  A recent publication presents a newly implemented method 

for the identification of LTR elements in eukaryotic genomes based on the same 

underlying rationale as LTR_STRUC [58].  However, in addition to identifying full 

length elements, this new program can also identify solo LTRs. 

Since these kinds of methods do not rely on sequence identity (similarity) 

searches, they are particularly well suited to the identification of novel element families 

and low copy number elements.  However, these methods are limited to families of 

elements that possess well defined structural characteristics such as LTR elements and 

miniature-inverted repeat containing TEs (MITEs).  Class-specific methods also enable 

the detection of novel TE sequences from a given element class while allowing for a deep 

interrogation of elements from that class.  On the other hand, these methods will be 

particularly sensitive to sequence changes that accumulate after TE insertion and obscure 

the structural characteristics, such as inverted repeats, that they use to identify TEs. 
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Pipeline methods 

Pipeline methods, which combine aspects of all the aforementioned approaches to 

TE detection, probably represent the most rigorous and accurate class of method 

available for the annotation of TE sequences in eukaryotic genomes.  Examples of 

pipeline methods are is the MITE analysis toolkit (MAK) [59] and a more recently 

proposed pipeline method, which promises to provide the most accurate and reliable 

annotations of TE sequences in eukaryotic genomes to date [60].  While these methods 

are very powerful in principle, they are also among the least accessible to the user 

because their use entails far more effort than any of the other single methods.  Because 

pipeline methods integrate so many distinct applications, they also require a high level of 

sustained development and maintenance.  Pipeline methods may well become the 

standard approach for genome annotation and serve the community best by providing 

static TE annotations of eukaryotic genomes as opposed to readily usable tools for 

investigators to query their own sequences of interest. 

 

Program Usage 

CENSOR 

Purpose  

CENSOR allows for the identification and characterization of repetitive elements 

in genomic sequences.  CENSOR can be used to mask repetitive sequences to allow for 

the more efficient use of downstream applications that are confounded by the presence of 

repeats, and it can also be used to identify and characterize repetitive sequences in order 

to study the biology of the elements themselves. 
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Availability  

CENSOR is freely available to download from the GIRI for local installation 

(http://www.girinst.org/censor/download.php).  CENSOR can be run locally using Unix 

type computer operating systems.  Running CENSOR locally requires the installation of a 

local version of Repbase, which is optionally included in the download package, as well 

as the WU-BLAST package [61].  CENSOR can also be run from a server on the GIRI 

website (http://www.girinst.org/censor/index.php). 

 

Input 

Sequences in FASTA, GENBANK and EMBL formats can be submitted to 

CENSOR by uploading a file to their server or by pasting them in the query textbox.  

CENSOR accepts DNA as well protein sequences as input and decides the version of 

BLAST to use given a particular query sequence.  One or more sequences can be 

submitted in a particular query. 

 

Output 

CENSOR runs yield a number of distinct kinds of output including a-a repeat map 

indicating the location of repeats on the query sequence, b-annotation of the repeat 

location, type and its similarity and positive score values and c-a ‘masked’ sequence file 

that returns the repetitive sequences replaced by Ns or Xs. 
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Method 

CENSOR uses WU-BLAST [61] or NCBI BLAST [62] algorithms to search the 

query sequence against the Repbase Update library of repetitive sequences.  CENSOR 

can be run on three different speed/sensitivity settings (see Note 1).  It can automatically 

run an appropriate version of BLAST such as BLASTN, BLASTP, BLASTX, TBLASTN 

in order to accommodate the various input types used for querying repetitive elements.  

This feature adds flexibility to the algorithm in contrast to RepeatMasker which only uses 

DNA sequences in its searches. All options available through BLAST can also be 

incorporated in CENSOR searches.  CENSOR uses an information theoretic method to 

detect simple sequence repeats such as satellite DNA and low complexity sequences.  

CENSOR also post-processes data to give an interactive positional map of the query 

sequence (similar to the NCBI BLAST web interface).  In addition, it calculates the 

similarity values and positive score values for alignments between query and element 

consensus sequences.  The similarity value can be used to approximate the evolutionary 

of the age of the TEs. 

 

RepeatMasker 

Purpose  

RepeatMasker serves to identify, characterize and mask repetitive elements in 

genomic sequences.  It is most often used to simply mask identified repeats in genomic 

sequence so that other analyses can be run on the resulting non-repetitive DNA 

sequences.  However, RepeatMasker also characterizes repeats by class, family and 

individual element name based on the Repbase library, and this information is critical to 
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the study of TEs.  Divergence values between TEs and their family consensus sequences 

are also provided, and these can be used to determine the relative age of the elements. 

 

Availability 

RepeatMasker can be run in two different ways.  The program can be downloaded 

from http://www.repeatmasker.org/RMDownload.html and installed locally, or it can be 

run on a web server http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker.  In order 

to install and run RepeatMasker locally, users will also need to install a local copy of the 

Repbase library as well as the programs WU-BLAST [61] and CROSS_MATCH [63]. 

 

Input 

RepeatMasker works only on DNA sequences and the query sequences have to be 

in FASTA format.  Sequences can be submitted using a file with one or more sequences 

or by pasting the sequence(s) in the submission box.  Extremely long sequences, or files 

with numerous sequences, will be automatically broken down into batches to be run by 

RepeatMakser. 

 

Output 

RepeatMasker runs yield three files a-annotation of the location, type and percent 

divergence of repeat from the consensus sequence, b-a sequence file that has the 

repetitive sequences replaced by Ns or Xs and c-a summary of the repetitive content of 

the query sequence.  Additional output files, including alignments between query and 

consensus sequences, can be optionally included. 
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Method 

RepeatMasker scans the query sequence using the program CROSS_MATCH 

[63] against the library of consensus sequences provided by Repbase Update.  

CROSS_MATCH implements the Smith-Waterman (SW) dynamic programming 

algorithm [64] that guarantees optimal pairwise sequence alignments.  Using 

CROSS_MATCH, a score matrix is first constructed based on exact word matches 

between the library sequences and the query sequence.  This is then expanded to include 

a ‘band’ of sequences that surround the exact match.  The band is based on the overlap of 

SW scoring matrices.  The width of the band, and thus the sensitivity of RepeatMasker, 

can be adjusted using different speed settings to allow for wider or narrower acceptance 

of sequences surrounding the band.  Since there can be many consensus sequences in the 

Repbase Update library that match the same region of the query sequence, the search 

engines return the matrices that have less than 80%-90% overlap with each other.  

Typically the sequence with the highest SW score is selected for annotation after various 

approximation improvements.  RepeatMasker can also use WU-BLAST to search against 

Repbase to improve the speed of searches [65].  Simple repeats are detected by 

computing the AT or GC content for overlapping windows of 200bp and then checking 

for characteristics attributed to most simple repeats.  RepeatMasker uses stringent criteria 

for identifying simple repeats and low-complexity DNA which can result in omission of 

some repeats.  
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Examples 

CENSOR 

 We provide an example of running CENSOR from the GIRI web server.  The 

URL http://www.girinst.org/censor/index.php points to the CENSOR submission page 

(Figure 2.1).  We used a 2kb DNA sequence from the proximal promoter region of the 

human hydroxysteroid (17-beta) dehydrogenase 13 gene as an example query (Genbank 

mRNA accession NM_178135).  The FASTA format sequence is pasted into the 

submission page textbox as shown; note that a file with the sequence could also be 

uploaded using the Browse and Submit buttons shown (Figure 2.1).  For the purposes of 

this search, the ‘Mammalia’ option of the ‘Sequence source’ is chosen.  This option 

specifies which subset of Repbase will be searched, and in this case the subset will 

include all repeat sequences that are common to mammals as well as those specific to 

individual mammalian species.  The ‘Report simple repeats’ option is also selected to 

identify simple sequence repeats.  Since the sequence is non-coding a translated search is 

not used.  Neither the option ‘Search for identity’, which forces the program to search for 

only identical or nearly identical sequences, nor the option ‘Mask pseudogenes’, which 

searches for pseudogenes, are selected in this example. 
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Figure 2.1.  CENSOR web server query submission page. 

  

Once the query sequence is pasted (or uploaded) and the appropriate options are 

selected, the search is run using the ‘Submit Sequence’ button (Figure 2.1).  There are 

several output displays provided by CENSOR.  CENSOR post-processes data to give an 

interactive positional map of the query sequence along with a summary table of identified 
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elements (Figure 2.2). 

 

Figure 2.2.  CENSOR output repeat map and summary table.  The location of repeats 
and their identity are shown as a graphical schematic and also listed line-by-line.  Links 
to the Repbase entries for individual elements are provided in the schematic Figure and 
the table. 

 

On the positional map, the query sequence is represented by the horizontal bar 

with red representing repetitive (masked) DNA and blue representing non-repetitive 

DNA.  The individual repeats and their annotations are shown below the bar; mouse-

overs yield the element name and classification, and clicking on the element links to its 

Repbase entry.   

A masked version of the sequence is also provided (Figure 2.3), as are alignments 

of the query sequence with each repeat consensus sequence found in Repbase (Figure 

2.4).  CENSOR also shows the Repbase records for all the repeats found in the query.  

Along with the alignments, CENSOR calculates the similarity values and positive score 

values (Figure 2.2 and Figure 2.4).  The similarity value is a measure of the relative age 

of the TEs (i.e. the time elapsed since element insertion), while positive scores represent 

positive alignment scores between sequences.  Finally, a summary table is provided 

listing the total number and length of elements identified from different Repbase classes 

and families.  



 29 
 

 

 

Figure 2.3.  Query sequence with repetitive elements masked by ‘X’s.  
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Figure 2.4.  CENSOR alignment between query sequence and its closest related 
Repbase consensus sequence.   
 

RepeatMasker 

 RepeatMasker can also be run from a web server as shown in the following 

example.  For consistency, the same 2kb human promoter sequence (Genbank mRNA 

accession NM_178135) that was used in the CENSOR example is used for 

RepeatMasker.  The URL http://www.repeatmasker.org/cgi-bin/WEBRepeatMasker 

points to the RepeatMasker submission page (Figure 2.5).  The first part of the query 

submission form is the ‘Basic Options’ section.  This allows for the uploading of a 

FASTA format sequence file or pasting sequence(s) into the text box.  Users can select 

from a number of options that allow for the specification of the search algorithm to be 

used, the speed/sensitivity settings (see Note 2), the source of the query sequence and the 

return format and method.  More advanced search options can be found under the 

‘Lineage Annotation Options’ and ‘Advanced Options’ sections (Figure 2.6).  The 

‘Lineage Annotation Options’ settings allow users to choose one or two comparison 

species against which the query can be surveyed for lineage-specific repeats.  This can 



 31 
 

help to refine and narrow search results by eliminating elements common to many 

species.  These options only work for mammalian query sequences due to the greater 

coverage of mammalian repeats in Repbase.  The ‘Advanced Options’ allow users to 

display alignments, choose how sequences are masked, decide on what kinds of repeats 

are to be masked and adjust the sequence similarity matrix to be used based on GC-

content of the query sequence.     

 

Figure 2.5.  RepeatMasker web server query submission page (part 1).  The ‘Basic 
Options’ part of the submission page is shown. 
 

RepeatMasker returns a number of output files describing the repeat content of the 

query and providing the masked sequence.  A RepeatMasker summary file (or screen on 

the web server) is a summary table that lists the percentage of query sequence masked by 

the different types of repeats (Figure 2.7).  A more detailed table is also provided with 
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information on each individual repeat that is identified (Figure 2.8).  This table includes 

data on the levels of divergence between the query and consensus sequences along with 

location information specifying where the repeats are found in the query and which part 

of the repeats are represented.  As was shown for CENSOR, RepeatMasker also provides 

a FASTA file with the repeats masked out, and the program can be configured to show 

alignments between repeats and their family consensus sequences. 

  

Figure 2.6.  RepeatMasker web server query submission page (part 2).  The ‘Lineage 
Annotation Options’ and ‘Advanced Options’ part of the submission page is shown. 
 

RepeatMasker can also be run from the command line on Unix type operating 

systems.  An example of the command line for the same search that was demonstrated for 

the web server is: ‘RepeatMasker NM_178135.fasta –species human –alignments’.  

Running RepeatMasker locally allows users to employ their own repeat libraries to search 

against.  Another one of the advantages of the local RepeatMasker installation is the very 
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detailed documentation that is provided including information on all command line 

options and flags.  A list of all command line flags with brief descriptions can be 

obtained by simply typing ‘RepeatMasker’ at the prompt.  Typing ‘RepeatMasker –

h(elp)’ will print out all of the documentation.   
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Figure 2.7.  RepeatMasker summary table output.  Data on the length (bp) and 
percentage of different classes of identified repeats is provided. 
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Figure 2.8.  RepeatMasker table output.  Data for each individual repetitive element 
identified is provided. 
 

Notes 

1. Since CENSOR is powered by BLAST searches, search time varies directly with the 

length of the query and database, and it can be run in three different speed/sensitivity 

settings.  CENSOR uses WU-BLAST or NCBI-BLAST heuristics, which are both several 

times faster than the CROSS_MATCH dynamic programming algorithm employed as 

default by RepeatMasker.   

2. The time complexity of the SW algorithm used by RepeatMasker is O(n2) where n is 

the word length.  Therefore the time to process sequences increases sharply with length.  

Consequently, the speed settings are directly related to the word length used in 

CROSS_MATCH searches.  In general, the program loses 5-10% sensitivity at each step 

of the speed settings, while gaining speed at a much higher rate.  The time difference 

between the fastest and the slowest settings is approximately 30X.  Heuristic WU-

BLAST searches with RepeatMasker are generally much faster and compare to the fastest 

setting using CROSS_MATCH search algorithm. 

Acknowledgements 

The authors wish to thank Leonardo Mariño-Ramírez and Jittima Piriyapongsa for 

comments and technical support.  Ahsan Huda and I. King Jordan are supported by the 

School of Biology at the Georgia Institute of Technology. 



 36 
 

CHAPTER 3 

EPIGENETIC REGULATION OF MAMMALIAN GENOMES BY  
 

TRANSPOSABLE ELEMENTS 
 
 

Abstract 

Transposable element (TE) sequences make up a substantial fraction of 

mammalian genomes and exert a variety of regulatory influences on their hosts’ genes.  

In this manuscript, we explore the contributions of TEs to the epigenetic mechanisms that 

regulate various aspects of mammalian genomes.  The emphasis is placed on nucleosome 

positioning and epigenetic histone modifications that specify chromatin regulatory states.  

The realization of a relationship between TEs and epigenetics rests on the notion that 

underlying genetic sequences mediate, to some extent, the nature and identity of 

epigenetic modifications that are laid down.  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, in mammals: 1) TE sequences have specific 

nucleosome binding properties with regulatory implications for nearby genes, 2) TE 

sequences are involved in the phasing of nucleosomes, 3) TE sequences recruit epigenetic 

modifications to function as enhancers, 4) epigenetic modifications at TE sequences 

effect the regulation of nearby genes, and 5) TEs serve as epigenetic boundary elements.  

For each of these TE-epigenetic hypotheses, we outline the kinds of analyses that can be 

done to test the particular hypothesis along with the results that could be expected.  It is 



 37 
 

hoped that these proposed scenarios may help to serve as a roadmap for future 

investigations into the epigenetic regulatory effects of mammalian TEs.  

 

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 mechanisms that regulate various aspects of 

mammalian genomes.   

The relationship between TEs and epigenetic regulatory mechanisms emanates 

from the evolutionary tinkering between TEs and their host genomes.[66]  Because of the 

disruptive nature of transposition, it is imperative for host genomes to evolve various 

tools to suppress element activity and ensure their own survival.  This idea forms the core 

of the ‘genome defense’ model, which proposes that many epigenetic regulatory 

processes came into existence to defend against the transposition of TEs.[28]  Thus, TEs 

may be the original targets for epigenetic mechanisms that have global impacts on the 

regulation of gene expression and genome organization.   

In eukaryotes, double stranded DNA 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 modified by the addition of methyl and acetyl groups to various Lysine and 

Arginine residues.  These epigenetic histone modifications, and combinations thereof, 
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specify various chromatin states that carry regulatory ‘meanings’ for the cell.  For 

instance, the tri-methylation of histone H3 at Lysine 9 (H3K9me3) signals the formation 

of heterochromatin and gene silencing, whereas mono-methylation of histone H3 at 

Lysine 4 (H3K4me1) 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[42,67,68,69,70,71,72] and references therein).  TEs are abundant in the 

heterochromatin of a number of plant species.  In Arabidopsis thaliana, TEs are not only 

enriched in heterochromatic regions in and around centromeres and knobs, but insertions 

of TEs into euchromatic regions can also induce the local formation of 

heterochromatin.[24]  This TE-induced repressive chromatin can spread to epigenetically 

silence nearby genes.  The TE rich regions in Arabidopsis form heterochromatin by 

recruiting repressive histone modifications.[29]  Similarly, in the yeast 

Schizosaccharomyces pombe, TEs are targeted by repressive H3K9me3 to induce the 

formation of heterochromatin.[73]  Interestingly, the RNAi pathway is primarily 

responsible for the targeting of repressive modifications in both Arabidopsis and S. 

pombe.[68,73] 

Compared to the level of understanding for plants and fungi, there is relatively 

little known concerning TEs and epigenetics in mammals.  In this chapter, we emphasize 

the role of TEs in the epigenetic regulation of mammalian genomes via nucleosome 

positioning and histone 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 mammalian 
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genomes.  For these TE-epigenetic hypotheses, 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 investigations into the epigenetic regulatory effects 

of mammalian TEs.  

 

TEs and epigenetics in mammals 

The enrichment of repressive H3K9 di-methylation at Alu repeats in human cells 

was first discovered accidentally by Kondo and Issa in 2003.[30]  In this study, they used 

an H3-Lys methylated antibody in chromatin immunoprecipitation 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 various repressive histone methylations with different types of repetitive DNA.[31]  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 H4K20.  The recovered DNA was 

probed by clusters of primers representing major repeat classes to produce PCR 

fragments of the element sequences.  TEs were found to have variable levels of the 

histone methylation marks and these seemed to vary greatly between different types of 

ES cells.  On the other hand, tandem repeats displayed a strong affinity for the given set 
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of histone methylations, and these remained relatively constant over different types of ES 

cells.  RT-PCR analysis revealed the presence of dsRNA produced by tandem repeats 

indicating the involvement of RNAi mechanism for the recruitment of histone marks. 

The Bernstein and Lander groups published a genome-wide map of several 

histone tail modifications in differentiated and undifferentiated mouse stem cells.[41,74]  

They used chromatin immunoprecipitation followed by high-throughput sequencing to 

determine the modification status of various chromatin regions across the genome.  They 

noted that several classes of repetitive DNA are marked by enrichment of H3K9 and 

H4K20 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 particle (IAP) and early transposons (ETn) were the only families 

of LTR-retrotransponons enriched for these modifications.  IAP and ETn are young 

recently active families of mouse TEs and their enrichment with repressive histone 

modifications is consistent with the need for the host to suppress their activity.  The 

authors of this study also predicted the involvement of the RNAi pathway for the 

recruitment of these modifications to TE sequences as IAP and ETn both produce double-

stranded RNA.   

A more recent study characterized various repressive histone modifications in 

mouse embryonic stem cells using chromatin immunoprecipitation followed by 

microarray analysis of bound DNA fragments (so called ChIP-Chip) analysis.[75]  The 

experimental analysis was followed by a computational step to obtain 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 computing the 
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aggregate H3K27 methylation status as well 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 regions.  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 complimentary LINEs and SINEs clustering in genomic regions that carry 

specific epigenetic marks.  Thus, LINEs and SINEs were found to divide the mouse 

genome into domains that entail specific epigenetic implications. 

The studies described above addressing the relationship between mammalian TEs 

and epigenetic histone tail modifications present a complex picture and often contradict 

each other.[41,76]  For instance, Alu elements (SINEs) were shown to be enriched for 

repressive H3K9me2 marks in human,[30] whereas no mouse TEs (including SINEs) 

showed enrichment for this particular modification.[31]  A later study did show that 

mouse LTR elements, but not SINEs, were enriched for other repressive histone 

marks.[74]  Furthermore, the nature and identify of histone marks targeted to TEs 

changes markedly between families of elements and among different cell 

types.[31,74,75]  Given the relative paucity of global epigenetic studies in mammals, 

along with the contradictory and complicated results these studies yield, a comprehensive 

picture of the relationship between mammalian TEs and epigenetic histone modifications 

remains to be established.  Clearly, more research is needed to elucidate the connections 

between mammalian TEs and epigenetics.  Below, we propose a series of specific 
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hypotheses regarding the potential 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 chromatin.[38]  In order for this to 

happen, the DNA has to bend at specific intervals, which is facilitated by the occurrence 

of certain dinucleotide motifs.  In other words, the ability of genomic DNA to bind the 

histone core and position nucleosomes is determined, to some extent, by its sequence.[40]  

This suggests that epigenetic regulatory features, which are mediated by histone 

modifications, are related to the underlying genetic sequence context, much of which 

includes TEs in mammals.  Thus, we hypothesize that patterns and levels of nucleosome 

binding at mammalian promoter sequences are mediated 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 biding 

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 
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repeats (SSRs).[77]  The accumulation of TEs in heterochromatin serves to protect the 

host genome by mitigating deleterious effects associated with transposition and ectopic 

recombination between dispersed element sequences.[67]  In plants it has even been 

shown that de novo heterochromatin formation can be caused by insertions of TEs into 

euchromatin.[24]  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 proposal that heterochromatin originally evolved to serve as a genome 

defense mechanism by silencing TEs.[78,79]  The known relationship between genome 

repeats, local chromatin environment 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, nucleosome binding and gene regulation in 

mammals, it is necessary to investigate the extent to which the density of TEs and 

nucleosome binding co-vary along proximal promoter sequences.  Previous studies 

strongly suggest that such a connection exists.  For instance, it is well know that 

nucleosome binding affinities are high distal to transcription start sites and the binding 

affinity decreases closer to transcription start sites where there is a ‘nucleosome free’ 

region just upstream.[40]  Our own work suggests that the relative density of TE 

insertions in promoter sequences demonstrates a similar trend.[13,21,80]  TEs are 

relatively abundant far from transcription start sites and decrease steadily along more 

proximal promoter sequences.  Interestingly, however, SSRs show the opposite trend 

with a marked enrichment just upstream of transcription start sites in the very same 
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region where nucleosome binding reaches its nadir.  These data suggest that different 

classes of genome repeats may be involved in tuning the accessibility of chromatin to 

transcription factors, either opening or closing depending on the kind of repeat, 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 possibility, repetitive DNA profiles of 

proximal promoter regions could be used to group mammalian genes into related clusters.  

This would amount to a novel way of classifying genes based solely on the density and 

relative locations of TEs in their proximal promoter regions.  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 example, if TE insertions in 

proximal promoter regions are deleterious and lead to the repression of gene expression, 

perhaps by closing the local 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 tempting to speculate as to how the TE-profile of gene 

promoters, and associated nucleosome binding patterns, may affect tissue-specific 

patterns of gene expression.   

 

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 instance, nucleosomes show 

characteristic positioning upstream and downstream of transcription start sites in the 

human genome.[81]  Nucleosome phasing is thought to have important regulatory 
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functions by mediating access of transcription factors and RNA polymerase to genomic 

DNA.  We hypothesize that if TEs harbor certain regulatory sequences, such as 

transcription factor binding sites[82,83,84] or transcription start sites,[22,85,86,87] they 

may also show characteristic patterns of nucleosome phasing.  To evaluate this 

hypothesis, one could characterize the phasing of nucleosomes 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 position maps for entire eukaryotic genomes.  For instance, 

Schones et al. produced a human genome map of nucleosome positions in CD4+ T cells 

using chromatin immunoprecipitation followed by high-throughput sequencing.[81]  If 

such nucleosome positioning maps are combined with available TE annotations, typically 

computed using the RepeatMasker program (http://www.repeatmasker.org), the 

contribution of TEs to nucleosome phasing could be systematically evaluated.  In 

addition to simply evaluating the ability of TEs to phase nucleosomes, genome-scale TE-

nucleosome biding 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 anchors can be revealed using a recently 

developed algorithm called the Genomic Signal Aggregation (GSA) measure.[88]  GSA 

evaluates the genomic distribution of short sequence tags that point to the locations of 

nucleosomes characterized by chromatin immunoprecipitation followed by high-

throughput sequencing.  Specifically, the GSA algorithm works by centering genome 

sequence intervals around defined genomic anchors, such as transcription start sites or TE 
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sequences.  The counts of sequence 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 maxima (i.e. peaks) are 

calculated in this way, the inter-peak distance is calculated as the mean of the distance 

between adjacent plus strand and adjacent minus strand peaks.  Well-positioned 

nucleosomes have variation of inter-peak distances 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 factor and insulator protein 

CTCF.[88]  If TE sequences 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 opposed to proximal promoter sequences that control expression locally.  It is of great 

interest to know the extent to which mammalian enhancer sequences are derived from 

TEs.  As described above with respect to nucleosome position maps, numerous genome-

scale functional data sets have accumulated in recent years.  An even more exciting 
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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.[35]  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 that TEs not only function as enhancers 

but that they do so by recruiting specific epigenetic histone tail modifications. 

To evaluate this hypothesis, enhancers could be operationally characterized as 1) 

DNaseI 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 several 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 DNaseI hypersensitive 

sites could be co-located with the histone tail modification dataset by associating genes 

with an enhancer region that lies distal to the start site of transcription.  Criteria such as 

these could be used to identify putative enhancer regions and co-locate transcription 

factor binding sites with DNaseI hypersensitive 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 enriched 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 designates 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 location as well as the 
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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 analysis 

would reveal the overall epigenetic environment 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 modifications but would not yield any 

information on their ability to actually regulate the expression of host genes.  To 

interrogate the gene regulatory 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 mammals that provide expression data 

for tens-of-thousands of genes over scores of tissues and conditions.[89]  This kind of 

data is ideal for precisely defining genes’ expression patterns and uncovering groups of 

co-regulated genes.  Expression can be classified according to the type of transcription 

factor binding site present in the enhancer as well as the individual of histone tail 

modifications to assess the effect of each modification, and the combinations thereof, on 

tissue-specific gene expression. 

 

 



 49 
 

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 

human genome is at least 50% repetitive DNA, the vast majority of which consists of 

TEs.[8]  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 regulatory regions of the 

gene.[21,22]  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 

expression.[90,91,92,93]  While demonstrating a connection between TEs and gene 

expression, such studies do not, for the most part, provide any mechanistic 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 integrate data on the TE environment of 

mammalian genes with the presence and distribution of epigenetic marks and gene 

expression data.  Such an integrated study is possible for the human and mouse genomes, 

both of which have recently published genome wide maps of epigenetic histone 

modifications[35,74] in addition to abundant data on gene expression and TE sequence 

distributions.  For instance, the status of particular histone modifications, or combinations 
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thereof, as active or repressive is determined 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 distribution 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 regulatory outcomes.  

One may expect that for TEs that are targets of repressive modifications, their 

enrichments in and around human or mouse genes would lead to the epigenetic repression 

of those genes.  This may differ based on the identity of the TE families being examined.  

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 modifications that help to up-regulate 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 proliferation of epigenetic 

changes that are characteristic of each.[94]  By blocking the spread of active or repressive 

chromatin, boundary elements establish genomic domains of gene regulation.  Boundary 

elements can also serve to limit the regulatory effects of enhancers to the domains in 

which they reside.  Only a few examples of boundary elements have been described 

including the gypsy TE in Drosophila.[95]  We hypothesize that TEs may serve as 
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abundant and dispersed epigenetic boundary elements that help to establish chromatin 

based regulatory domains along mammalian genomes.  This prediction can also be 

evaluated using the kind of integrated genomic-functional analysis described above for 

enhancers. 

The aforementioned genome-wide map of histone tail modifications[35] includes 

epigenetic marks that are both active and repressive.  One may expect that boundary 

elements would be characterized by a specific distribution of epigenetic 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 active region 

should be expressed, whereas genes in the repressed region are expected to be silent.  To 

test our hypothesis on TE-derived boundary elements, one could scan genome-wide 

histone 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 elements.  This would entail 

evaluation of the similarity of histone tail modifications present upstream 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 partition 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,[96] and CTCF binding sites have uncovered 

discrete chromatin modification domains in the human genome.[32]  These global 
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(genome-scale) approaches to evaluating the contributions of TEs to boundary elements 

could be used to deve 
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CHAPTER 4 

REPETITIVE DNA ELEMENTS, NUCLEOSOME BINDING AND  
 

HUMAN GENE EXPRESSION 
 

Abstract 

We evaluated the epigenetic contributions of repetitive DNA elements to human gene 

regulation.  Human proximal promoter sequences show distinct distributions of 

transposable elements (TEs) and simple sequence repeats (SSRs).  TEs are enriched distal 

from transcriptional start sites (TSSs) and their frequency decreases closer to TSSs being 

largely absent from the core promoter region.  SSRs, on the other hand, are found at low 

frequency distal to the TSS and then increase in frequency starting ~150bp upstream of 

the TSS.  The peak of SSR density is centered around the -35bp position where the basal 

transcriptional machinery assembles.  These trends in repetitive sequence distribution are 

strongly correlated, positively for TEs and negatively for SSRs, with relative nucleosome 

binding affinities along the promoters.  Nucleosomes bind with highest probability distal 

from the TSS and the nucleosome binding affinity steadily decreases reaching its nadir 

just upstream of the TSS at the same point where SSR frequency is at its highest.  

Promoters that are enriched for TEs are more highly and broadly expressed, on average, 

than promoters that are devoid of TEs.  In addition, promoters that have similar repetitive 

DNA profiles regulate genes that have more similar expression patterns and encode 

proteins with more similar functions than promoters that differ with respect to their 

repetitive DNA.  Furthermore, distinct repetitive DNA promoter profiles are correlated 

with tissue-specific patterns of expression.  These observations indicate that repetitive 
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DNA elements mediate chromatin accessibility in proximal promoter regions and the 

repeat content of promoters is relevant to both gene expression and function.     

 

Introduction 

The prevalence of repetitive DNA sequences in mammalian genomes has been 

appreciated since the classic re-association kinetic (COT-curve) experiments of the late 

nineteen-sixties [54].  The completion of the human genome projects at the turn of the 

millennium further underscored the extent to which the human genome sequence is made 

up of repetitive DNA elements [8,9].  There are several distinct categories of repetitive 

sequence elements in the human genome.  Interspersed repeat sequences, also known as 

transposable elements (TEs), make up at least 45% of the euchromatic genome sequence, 

and novel human TE families continue to be discovered and characterized [97,98].  

Simple sequence repeats (SSRs) consist of tandem repeats of exact or nearly exact units 

of length k (k-mers), with k = 1-13 corresponding to microsatellites and k = 1-500 for 

minisatellites.  Analysis of the human genome sequence showed that ~3% of the 

euchromatic sequence was made up of SSRs, and both SSRs and TEs are thought to be 

far more abundant in heterochromatin.  Segmental duplications of 1-200kb were initially 

shown to account for ~3% of the human genome sequence [8], and more recent results 

reveal that copy number variants populate the genome to an even greater extent [99]. 

 The evolutionary significance and the functional role that repeated genomic 

elements, TEs in particular, play has long been a matter of speculation and inquiry.  Once 

regarded as selfish, or parasitic, genomic elements with little or no phenotypic relevance 

[15,16], it has since become apparent that TEs make substantial contributions to the 
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structure, function and evolution of their host genomes [18].  Perhaps the most significant 

functional effect that TEs have had on their host genomes is manifest through the 

donation of regulatory sequences that control the expression of nearby genes [100].  

Studies of TE regulatory effects have focused, for the most part, on discrete well 

characterized regulatory elements such as transcription factor binding sites [21,22,84], 

enhancers [101] and alternative promoters [102,103].  A number of recent studies have 

also outlined the contributions of TEs to regulatory RNA genes [27,104,105,106].  For 

this study, we sought to analyze the contribution of repetitive DNA to epigenetic aspects 

of gene regulation, specifically the relationship between repetitive DNA elements and the 

chromatin environment of human promoter sequences. 

Genomic DNA in eukaryotes is wrapped around histone proteins and packaged 

into repeating subunits of chromatin called nucleosomes [38].  The importance of specific 

genomic sequences in determining the binding locations of nucleosomes has recently 

been confirmed [40].  A number of factors point to a relationship between repetitive 

DNA elements, the local chromatin environment and epigenetic gene regulation.  

Densely compact heterochromatin is enriched for both TEs and SSRs in a number 

eukaryotic organisms [77].  Heterochromatin functions to mitigate potentially deleterious 

effects associated with TEs by repressing both element transcription and ectopic 

recombination between dispersed element sequences [68].  In fact, it has been proposed 

that heterochromatin originally evolved to serve as a genome defense mechanism by 

silencing TEs [78,79].  In the plant Arabidopsis, de novo heterochromatin formation can 

be caused by insertions of TEs into euchromatin, and TEs are able to epigenetically 

silence genes when they are inserted nearby or inside them [24].  In other words, TEs 
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have been shown to cause specific in situ changes in the chromatin environment that can 

spread locally and regulate gene expression in a way that is region-specific but sequence-

independent (i.e. epigenetic).   

The previously established connections between genome repeats, chromatin 

environment and gene regulation for model organisms, taken together with the repeat-rich 

nature of the human genome, suggest that repetitive sequence elements may play a role in 

regulating human gene expression by modulating the local chromatin environment.  

Specifically, we hypothesized that gene regulatory related differences in nucleosome 

binding at human promoter sequences are mediated in part by repetitive genomic 

elements.  We evaluated the relationship between nucleosome binding, repetitive element 

promoter distributions and human gene expression to test this idea.  Human proximal 

promoter sequences were characterized with respect to both their repetitive DNA 

architectures and predicted nucleosome binding affinities, and the repetitive DNA 

environment the promoters was considered with respect to patterns of gene expression.  

 

Methods 

Promoter sequence analysis 

Our analysis focused on proximal promoter sequence regions, which we define 

for a gene as ranging from -1kb at the 5’ end to the transcription start (TSS) at the 3’ end.  

We relied on the Database of Transcriptional Start Sites (DBTSS) to identify 

experimentally characterized TSS, based on aligned full-length cDNA sequences, in the 

human genome [107].  These TSS were mapped to the March 2006 human genome 

reference sequence (NCBI Build 36.1) and used to extract 1kb proximal promoter 



 57 
 

sequences as described previously [108,109].  This procedure was used to ensure analysis 

of the most accurate set of human proximal promoter sequences possible.  For the 

additional three mammalian species analyzed – chimpanzee (Pan troglodytes), mouse 

(Mus musculus) and rat (Rattus norvegicus) – the locations of proximal promoter 

sequences were determined based on the 5’ most position of NCBI Refseq gene models 

[110].  These positions were used to download 1kb proximal promoter sequences from 

the latest respective genome builds for each organism from the UCSC Genome Browser 

[111]: chimpanzee n = 24,170, mouse n = 20,589 and rat n = 8,737.  

The program RepeatMasker [112] was used to detect and annotate repetitive 

elements in the proximal promoter sequences.  RepeatMasker was run using 500bp of 

flanking sequence on either end of the proximal promoter regions analyzed to avoid edge 

effects in the detection of repeats.  Repetitive elements detected by RepeatMasker were 

broken down into two main categories: interspersed repeats, also known as transposable 

elements (TEs), and simple sequence repeats (SSRs).  SSRs may be annotated as low 

complexity sequences and correspond to runs of repeating k-mers where k = 1-13bp for 

microsatellites and k = 14-500 for minisatellites.  TEs were further divided into specific 

classes: LINEs, SINEs, LTR and DNA as well as specific families L1 and Alu.    

 Proximal promoter sequences, including 500bp flanks, were analyzed using the 

Nucleosome Prediction software developed by the Segal lab [40].  This software was 

used to calculate the probability of each nucleotide being occupied by a nucleosome in all 

promoter sequences.  These nucleosome occupancy probabilities are based on the 

periodicity of dinucleotides – AA/TT/TA – that are characteristic of genomic sequences 

that have been experimentally isolated as bound to nucleosomes.  Predictions for the 
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relative placement of nucleosomes along genomic sequence are further informed by a 

thermodynamic stability model.  The nucleosome prediction model used in our analysis is 

based on experimentally characterized nucleosome bound sequences reported for chicken 

[113].  The chicken model has been proven accurate when used on other vertebrate 

genomes [40].  For sets of promoter sequences, nucleosome occupancy averages were 

calculated over each position of the 1kb proximal promoter regions and these average 

values were taken as the position-specific nucleosome binding affinities (nba) reported 

here. 

 Two sets of promoter sequence randomizations were done and position-specific 

nucleosome binding affinities were re-calculated on the randomized sequence sets.  The 

first randomization consisted of randomly shuffling entire 1kb proximal promoter 

sequences.  This has the effect of maintaining overall nucleotide composition of the 

promoter sequences while changing the dinucleotide composition as well as any regional 

nucleotide biases along the promoters.  The second randomization procedure consisted on 

randomly shuffling non-overlapping 100bp windows along the promoter sequences in 

place.  This has the effect of maintaining both overall and local nucleotide composition of 

the promoters while changing the dinucleotide composition.  

 

Repeat-based promoter clustering 

Human proximal promoter sequences were clustered solely based on their 

repetitive DNA architectures.  To do this, we generated 1,000-unit vectors that represent 

the position-specific repeat content for each promoter sequence.  A discrete value was 

assigned to each promoter sequence position (nucleotide) in the following manner: 
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where Xi represents the nucleotide at position i.  

 

Promoter sequence repeat vectors were then clustered using a combination of k-means 

clustering (k = 5, 10, 20) and Self Organized Mapping using the program Genesis [114].  

We found that using k-means clustering with k = 5 followed by a Self Organized Map 

generated the most coherent clusters in terms of the repeat content of the vectors.   

 

Gene Expression Analysis 

We used version 2 of the Novartis mammalian gene expression atlas (GNF2), 

which provides replicate Affymetrix microarray data for 44,775 probes across 79 human 

tissues [89].  GNF2 expression data, in the form of Affymetrix signal intensity values, 

were obtained from the UCSC Table Browser [115], and Affymetrix probes were mapped 

to NCBI Refseq identifiers using the UCSC Table Browser tools.  For each gene, the 

average, maximum and breadth of expression were computed across the 79 tissues in the 

GNF2 data set.  Expression breadth is taken as the number of tissues where the gene has a 

signal intensity value > 350.  Co-expression between gene pairs was measured by 

computing the Pearson correlation coefficient (r) between pairs of gene-specific 

expression signal intensity vectors: 
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gi = [t1, t2 … t79] 

 

where gi is the ith gene and tn is the expression level for that gene in the nth tissue.  

 For each repeat-specific promoter cluster, the average r-value for all pairwise 

comparisons between genes in the cluster was computed.  In addition, the difference (diff) 

between the cluster-specific r-value averages (cluster-r) and all possible pairwise r-values 

between genes (all-r) was computed for each cluster:  

 

diff = cluster-r – all-r 

 

The significance of these differences was computed using the normal deviate: 

 

z = diff / sediff 

 

where sediff is the standard error of the difference. 

 

Probabilistic analysis of promoter repeats 

We used a probabilistic representation of the repeat content of the human 

proximal promoter sequence clusters in order to derive gene (promoter)-specific 

similarity scores that indicate the probability that any human gene (promoter) belongs to 

a specific repeat cluster.  To do this, each proximal promoter sequence (1kb upstream of 

the TSS) in a cluster was divided into 20 non-overlapping windows of 50bp each.  For 

each window (w), the probability (p) of the occurrence of a TE nucleotide, or SSR 
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nucleotide or a non-repetitive (NR) nucleotide was calculated separately using the 

following formula: 

  

∑
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where fb,w = counts of base b in window w and b represents counts of either TE 

nucleotides, or SSR nucleotides or non-repetitive nucleotides, N = number of sites in the 

window (50) and s(b) = a pseudocount function.  The probabilities thus calculated for 

each window were averaged for all promoters in the cluster.  This procedure was repeated 

to yield repetitive DNA probabilistic representation models for each of the six promoter 

clusters. 

All the proximal promoter sequences analyzed were then scored against each of 

the six cluster-specific probabilistic models using a log-likelihood ratio approach 

illustrated as follows: 
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where fb = p,b,w, x 50, which is the model frequency used as background.  Promoter-

specific scores (S) were then computed as the sum of log-likelihood ratios over the 20 

windows of 50bp each: 
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Using this method, we scored all genes (promoters) against each of the six cluster 

models to generate six cluster-specific gene (promoter) score vectors.  This modeling and 

scoring method is a modification of the approach used to score sequence motifs, such as 

transcription factor binding sites, based on motif-characteristic position-weight matrices 

[116]. 

 In order to relate promoter sequence repetitive DNA architecture to tissue-specific 

gene expression, the gene (promoter)-specific probabilistic repeat cluster scores were 

correlated with tissue-specific gene expression signal intensity values for each of the 79 

tissues in GNF.  This was repeated with gene (promoter)-specific scores assigned to each 

gene for each of the six repeat clusters.  For example, for the cluster1 (c1) versus tissue1 

(t1) comparison: 

 

c1 = [Sg1, Sg2 … Sg7913] x t1 = [eg1, eg2 … eg7913] 

 

where gi is the ith gene, S is the score for the cluster1 model and e is the expression level 

for that gene in tissue1.  In other words, each gene analyzed is assigned a repeat 

probability score for each of the six clusters, and these six sets of repeat probability 

promoter scores are individually correlated with the GNF2 tissue-specific expression 

values for the genes.  This procedure resulted in a 6 x 79 matrix of correlation values. 

 

 

 



 63 
 

Gene Ontology (GO) analysis 

GO annotation terms [117] for human genes were obtained from the Gene 

Ontology Annotation database (http://www.ebi.ac.uk/GOA/).  GO terms were further 

mapped to higher level GO slim categories.  Expected versus observed frequencies of GO 

slim terms were compared using χ2 tests for each promoter repeat cluster, as well as for 

the combined TE– and TE+ groups, in order to look for over-represented GO slim 

categories.  The pairwise similarity between GO terms was computed using modified 

semantic similarity method [118,119] as described previously [120,121].  The GO 

similarity difference (GOdiff) was calculated between the average pairwise similarity for 

GO terms from pairs of genes within TE groups (e.g. TE+) and the average pairwise GO 

similarity for all possible pairs of genes: 

 

GOdiff = GOsim-TE+ – GOsim-all 

 

The significance of the difference was measured using the normal deviate as described 

for the gene expression analysis. 

 

Statistical Analysis 

Standard statistical tests were used to compare population means for pairwise 

(Student’s t-test) and for multiple comparisons (ANOVA), to correlated vectors of 

nucleosome binding affinities, TE and SSR densities, expression and promoter score 

values (Pearson correlation coefficient), to control for the confounding effects of multiple 



 64 
 

variables on correlation values obtained (partial correlation) and to evaluate the 

difference between observed and expected GO terms (χ2) [122]. 

 

Results and discussion 

Repetitive DNA and nucleosome binding affinity 

Experimentally characterized human gene proximal promoter sequences (n = 

7,913) were taken from the Database of Transcriptional Start Sites (DBTSS) [107] and 

analyzed with respect to their repetitive DNA content and nucleosome binding affinities.  

The locations of repetitive DNA elements along promoter sequences were determined by 

the RepeatMasker program and nucleosome binding affinities were predicted using the 

method of Segal et al. [40].  Two classes of repetitive DNA were analyzed separately: 

interspersed repeats, also known as transposable elements (TEs) and simple sequence 

repeats (SSRs), which are made up of runs of exact or nearly exact repeating k-mers.  For 

each promoter position, from 1kb upstream to the transcriptional start site (TSS), the 

average TE and SSR densities over all promoter sequences were calculated as the fraction 

of sequences for which that position was occupied by a TE or SSR.  Average nucleosome 

binding affinities across promoter positions were calculated as the fraction of sequences 

for which a given position was predicted to be occupied (bound) by a nucleosome.  

Average nucleosome binding affinities and the average TE density follow parallel trends 

along the proximal promoter regions (Figure 3.1a).  Nucleosomes bind more tightly and 

TEs are found more frequently distal to the TSS, whereas nucleosomes bind promoter 

sequences most proximal to the TSS with lower affinity and TEs are rarely found close to 

the TSS.  SSRs show a distinctly different trend with a higher density close to the TSS 
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that corresponds to the decrease in nucleosome binding affinity.  The SSR density 

matches the nucleosome binding even more closely than the TE density just upstream of 

the TSS.  Nucleosome binding affinities decrease steadily from distal regions until ~35bp 

upstream of the TSS, then the nucleosome binding affinity increases towards the TSS.  

Similarly, the SSR density increases to the same point and then drops off as the 

nucleosome binding affinity increases (Figure 3.1a).  This core promoter region where 

nucleosome binding affinity is at its lowest and SSR density is at its highest corresponds 

to the location where the basal transcriptional machinery assembles, and RNA 

polymerase II binds, to initiate transcription.   

The correlations between nucleosome binding affinities with TE and SSR 

densities along human proximal promoter regions are robust and highly statistically 

significant (Figure 3.1b).  Previously, we observed that nucleotide composition changes 

markedly along human proximal promoter sequences with an increase in CpG frequency 

close to the TSS [108], while the nucleosome binding prediction method we employed in 

this analysis relies on the periodicity of AT-rich dinucleotides [40].  Thus, it is possible 

that the high (low) nucleosome binding affinity of TE (SSR) sequences in proximal 

promoter regions is a corollary effect of local differences in nucleotide composition.  We 

attempted to control for this possibility in several ways.  First of all, average nucleosome 

binding affinities were computed for all TE, SSR and non-repetitive sequences 

irrespective of their locations along proximal promoter regions.  On average, TE 

sequences bind nucleosomes most tightly, followed by non-repetitive DNA and SSRs, 

which have the lowest nucleosome affinities (Figure 3.2a); all differences are highly 

statistically significant (ANOVA F = 4.5e11, P ≈ 0).   
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In addition to the binding affinity observations that are based on the nucleosome 

prediction software, we also analyzed the nucleosome wrapping characteristic AA/TT/TA  

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.1.  Repetitive DNA density and nucleosome binding affinity along human 
proximal promoter sequences.  (A) Average nucleosome binding affinities (green line, 
values on left y-axis) along with average TE densities (blue line, values on right y-axis) 
and average SSR densities (pink line, values on right y-axis) over 7913 human proximal 
promoter sequences are plotted over each promoter position starting from −1000 bp 
upstream and progressing to the transcriptional start site (TSS at position 0). (B) Linear 
trends and correlations relating position-specific nucleosome binding affinities (y-axis) 
to TE (blue) and SSR (pink) densities (x-axis) are shown. Statistical significance levels 
of the r-values are based on the Student's t-distribution with df=n−2=998 where 
t=r�sqrt((n−2)/(1−r2)). 
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Figure 4.2.  Nucleosome binding properties for repetitive versus non-repetitive DNA.  
(a) Average predicted nucleosome binding affinities are shown for TE, SSR and 
nonrepetitive human promoter sequences. (b) Periodicity of the nucleosome binding 
(wrapping) characteristic dinucleotides AA/TT/TA are shown for 39 experimentally 
characterized nucleosome bound TE sequences from chicken. (c) Histogram showing the 
inter-peak distances for AA/TT/TA dinucleotides. 
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dinucleotide frequencies along experimentally characterized nucleosome bound 

sequences from chicken [113] that we identified as being derived from TEs (n = 39).  The 

chicken TE sequences show the characteristic AA/TT/TA dinucleotide periodicity 

expected of nucleosome bound sequences (Figure 3.2b); in fact, the average distance 

between dinucleotide peaks for these TE sequences is ~10.3bp, which is close to the 

expected distance of 10.2bp corresponding to one turn of the DNA helix (Figure 3.2c).  

This is significant because DNA sequences are thought to wrap around nucleosomes by 

bending sharply at each repeating turn of the DNA helix, and this sharp bending is 

facilitated by the specific AA/TT/TA dinucleotides [39]. 

We also attempted to control for nucleotide composition effects by randomizing 

promoter sequences and re-calculating nucleosome binding affinities.  First, entire 1kb 

promoter sequences were randomized and nucleosome binding affinities re-calculated.  

This control procedure has the effect of eliminating both native dinucleotide occurrences 

and local nucleotide composition biases.  The average nucleotide binding affinity for 

such randomized promoter sequences (nba = 0.16) is ~3x lower than seen for the 

observed promoter sequences (nba = 0.49), and the difference between random and 

observed affinities is highly significant (t = 23, P = 5.3e-100).  In addition to differences 

in the magnitude of the nucleosome binding affinities, the relative affinity trends along 

the promoters were compared for the random versus observed sets.  Partial correlation 

was used to control for the effects of the random sequences on the observed relationship 

between nucleosome binding affinity with TE and SSR densities along proximal 

promoters.  The positive (negative) correlations between nucleosome binding for TE 

(SSR) do not change when the correlations between random sequences and nucleosome 
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binding along the promoters are accounted for [rnba⋅TE|random1 = 0.99 and rnba⋅SSR|random1 = -

0.85].   

A second randomization procedure was done to account for local differences in 

nucleotide composition along proximal promoter sequences.  In this case, sequences were 

randomized within non-overlapping 100bp windows along the promoters.  This had the 

effect of eliminating native dinucleotide occurrences while maintaining local nucleotide 

composition biases.  As with the complete sequence randomization procedure, the locally 

randomized sequences have significantly lower nucleosome binding affinities (nba = 

0.23) than the observed sequences (nba = 0.49), and this 2.1x difference is highly 

statistically significant (t = 17, P = 5.0e-55).  Clearly, local nucleotide composition alone 

can not explain the observed nucleosome binding affinities.  However, the relative trends 

in nucleosome binding show different local nucleotide composition effects for TEs versus 

SSRs.  The partial correlation controlling for the effects of local nucleotide composition 

on the relationship between TE density and nucleosome binding eliminates the positive 

correlation seen across the entire promoter for the observed data [rnba⋅TE|random2 = -0.14].  

This suggests that local nucleotide composition bias influences the decreasing trend in 

nucleosome binding affinities along proximal promoters irrespective of TE density.  

Interestingly, this same mitigating effect of local nucleotide composition is not seen for 

the relationship between SSRs and nucleosome binding [rnba⋅SSR|random2 = -0.53].  This 

suggested the possibility that most of the local nucleotide composition bias effect on the 

relationship between TEs and nucleosome binding may be confined to the region closest 

to the TSS where TEs are largely absent and SSRs are at their most dense (Figure 3.1a).  

Indeed, when partial correlation controlling for local nucleotide bias is done excluding 
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150bp upstream of the TSS, the positive correlation between TEs and nucleosome 

binding affinity remains [-1000 to -150 rnba⋅TE|random2 = 0.76].  In other words, positive TE 

effects on nucleosome binding are most evident away from the TSS, while the SSRs that 

inhibit nucleosome binding act closest to the TSS. 

Taken together, these data suggest the intriguing possibility that the human 

genome utilizes repetitive DNA content along promoter regions to tune nucleosome 

binding in such a way as to facilitate maximum access of the basal transcriptional 

machinery just upstream of TSS.  Furthermore, different classes of repeats play distinct 

roles in this process; TEs bind nucleosomes tightly yielding compact less accessible 

DNA, while SSRs extrude nucleosomes creating a relatively open chromatin 

environment.    

 

Cross-species comparison 

In addition to the human genome analysis, the relationship between nucleosome 

binding and repetitive DNA content of proximal promoter regions was evaluated for four 

additional mammalian species with complete genome sequences available: chimpanzee 

(Pan troglodytes), mouse (Mus musculus) and rat (Rattus norvegicus).  For these species, 

NCBI Refseq gene models were used to define TSS and proximal promoter regions, 

while TE and SSR repeats and nucleosome binding were analyzed as was done for the 

human genome.  The trends observed for human are highly similar to those seen for the 

other mammalian species (Supplementary Figure A.1).  In chimpanzee, mouse and rat, 

nucleosome binding affinities decrease steadily along the proximal promoter region until 

the core promoter, <50bp from the TSS, where nucleosome binding begins to increase.  
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For these three species, TE density drops precipitously and steadily along the proximal 

promoter while SSR density increases sharply at first in the core promoter near the TSS 

and then drops off again as nucleosome binding affinity increases.  Thus, repeat- rich 

mammalian genomes appear to use repetitive DNA elements to tune nucleosome binding 

and core promoter accessibility in similar ways.  The conservation of the relationship 

between repetitive DNA and nucleosome biding in core promoters of several mammalian 

species suggests that this mechanism may have evolved early in the mammalian radiation 

as repetitive elements were proliferating within genomes.  However, many of the 

repetitive elements that yield these patterns evolve rapidly and are lineage-specific.  

Accordingly, there may be an ongoing dynamic between repeat generation by mutation 

and/or transposition followed by selection based on the promoter location of the repeat 

and specific requirements for chromatin accessibility.  For TEs in particular, this could 

simply mean that the elements are eliminated from core promoter regions close to the 

TSS by purifying selection.  Indeed, negative selection against TE insertions closest to 

TSS would seem to be the easiest way to explain the observed pattern of TE density 

(Figure 3.1a and Supplementary Figure A.1).  However, our analysis of gene expression 

data, described in following sections, suggests that this is not the case.  SSRs, on the 

other hand, appear to be favored in core promoter regions.  
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Figure 4.3.  Clusters of human proximal promoters based on their repetitive DNA 
sequence distributions.  Proximal promoter sequences are represented left-to-right from 
position −1000 bp upstream to the transcriptional start site (TSS). Promoter sequences are 
color coded according to their repeat element distributions. Individual promoter 
nucleotide positions occupied by TEs are shown in blue, SSR positions are shown in 
yellow and non-repetitive positions are shown in black. The vertical size of the clusters 
corresponds to the number of sequences in each cluster. There are two (c1 and c2) 
clusters that contain promoters largely devoid of TE sequences (TE−), and the promoter 
sequences of the remaining four clusters (TE+, c3–c6) contain increasing numbers of TEs. 
 

TE-specific effects on nucleosome binding affinity 

The Repbase library of repetitive DNA elements used by the program 

RepeatMasker can be used to annotate TEs into different classes and families [47,123].  

Using this approach, human TE sequences were divided into LINEs, (L1 and other 

LINES), SINEs (Alu and other SINEs), LTR retrotransposons, and DNA transposons to 

determine if different classes (families) of elements show differential nucleosome binding 

affinities (Table 4.1).  In general, LINEs, LTR retrotransposons and DNA transposons 

have higher affinities for nucleosomes compared to SINEs.  Specifically, L1 elements 
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exhibit the highest nucleosome binding affinities while Alu elements display the lowest 

affinity for nucleosomes.  All differences are statistically significant (Table 4.1, 

ANOVA). 

 The differences in nucleosome binding affinities between L1 and Alu are 

consistent with their respective nucleotide compositions and perhaps also relevant to their 

genomic distributions.  L1 elements, and LINEs in general, are more AT-rich than Alus 

(SINEs), and AT-rich sequences are more likely to bind nucleosomes tightly as discussed 

previously.  L1 elements are also biased towards intergenic regions in their distribution, 

while Alu elements are found primarily in gene rich regions.  In fact, it has been shown 

that Alus are preferentially retained in GC- and gene-rich regions of the genome, and this 

has been taken to suggest that they may be selectively fixed therein by virtue of some 

gene-related function that they play [8].  Our data showing lower nucleosome binding for 

Alu elements suggests that they may be retained in gene regions by virtue of their ability 

to maintain a relatively open chromatin environment.  Conversely, L1 elements may help 

to maintain compact chromatin structures characteristic of intergenic regions. 
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Figure 4.4.  Gene expression comparison for TE− versus TE+ promoter clusters. 
Human gene expression data are from the Novartis mammalian gene expression atlas 
version 2 (GNF2). (a) Average level of expression, (b) maximum level of expression and 
(c) breadth of expression across 79 human tissues (cells) are compared for genes that 
have TE− versus TE+ promoter sequences. Statistical significance levels are based on the 
Student's t-test. 
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Promoter repeat architecture and gene expression levels 

In light of the observed relationship between repetitive DNA elements and 

nucleosome binding, we used the repetitive DNA content of proximal promoter regions 

to group human genes into related clusters.  The gene expression and functional 

properties of the clusters were then compared to their characteristic repeat architectures.  

To cluster human genes using their promoter repeat distributions, proximal promoter 

sequences were represented as 1,000-unit vectors with each position in a sequence-

specific vector receiving a score indicating whether that particular nucleotide is part of a 

TE, SSR or non-repetitive sequence.  These gene-specific promoter repeat vectors were 

then compared using a distance metric and clustered as described (Materials and 

Methods).  This approach ensured that the clusters reflect both the abundance, or lack 

thereof, and the location of distinct repetitive DNA elements in human promoter 

sequences.  In other words, this scheme relates human genes solely by virtue of their 

promoter repeat distributions. 

 We obtained six repeat-specific clusters of human genes in this way (Figure 3.3), 

each cluster representing a distinct overall pattern of TE and/or SSR content and 

distribution.  Two of these clusters (c1 & c2, TE–) consist of genes that are largely 

devoid of TEs, while four consist of genes with increasing TE densities (c3 – c6, TE+).  

c1 does not contain any repetitive DNA, while c2 is enriched in SSR sequences and has 

very low TE content.  c3 – c6 have progressively more TE content with locations shifting 

slightly towards the TSS. 

 The gene expression properties of the human genes in these clusters were 

analyzed using version 2 of the Novartis mammalian gene expression atlas (GNF2) [89].  
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This data set consists of Affymetrix microarray experiments, performed in replicate, on 

79 different human tissue (cell) samples.  For each human gene, over 79 tissues, we 

computed the average expression level, maximum expression level and breadth of 

expression as described (Materials and Methods); cluster-specific averages for each of 

these parameters were then compared (Figure 3.4).  We were surprised to find that 

clusters that contain TEs (c3 – c6, TE+) have higher average, maximum and breadth of 

expression than clusters that are largely devoid of TEs (c1 & c2, TE–).  Gene expression 

levels are known to correlate with a number of measures of gene ‘importance’ such as 

sequence and phylogenetic conservation, fitness effects, numbers of protein interactions 

etc [124,125,126,127,128].  In other words, genes that are more highly and broadly 

expressed are under greater purifying selection than genes with lower expression levels.  

If TEs are eliminated from proximal promoter sequences by purifying selection, then one 

may expect that TE+ promoters would have lower, and not higher as we observe, levels 

of gene expression than TE– promoters.  In other words, our analysis of repeat cluster 

gene expression levels argues against the straightforward interpretation that the paucity of 

TEs in proximal promoter sequences, and their decreasing frequency closer to TSS, is a 

result of purifying selection against disruptive insertions in core promoters.   

On the other hand, one may expect that genes with more restricted and more 

tightly regulated expression, such as developmental genes, would have more TE sensitive 

promoters than genes that are highly and broadly expressed.  In fact, developmental 

genes are known to have promoters that are largely devoid of TEs [129,130].  This may 

reflect that fact that such genes are more finely and tightly regulated and accordingly 

contain more complex promoters with higher numbers of cis-regulatory elements.  If this 
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is indeed the case, then the paucity of TEs in proximal promoter regions may still be 

explained, to some extent, by purifying selection against disruptive insertions.  

Discrimination between these two hypotheses regarding the selective elimination, or lack 

thereof, of proximal promoter TE sequences awaits further analysis. 

 

 

Figure 4.5.  Gene co-expression for repeat-specific proximal promoter clusters. 
Average pairwise Pearson correlation coefficients (r) for gene expression across 79 
human tissues are shown for clusters 1–6 (see Figure 3.3) as well as for the TE−versus 
TE+ clusters (inset). Statistical significance levels are based on ANOVA for multiple 
comparisons and on the Student's t-test for the TE− versus TE+ comparison. 
 
 
 
Promoter repeat architecture and tissue-specific gene co-expression 

 In addition to analyzing repeat cluster gene expression levels, we also evaluated 

the relationship between the tissue-specific expression patterns of genes across the 79 

tissues from GNF2 and their promoter repeat content.  To do this, gene-specific vectors 



 78 
 

of expression levels across tissues were compared using the Pearson correlation 

coefficient (r); positive values of r indicate gene pairs that are co-expressed across 

tissues.  For each cluster, average r-values were computed based on all pairwise 

comparisons within the cluster (Figure 3.5).  Higher average r-values are associated with 

increasing TE promoter content of the clusters.  For instance, there is a positive (R = 

0.77), albeit marginally significant (z = 1.72, P = 0.1), rank correlation between cluster 

TE content and co-expression.  In addition, all four TE+ clusters have greater average co-

expression than either of the TE– clusters, and the average r-value for TE+ clusters 

together is significantly greater than seen for the combined TE– clusters (Figure 3.5).   

 

 

Figure 4.6.  Differences in gene co-expression between cluster-specific gene pairs 
versus all possible pairs of genes.  Average pair-wise Pearson correlations (r) for gene 
expression across 79 human tissues were measured for all possible gene pairs and this 
value was subtracted from the average pair-wise r-values for genes within each repeat-
specific cluster (c1–c6). A negative value indicates that genes within the cluster have less 
similar co-expression than background, whereas a positive value indicates that genes 
within a cluster are more highly co-expressed than expected. 
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The possibility of gene co-regulation within repeat clusters was also evaluated by 

taking the difference between the average r-value for all pairwise comparisons within 

clusters to average pairwise r-value for all gene comparisons (Materials and Methods).  If 

genes within clusters are co-regulated, then the value of this difference should be 

positive, whereas no co-regulation will yield a negative difference value.  The TE– 

clusters 1 & 2 have negative difference values indicating that genes with no TEs in their 

promoters are less co-expressed with other genes possessing a similar lack of repeats than 

they are with all genes.  On the other hand, the TE+ clusters 3-6 all have positive 

difference values further demonstrating that genes with similar repetitive DNA profiles in 

their promoters are more closely co-expressed than are random pairs of genes.  The 

difference values for each cluster are statistically significant (7.3>z>100.6, 1.4e-13<P<0).     

Taken together, these observations on gene co-expression also argue against the 

notion that TE insertions in proximal promoter sequences are basically disruptive or 

deleterious, since the presence of similar TE promoter distributions implies a higher level 

of gene co-regulation than the absence of TEs does.  This is not to say that the majority of 

de novo TE insertions in and around functional promoter sequences are not deleterious, 

clearly they are.  However, the repeat sequences that have been fixed in proximal 

promoter sequences do appear to make functionally relevant contributions to chromatin 

accessibility and help to regulate levels and specific patterns of gene expression. 
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Probabilistic analysis of promoters and gene expression 

Given the relationship between gene expression and the repetitive DNA 

architecture of human promoters we observed, we wanted to further evaluate the 

propensity of human genes to be expressed in specific tissues based on the repetitive 

DNA content of their promoters.  To do this, we used a probabilistic representation of 

cluster-specific promoter architectures together with the GNF2 expression data.  This 

involved partitioning 1kb proximal promoter sequences into 20 non-overlapping 

windows of 50bp each, and for a given cluster, representing the probability of observing 

TE, SSR or non-repetitive nucleotides in each window (Materials and Methods).  The 

probabilistic representation of promoter repeat architectures we employed is 

mathematically analogous to the probabilistic representations of position weight matrices 

(PWMs) used to summarize position-specific residue frequencies among collections of 

sequence motifs such as transcription factor biding sites [116].  Accordingly, promoter 

repeat profiles can be represented as sequence logos showing the probability and 

distribution for sites of different repeat classes (Supplementary Figure A.2).  The cluster-

specific promoter repeat profiles can then be used to score individual promoter sequences 

just as PWM representations can be used to score putative motif sequences.  Connecting 

these cluster- and position-specific promoter repeat profiles to tissue-specific gene 

expression profiles was done in a way that is similar to the methodology used to connect 

the presence of transcription factor binding site motifs to specific gene expression 

patterns [131]. 

For each of the 79 tissues in GNF2, each promoter sequence was given six 

cluster-specific scores, and for each cluster, the gene-specific scores were correlated with 
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the tissue-specific gene expression levels (Materials and Methods).  This resulted in a 6-

by-79 matrix of cluster-by-tissue correlations (Figure 3.7).  The TE+ clusters 4 & 6 show 

particularly high correlations with a number of tissues, such as B lymphoblasts (Figure 

3.7b and 3.7c), whereas the TE– clusters 1 & 2 show low correlations with the same 

tissues and lower correlations overall.  This indicates that certain repeat-rich promoter 

architectures play a role in driving tissue-specific expression, while repeat poor 

promoters have less coherent regulatory properties.  In addition, the differences in 

promoter score-expression level correlations across tissues and between clusters indicate 

that different repeat contexts are likely to have tissue-specific regulatory functions.  

Hierarchical clustering of the tissues and the clusters, according to the promoter score-

expression level correlations, groups related tissues together including reproductive 

tissues, immune related cells and cancer samples (Figure 3.7a).  This indicates that TE-

rich promoters may help to regulate genes that function specifically in these tissues 

further underscoring the biological significance of promoter sequence repetitive DNA 

profiles.    

 

Gene Ontology analysis 

Having established a connection between repetitive DNA promoter architectures 

and gene regulation, we wondered whether genes with similar promoter repeat 

distributions encoded proteins with related functions.  In order to test this, we used 

analysis of Gene Ontology (GO) terms for genes within and between the TE– versus the 

TE+ repeat-specific promoter clusters (Figure 3.3).  A modified version of the GO 

semantic similarity measure [118,119] was used to compare the similarities between GO 
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terms within clusters versus the background GO similarity among all pairs of genes.  As 

described previously [120,121], the GO semantic similarity approach measures the 

pairwise similarity between annotation terms along the GO directed acyclic graph in 

order to evaluate the functional similarity between pairs of genes.  For TE– and TE+ 

genes, the GO similarity difference (GOdiff) is equal to the average GO similarity for all 

gene pairs within clusters minus the average GO similarity for all possible gene pairs 

(Materials and Methods).  Negative values of GOdiff indicate that gene pairs are more 

similar within clusters than for all possible pairs.  Both the TE– and TE+ gene sets 

encode proteins that are significantly more functionally similar than the background 

comparison set [TE– = -3.4e-3, z = 34, P≈0; TE+ = -7.9e-3, z = 11, P = 4.8e-3].  

However, within the TE+ clusters, pairs of genes encode proteins that are significantly 

more functionally similar, on average, than the pairs of genes found within the TE– 

clusters (t = 5.8, P = 6.4e-9).  This is consistent with the stronger signal of gene co-

regulation seen for clusters of promoter sequences that are enriched for TEs and 

underscores the potential biological significance of repeat-rich promoter sequences in the 

human genome.    

Given the functional coherence of repeat-specific clusters demonstrated by the 

GO similarity analysis, we wanted to evaluate whether certain GO functional categories 

are over-represented within specific clusters.  To do this, we traced the GO terms 

represented in the dataset to GO slim terms (Table 4.2).  GO slim categories provide a 

higher level view of more granular individual GO annotations in order to provide an 

overview of the kinds of functions that may be over-represented in different groups.  The 

observed counts of GO slim categories for each of the six repeat-specific clusters, as well 
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as for the combined TE– and TE+, groups were compared to their expected values based 

on the background GO slim frequencies across all clusters to look for over-represented 

terms.  Genes in the electron transport, cytoplasm, catalytic activity and oxidoreductase 

activity categories were found to be over-represented in TE+ clusters and accordingly 

under-represented in the TE– clusters, whereas genes in cell communication, 

multicellular organismal development, regulation of biological process and transcription 

regulator activity categories are over-represented in TE– clusters and under represented 

in TE+ clusters.  Evaluation of over-represented GO terms in individual clusters reveals 

coherence across the three categories of GO terms: molecular function, cellular 

component and biological process.  For instance, the TE+ cluster 5 has an over-

represented receptor and transporter activities in the molecular function category that 

agree with the cell surface cellular component term and the response to stimulus 

biological process term.  The over-represented catalytic activity molecular process term 

for the most TE-rich cluster 6 corresponds to a cytoplasmic cellular component term 

along with metabolic and biosynthetic biological process terms.  In a general sense, the 

coherence of GO functional annotations within repeat-specific clusters and the 

differences between clusters are consistent with biological significance of the regulatory 

differences seen for these clusters.   
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Table 4.1.  Average* nucleosome binding affinities for TE classes (families) 
aTEs are broken down by class (family) using RepeatMasker.  The L1 and Alu families 
are considered separately from all other LINEs and SINEs respectively.  All LTR and 
DNA elements are considered together as classes. 
bAverage nucleotide binding affinities ± standard errors. 
*All differences are statistically significant (ANOVA F = 2.8e4, P≈0). 
 

TE class (family)a Avg nba ± s.e.b 
L1 0.849 ± 6.8e-4 
LINE other 0.805 ± 7.6e-4 
Alu 0.510 ± 5.2e-4 
SINE other 0.789 ± 7.0e-4 
LTR 0.807 ± 7.9e-4 
DNA 0.802 ± 9.8e-4 

 
 
 
Table 4.2.  Over-represented* GO slima terms for repeat-specific promoter clusters. 
aGO slim categories provide a high level view of GO functions and subsume a number of 
lower (more granular) GO functional annotation categories. 
bRepeat-specific clusters 1-6 along with the combined TE+ and TE– groups (see Figure 
3.3). 
cGO functional annotation categories. 
*Statistical significance for over-represented terms was evaluated using with χ2 tests with 
at least χ2>4.2, P<0.04. 
 
Groupb Molecular Functionc Cellular Componentc Biological Processc 
TE– GO:0030528 : transcription 

regulator activity 
- GO:0007154 : cell communication 

GO:0007275 : multicellular 
organismal development 
GO:0050789 : regulation of biological 
process 

TE+ GO:0003824 : catalytic activity 
GO:0016491 : oxidoreductase 
activity 

GO:0005737 : cytoplasm GO:0006810:transport 
GO:0007154:cell communication 

C1 GO:0005198 : structural molecule 
activity 

- - 

C2 GO:0016301 : kinase activity 
GO:0016491 : oxidoreductase 
activity 
GO:0030528 : transcription 
regulator activity 

- GO:0007154 : cell communication 
GO:0007275 : multicellular 
organismal development 
GO:0007610 : behavior 
GO:0030154 : cell differentiation 
GO:0050789 : regulation of biological 
process 

C3 - - - 

C4 GO:0003824 : catalytic activity GO:0005737 : cytoplasm GO:0006944 : membrane fusion 
GO:0009056 : catabolic process 
 

C5 GO:0004872 : receptor activity 
GO:0005215 : transporter activity 
GO:0022857 : transmembrane 
transporter activity 

GO:0009986 : cell surface GO:0050896 : response to stimulus 

C6 GO:0003824 : catalytic activity GO:0005622 : intracellular 
GO:0005737 : cytoplasm 

GO:0008152 : metabolic process 
GO:0009058 : biosynthetic process 
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Conclusions 

We have uncovered a connection between repetitive DNA sequences and 

nucleosome binding in human proximal promoter regions along with an influence of 

repetitive DNA promoter sequences on specific patterns of gene expression.  

Interestingly, different classes of repetitive elements function differently to mediate 

nucleosome binding; TEs bind nucleosomes tightly and are generally excluded from core 

promoter regions, while SSRs have a low affinity for nucleosomes and are enriched just 

upstream of TSSs.  Thus, it appears that repetitive sequence elements are differentially 

utilized to tune the accessibility to promoter sequences by transcription factors, 

particularly the basal transcriptional machinery that assembles just upstream of the TSS, 

via changes in the local chromatin environment.   
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CHAPTER 5 

EPIGENETIC HISTONE MODIFICATIONS OF HUMAN  
 

TRANSPOSABLE ELEMENTS: GENOME DEFENSE VERSUS  
 

EXAPTATION 
 
 

Abstract 

Background 

Transposition is disruptive in nature, and thus it is imperative for host genomes to 

evolve mechanisms that suppress the activity of transposable elements (TEs).  At the 

same time, transposition also provides diverse sequences that can be exapted by host 

genomes as functional elements.  These notions form the basis of two competing 

hypotheses pertaining to the role of epigenetic modifications of TEs in eukaryotic 

genomes: the genome defense hypothesis and the exaptation hypothesis.  To date, all 

available evidence points to the genome defense hypothesis as the best explanation for 

the biological role of TE epigenetic modifications. 

 

Results 

We evaluated several predictions generated by the genome defense hypothesis 

versus the exaptation hypothesis using recently characterized epigenetic histone 

modification data for the human genome.  To this end, we mapped chromatin 

immunoprecipitation sequence tags from 38 histone modifications, characterized in 

CD4+ T cells, to the human genome and calculated their enrichment and depletion in all 

families of human TEs.  We found that several of these families are significantly enriched 
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or depleted for various histone modifications, both active and repressive.  The enrichment 

of human TE families with active histone modifications is consistent with the exaptation 

hypothesis and stands in contrast to previous analyses that have found mammalian TEs to 

be exclusively repressively modified.  Comparisons between TE families revealed that 

older families carry more histone modifications than younger ones, another observation 

consistent with the exaptation hypothesis.  However, data from within family analyses on 

the relative ages of epigenetically modified elements are consistent with both the genome 

defense and exaptation hypotheses.  Finally, TEs located proximal to genes carry more 

histone modifications than the ones that are distal to genes as may be expected if 

epigenetically modified TEs help to regulate the expression of nearby host genes.   

 

Conclusions 

With a few exceptions withstanding, most of our findings support the exaptation 

hypothesis for the role of TE epigenetic modifications when vetted against the genome 

defense hypothesis.  The recruitment of epigenetic modifications may represent an 

additional mechanism by which TEs can contribute to the regulatory functions of their 

host genomes. 
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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.  Of particular interest for this study are the 

epigenetic mechanisms that are thought to have evolved in response to the proliferation 

of TEs in eukaryotic genomes [25]. 

 Transposition is inherently disruptive in nature, thus to ensure their own survival, 

host genomes must have evolved various repressive mechanisms to guard against 

deleterious TE insertions.  Epigenetic regulatory modifications represent a broad class of 

silencing mechanisms that may have come into existence in response to the need to 

repress TEs [24,25,26,28].  The notion that epigenetic regulatory systems evolved to 

silence TEs is known as the ‘genome defense hypothesis’ [28], and this hypothesis can be 

taken to make several predictions regarding the epigenetic modifications of TEs.  

According to the genome defense hypothesis, it be may expected that 1) younger TEs, i.e. 

those that are potentially active, will bear more epigenetic modifications than older 

inactive TEs and 2) TEs will bear primarily repressive (gene silencing) modifications 

rather than active modifications, which are associated with gene expression. 

An alternative hypothesis to the genome defense model is what we refer to as the 

‘exaptation hypothesis.’  An exaptation describes an organismic feature that currently 

performs a function for which it was not originally evolved [36].  In the case of TEs, it is 

well known that a number of formerly selfish or parasitic element sequences have been 
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exapted to provide regulatory and/or coding sequences that serve to increase the fitness of 

the host [100,132].  For instance, TEs can regulate host genes by serving as the targets of 

epigenetic histone modifications that spread into adjacent gene loci [24,74].  TE 

sequences that have been exapted are often anomalously conserved owing to the fact that 

they are preserved by natural selection after acquiring a function for the host genome 

[133].  For this reason, exapted TEs tend to be relatively ancient compared to TEs 

genome-wide. 

Consideration of the exaptation hypothesis for TEs in epigenetic terms also yields 

several specific predictions.  According to the TE exaptation model, it is expected that 1) 

older and more conserved TEs will bear more epigenetic marks than younger TEs 2) both 

active and repressive histone modifications will be targeted to TEs and 3) TEs closer to 

genes will bear more histone modifications than more distal TEs. 

Our current understanding of the relationship between TEs and epigenetic histone 

modifications is mainly derived from studies on plants and fungi 

[29,42,67,68,69,70,71,72].  The vast majority of evidence from these studies points to the 

genome defense hypothesis as the best explanation for how and why TEs are 

epigenetically modified.  For instance, in Arabidopsis thaliana TE insertions can trigger 

de novo formation of heterochromatin by recruiting repressive histone modifications 

[24,29].  Similarly, in the yeast Schizosaccharomyces pombe, a classical repressive 

histone tail modification histone H3 lysine 9 trimethylation (H3K9me3) is known to 

induce the formation of heterochromatin upon a TE insertion [73].  For both plants and 

yeast, RNA transcripts generated from TEs are thought to trigger an RNA interference 

related pathway that leads to their epigenetic suppression [42,69]. 
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To date, only a handful of studies have investigated the relationship between 

mammalian TEs and epigenetic histone modifications.  These studies have found that 

mammalian TEs are targeted primarily by repressive histone tail modifications.  The first 

indication of the involvement of repressive histone modifications with human TEs was 

unexpectedly discovered by Kondo and Issa in 2003 who found that H3K9me2 is 

targeted primarily to Alu elements in the human genome [30].  A couple of years later, 

Martens et al. reported varying levels of TE enrichment for repressive marks in repetitive 

DNA in mouse embryonic stem cells [31].  Recently, a genome wide map of several 

histone tail modifications in mouse was published by the Bernstein and Lander groups 

[41,74].  They found that Intracisternal A Particle (IAP) and Early Transposon (ETn) 

elements were the only families of TEs enriched in repressive histone marks.  IAP and 

ETn are young and active lineages of LTR-retrotransposons and their targeting by 

repressive modifications is consistent with the host’s need to suppress their activity.  

Another recent study in mouse by the Jenuwein group also found an enrichment of the 

repressive mark H3K27me3 in silent genes and nearby SINEs [75].  Thus, the majority of 

evidence to date points to the genome defense hypothesis as the best explanation for the 

role of epigenetic modifications targeted to mammalian TE sequences. 

Recently, a series of chromatin immunoprecipitation followed by high-throughput 

sequencing (ChIP-Seq) experiments have been performed by the Keji Zhao group, which 

together yield a genome-wide map of histone tail modifications in human CD4+ T cells 

[32,35].  These data provide a unique opportunity to qualitatively and quantitatively 

investigate the relationship between epigenetic histone modifications and human TEs, 
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and as such, to test the predictions of the genome defense hypothesis versus the 

exaptation hypothesis. 

 

Results and discussion 

Characterization of TE histone modifications 
 

Previously, a series of ChIP-Seq analyses were used to determine the genome-

wide distributions of 38 histone tail modifications in human CD4+ T cells [32,35].  For 

these studies, sequence tags corresponding to specifically modified histones were 

characterized using the Illumina-Solexa platform, and the tags were mapped to the human 

genome sequence using the software provided by the vendor.  This approach only yields 

unambiguously mapped sequence tags that correspond to unique genomic locations.  In 

other words, all tags that map to repetitive sequences are eliminated from consideration.  

Since we are analyzing TEs here, many of which are repetitive DNA sequences, we used 

our own mapping procedure (see Methods) to recover many of the sequence tags that 

map to more than one location in the genome and therefore had been discarded in the 

previous studies. 

Our tag-to-genome mapping procedure yielded a total of 369,225,759 mapped 

sequence tags over the 38 histone modifications.  This figure represents and increase of 

144,125,239 tags (64%) over the previously employed mapping procedure, for an average 

increase of 3,792,769 tags per modification.  Differences in the numbers of mapped tags 

for each histone modification can be seen in Supplementary Figure B.1.  For human TE 

sequences, we mapped an additional 77,065,760 tags over the 38 modifications. 
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The genome defense hypothesis for TE epigenetic modifications predicts that TEs 

will bear primarily repressive rather than active histone tail modifications, whereas the 

exaptation hypothesis holds that both active and repressive histone modifications will be 

targeted to TEs.  Histone tail modifications analyzed here were characterized as active or 

repressive based on their enrichment in genes with different CD4+ T cell expression 

levels using a previously described approach [35].  To apply this approach here, we 

established presence/absence calls for each modification in the promoter regions of 

human genes by comparing promoter modification tag counts to corresponding genomic 

background tag counts as described in the Methods.  We then calculated the fold 

enrichment of expression by comparing the average CD4+ T cell expression level of 

genes marked as present for a particular modification with the average expression level of 

genes that do not display any enrichment of the same modification (Supplementary 

Figure 5.2).  There are 28 histone tail modifications characterized as active using this 

approach and 10 modifications characterized as repressive.  This method reveals the 

effects of individual histone modifications on gene expression, presumably based on how 

they help to determine open versus closed chromatin states.  In other words, active 

modifications are associated with the active expression of human gene sequences, 

whereas repressive modifications are associated with gene silencing.  Accordingly, the 

genome defense hypothesis would predict the targeting of potentially active TEs with 

repressive histone tail modifications. 
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A variety of TEs are found in the human genome [8].  Retrotransposons constitute 

a vast majority of these sequences with Alu and L1 being the youngest and most 

abundant families and MIR and L2 being older inactive lineages of SINEs and LINEs 

respectively.  LTR retrotransposons are a less abundant but more diverse group of 

retrotransposons with very few extant subfamilies.  DNA type elements make up a 

distinct class of TEs, which are substantially less abundant than retrotransposons in the 

human genome.  We evaluated the relative enrichment of each histone tail modification 

over six classes (families) of human TEs: Alu, L1, LTR, DNA, L2 and MIR (Figure 5.1).  

To do this, a fold-change approach similar to that used to characterize active versus 

repressive modifications was used.  For each histone tail modification, the TE family-

specific tag counts were compared against the genomic background for that modification 

(Methods).  Thus, the fold-change values represent the extent to which TE families are 

enriched or depleted for each of the 38 histone tail modifications.  This generated a total 

of 228 (6×38) TE-by-modification fold-change values, all of which were statistically 

significant (Supplementary Table B.1; G test 0≤P<2.1e-5).  TE epigenetic histone 

modifications vary widely according to the TE family as well as the identity of the 

specific modification.  There are numerous active and repressive modifications that are 

enriched for different TE families.  Some families, such as Alu and L2, appear to be 

enriched for active modifications, whereas others, such as L1 and LTR, are depleted for 

active modifications and/or enriched for repressive modifications.  Cleary, human TE 

sequences are bound by histones that are subject to numerous active and repressive 

epigenetic modifications.    
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Figure 5.2.  Correlation between enrichment of histone modifications in TE families 
and for human gene expression.  The enrichment of 38 histone modifications in human 
gene expression (Supplementary Figure B.2) is plotted against the same in 6 TE families 
(Figure 5.1).  See Methods for details and Supplementary Table B.2 for statistical 
significance.  Pearson correlation coefficient values (r) are shown.  

 

Human TEs are distributed non-randomly across the genome with respect to gene 

locations and GC content.  For instance, Alu elements are enriched in and around genes 

in high GC rich regions of the genome, whereas L1 elements are found primarily in AT 
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rich DNA in intergenic regions [8].  Thus, using the entire genomic background of 

histone modification tag counts to compute the modification enrichments for TE families 

with distinct genomic distributions could bias the results.  In order to control for this 

possibility, we re-calculated the enrichment of histone modifications by comparing the 

histone modification tag counts of each TE to a background tag count computed from a 

genomic window encompassing that TE (Methods).  This local approach to computing 

TE histone modification enrichments does not qualitatively change the results obtained 

when compared to the global approach.  Indeed, the TE-histone modification enrichment 

ratios computed using global versus local histone modification background tag counts are 

highly correlated (0.91≤r≤0.99) for each of the six classes (families) of TEs evaluated 

(Supplementary Figure B.3).  For comparison, the relative enrichments of TE-histone tail 

modifications calculated in this way are shown in Supplementary Figure B.4.  Whether 

the TE-histone modification enrichments are computed using global or local modification 

tag counts, human TEs show evidence of being targeted by a number of different active 

and repressive epigenetic marks. 

 

Active versus repressive TE histone modifications 
 

The genome defense hypothesis for TE epigenetic modifications predicts that TEs 

which are capable of transposition will be targeted by repressive histone modifications in 

order to suppress their activity.  The exaptation hypothesis, on the other hand, predicts 

that older and more conserved TEs will bear more epigenetic marks.  These older TEs 

will have lost the ability to transpose and are more likely to have been exapted to play 

some role for their host genome.  To distinguish between these models, we correlated the 
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histone tail modification enrichment for specific TE families with the histone tail 

modification gene expression enrichment values.  The genome defense hypothesis would 

predict a negative correlation since repressive modifications should target actively 

expressing TEs with the potential to transpose, whereas the exaptation model may predict 

a positive correlation or no correlation at all.  None of the TE families shows a 

statistically significant relationship between TE and gene expression enrichment for 

individual histone modifications (Figure 5.2 and Supplementary Table B.2).  The same 

analysis was done using the local approach to computing the histone modification 

background tag counts, as described in the previous section, and the results are 

qualitatively similar when this technique is applied (Supplementary Figure B.5).  These 

results are not consistent with the genome defense hypothesis, but it is unclear whether 

they reflect the absence of genome defense, exaptation or some combination thereof. 
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Figure 5.3.  Enrichment or depletion of active and repressive histone modifications 
in retrotransposons.  Histone modifications were classified as active or repressive based 
on expression enrichment (Supplementary Figure B.2).  The log2 normalized ratios of the 
number of tags of active or repressive modifications located within each family of 
retrotransposons over the total number of tags taken as the genomic background is 
shown.  Retrotransposon families are arranged according to their relative ages.  Spearman 
rank correlations (ρ) between active and repressive TE-modification enrichments 
(depletions) and the relative ages of TE families are shown.  

 

To further evaluate the active versus repressive TE modification predictions for 

the genome defense versus exaptation hypotheses, we grouped and summed the histone 

tail modification tags into the 28 active and 10 repressive modifications.  The enrichment 

of active and repressive modifications was calculated by co-locating the tags from each 

class with TE sequences from each family and comparing the TE family-specific active 

or repressive tag counts with the genomic background.  The data shows considerable 

variation between active and repressive modification enrichments in different lineages of 

TEs (Figure 5.3).  Alus and L1s are significantly depleted in both active and repressive 
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consistent with the predictions of the genome defense model.  On the other hand, L2 and 

MIR elements show enrichment for both active and repressive modifications consistent 

with the exaptation model.  

The data on active versus repressive histone modifications for TE families also 

bears on the predictions relating epigenetic modifications to the ages of TEs.  The 

genome defense hypothesis predicts that potentially active younger TEs will bear more 

epigenetic modifications than older TEs, while the exaptation model predicts that more 

ancient conserved TEs will bear more epigenetic modifications.  The different families of 

TEs shown in Figure 5.3 have different relative ages, on average, with Alu elements 

being the youngest and MIRs being the oldest [young-to-old: Alu-L1-LTR-DNA-L2-

MIR] [8].  The enrichments of both active and repressive modifications are positively 

correlated with the age of the TE families (Figure 5.3); in other words, older families of 

elements tend to be more modified than younger families.  The same analysis was done 

using the local approach to computing the histone modification background tag counts, as 

described in the previous section, and the results are qualitatively similar when this 

technique is applied (Supplementary Figure B.6).  These data are consistent with the 

exaptation hypothesis for TE modifications, as opposed to the genome defense model, 

and suggest that many older TE sequences may be preserved, at least in part, due to the 

contributions they make the epigenetic environment of the human genome.  
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Figure 5.4.  Age of Alu and L1 elements versus their histone modifications.  Relative 
ages of Alu (a) and L1 (b) subfamilies, as determined by divergence from subfamily 
consensus sequences, are plotted against their respective tag counts normalized by 
genomic length.  Spearman rank correlations (ρ) between tag counts and percent 
divergence are shown for active (red) and repressive (green) modifications separately 
(significance values are in Supplementary Table B.4). 

 

TE ages and histone modifications 
 

Divergence of an individual TE insertion from its subfamily consensus sequence 

is a barometer of the time elapsed since its insertion and is thus a good measure for its 

relative age [8].  As shown in Figure 5.3, comparison between TE families indicates a 

positive correlation between element ages and the extent of histone tail modifications.  

This observation is consistent with the exaptation hypothesis, which predicts that older 

TEs will bear more epigenetic modifications.  However, these results may be confounded 

by comparisons between families made up of very different kinds of TEs with distinct 

insertion mechanisms, genomic distributions and life histories.  To evaluate the 

relationship between element ages and histone tail modifications in a more controlled 

way, we compared the extent of TE histone modifications to the relative ages of TE 

insertions within the Alu and L1 families of elements.  The Alu and L1 families were 
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chosen for two reasons: first of all, they are numerous and abundant providing statistical 

resolution on the question, and more importantly they have well-characterized 

subfamilies the relative ages of which are known [8,134,135].  The relative ages of 

individual Alu and L1 insertions can be inferred by comparing their sequences to the 

consensus sequences of their subfamilies (Supplementary Figures B.11 & B.12), and 

these data are provided in the output of the RepeatMasker program used to annotate the 

elements.  We computed the average element-to-subfamily consensus sequence 

divergence for all Alu and L1 subfamilies and compared these values to the extent of 

active and repressive histone modifications that map to members of the individual 

subfamilies.  

The within family analyses of the relationship between the relative ages of Alu 

elements and their histone modifications yield results that are most consistent with the 

exaptation hypothesis (Figure 5.4a).  Alu element ages are significantly positively 

correlated with both active (ρ=0.94, P=4e-20) and repressive (ρ=0.92, P=9e-18) histone 

modifications (Supplementary Table B.4).  These data indicate that members of older Alu 

subfamilies are subject to more active and repressive modifications, which stands in 

contrast to the prediction of the genome defense model that younger elements should be 

more repressed. 

The relationships between the ages of L1 elements and their histone modification 

states appear to support both the genome defense and exaptation models (Figure 5.4b).  

The ages of L1 elements are negatively correlated with repressive modifications (ρ=-

0.39, P=5e-6) and positively correlated with active modifications (ρ=0.71, P=4e-20) 

(Supplementary Table B.4).  The relative abundance of repressive modifications of 
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younger L1s is consistent with the genome defense model, whereas the data for the 

increasing active modifications of older L1 elements are consistent with the exaptation 

model.  Taken together, the within-family data for Alu and L1 elements display a 

complex view of the relationship between TE ages and histone modifications suggesting 

interplay between the genome defense and exaptation hypotheses. 

 

TE-gene locations and histone modifications 
 

The exaptation hypothesis predicts that TEs proximal to host genes would bear 

more histone modifications than those that are distal to genes, since these modifications 

are more likely to effect the regulation of the genes.  In order to test this prediction, we 

analyzed the Alu and L1 TE families and associated every TE sequence to the nearest 

gene.  The corresponding tag counts of active and repressive histone modifications in TEs 

were binned according to their distance from genes.  Only uniquely mapped TE-tags that 

could be assigned unambiguous genomic locations were used for this analysis.  Alu and 

L1 were chosen both for their genomic abundance and for the fact that they have distinct 

genomic distributions: Alus are enriched near genes, whereas L1s are found more often in 

intergenic regions.  For both Alu and L1, we observed negative correlations (Alu active 

ρ=-0.38, P=5e-5, Alu repressive ρ=-0.67, P=9e-14, L1 active ρ=-0.27, P=0.003, L1 

repressive ρ=-0.01, P=0.46) between TE insertion distances from genes and histone 

modifications (Figure 5.5 and Supplementary Table B.3).  Moreover, TEs that lie within 

gene boundaries are modified at much higher levels compared to those outside of genes.  

These findings are in agreement with the exaptation hypothesis.  The same analysis was 

done using both unique and repetitively mapping tags, and the results are qualitatively 
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unchanged when this more comprehensive approach is taken (Supplementary Figure 

B.7).   

 

 
Figure 5.5.  TE distance from genes versus histone modifications.  Distances between 
Alu (a & b) and L1 (c & d) sequences and the nearest genes are binned in 10kb bins and 
plotted against the number of active (a & c) or repressive (b & d) histone modification 
tags mapped to the TE sequences normalized by their lengths.  Spearman rank 
correlations (ρ) are shown and significance values are in Supplementary Table B.3. 
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Table 5.1.  Comparison of TE histone modification enrichments found in this study 
with those of previous studies 
a TE classes (SINE, LINE, LTR or DNA) that were shown to be enriched for specific 
histone modifications (as shown) in previous studies. 
b Status of the same TE class-histone modification pairs as enriched or depleted in this 
study  

 

 

 

 

 

 

 

 

 

 

 

Conclusions  

Comparison with previous results 
 

While most work to date on mammalian histone modifications has focused on 

non-repetitive DNA, there have been four recent studies on the histone modification 

status of mammalian repetitive sequence elements, three in mouse [31,74,75] and one in 

human [30].  The previous studies focused on repressive histone modifications and they 

turned up a number of cases where mammalian TEs, including SINEs, LTR and DNA 

Enriched in Previous Studya Status in Current Studyb 
Kondo and Issa 2003 (Human) [30] 

SINE: H3K9me2 Depleted 
Martens et al. 2005 (Mouse) [31] 

SINE: H3K9me3 Depleted 
SINE: H3K27me3 Enriched 
SINE: H4K20me3 Depleted 
LTR: H3K9me3 Enriched 
LTR: H3K27me3 Enriched 
LTR: H4K20me3 Depleted 
DNA: H3K27me3 Enriched 
DNA: H4K20me3 Depleted 

Mikkelsen et al. 2007 (Mouse) [74] 
LTR: H3K9me3 Enriched 
LTR: H4K20me3 Depleted 

Pauler et al. 2008 (Mouse) [75] 
SINE: H3K27me3 Enriched 
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elements, were found to be enriched for specific histone modifications.  We compare the 

results of these previous studies with the findings reported here in Table B.1.  

Interestingly, the results reported here agree and disagree with those of previous studies 

in equal measure.  When specific histone modifications are considered for individual TE 

classes, there are six cases where histone modifications previously identified to be 

enriched for a given TE class are enriched in the same class in our study, and there are six 

cases where previously enriched TE-modifications are found to be depleted here.  These 

discrepancies underscore the extent to which histone modifications, particularly those 

that target TEs, may be cell-type specific, since the different studies that are being 

compared analyzed different cell types.  Indeed, the study of Martens et al. evaluated 

multiple cell types and found that histone modifications of TEs were more variable across 

cell types than those of tandem satellite repeats [31].  This was attributed to the fact that 

tandemly repeated DNA, such as that found around centromeres, forms more stable 

chromatin architectural elements and tandem repeats are present in more constitutively 

heterochromatic environments.  Interspersed repeats, on the other hand, may be more 

prone to cell-type specific in situ formation of heterochromatic regions dispersed among 

the euchromatic portion of the genome.  This has been seen in plants where insertions of 

TEs lead to the localized spread of repressive chromatin [24].  In any case, a deeper 

understanding of how human TEs are epigenetically modified, along with the regulatory 

implications, will require a comparison of TE-modifications across a variety of cell types. 
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Exaptation as a local or global phenomenon 
 

Exaptation refers to the evolutionary process whereby an organismic feature 

comes to play some role for which it was not originally evolved or selected [36].  TEs are 

primarily selfish genetic elements that evolved solely virtue of their ability to transpose 

and thus out-replicate the host genomes in which they reside [15,16].  They do not owe 

their evolutionary success to any ability to provide functional utility to their hosts.  

However, at this time it is widely recognized that a number of individual TE sequences 

have been exapted to play some positive role for their host genomes [100,132].  

Exaptation of individual TE sequences may include cases where TEs become 

incorporated into host protein coding genes or cases where TEs provide regulatory 

sequences that help to control the expression of host genes.  Such examples of TE 

exaptation are very much in keeping with the original definition of exaptation as referring 

to a series of individual, and largely contingent, cases.  However, the genome-scale 

approach taken here to exploring the implications of TE epigenetic modifications entails 

consideration of exaptation as a more global, rather than a strictly local, phenomenon.  

This is because there are particular features of TEs, specifically their ability to recruit 

epigenetic modifications, which are shared across many elements over the entire genome 

and in turn allow individual insertions to be exapted.  This does not mean that all TEs in 

the genome are exapted.  Rather, the data reported here suggest that there are genome-

scale signals, in terms of how the TEs are epigenetically modified, which indicate an 

overall potential for human TEs to be exapted.  Consideration of exaptation as a global or 

genome-scale phenomenon as it relates to TEs reveals how inherent features of the 

elements, such as their ability to be transcribed or their dispersed repetitive nature, serve 



 108 
 

to recruit the very epigenetic machinery that will allow them to affect the regulation of 

nearby genes.  Having established this global pattern of TE epigenetic exaptation, further 

inquiry can now be used to identify individual cases of interest.  We give specific 

examples of how individual cases of TE epigenetic exaptation may be uncovered in the 

following section.       

 

Caveats and future directions 
 

As mentioned previously, TE epigenetic modifications are certain to be cell-type 

specific to some extent. Here, we only analyzed histone modifications of human TEs in a 

single cell type – CD4+ T cells.  As more and more genome-scale histone modification 

data sets become available, it will become possible to systematically evaluate changes in 

the histone modification states of TEs across tissues.  This is particularly relevant for a 

deeper interrogation of the genome defense hypothesis.  Vertical transmission 

(inheritance) of novel TE insertions, along with their mutagenic effects, is dependant 

upon transposition events that occur in the germline, as opposed to TE insertions in 

somatic tissue, which is an evolutionary dead end.  For this reason, one may expect that 

the most vigorous genome defense mechanisms would be employed in germline tissue.  

Thus, it is possible that the predictions of the genome defense model, which are not 

supported for the most part in this study, may be borne out if germline tissue was 

evaluated in the same way as done here for somatic tissue.  However, there is some 

evidence that suggests this may not be the case for human TEs.  Alu elements, which 

make up a huge fraction of the methylated DNA in the human genome in somatic tissues, 

are actually hypomethylated in the male germline [136].  This may represent an 
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evolutionary strategy for the elements, whereby the TEs mitigate their deleterious effects 

in somatic tissue by reducing transposition therein yet allow for transmission of new 

insertions across generations by relaxing element suppression in the germline [137].  This 

kind of strategy can be seen for P elements in Drosophila, which utilize alternative 

splicing to encode a repressor protein in somatic tissue and a transposase in the germline 

[138].  Nevertheless, a better understanding of the role epigenetic histone modifications 

in the repression of heritable TE insertions will require the analysis of germline tissue. 

The genome-wide mapping of 38 histone modifications in the human genome 

enabled us to thoroughly investigate the relationship between TEs and epigenetic histone 

modifications.  We tested several predictions generated by two competing hypotheses – 

the genome defense hypothesis and the exaptation hypothesis – in the light of epigenetic 

histone modifications.  Consistent with the exaptation hypothesis, we found that the 

overall enrichment of histone modifications is positively correlated with the increasing 

age of TE insertions, and TEs proximal to human genes bear more histone marks than 

TEs distal to genes.  We also found support for the genome defense hypothesis for certain 

cases, but the majority of our data and analyses support the exaptation hypothesis.   

Thus, for the human genome, some epigenetic modifications of TEs may serve to 

regulate the expression of host genes rather than to silence the elements themselves.  

More definitive proof of epigenetically related exaptation of TEs will require the analysis 

of individual cases whereby specific TE sequences have been exapted to regulate host 

genes.  These could include TE-derived promoter sequences, which provide local 

regulatory sequences and transcription start sites to host genes, and/or TE-derived 

enhancers that regulate genes from more distal locations.  Evaluation of how such TE-
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derived regulatory sequences are epigenetically modified across different cell types along 

with an examination of how cell-type specific modifications correspond to expression 

differences should help to reveal epigenetic routes by which TEs influence their host 

genomes.  

 

Methods 

Tag-to-genome mapping 

The genome-wide distributions of 38 histone tail modifications were previously 

evaluated in human CD4+ T cells using ChIP-Seq with the Illumina-Solexa platform 

[32,35].  The mapping protocol used in these studies did not allow for the consideration 

of histone modifications at repetitive DNA sequences, since they removed redundantly 

mapping sequence tags.  Therefore, we employed a heuristic mapping procedure for the 

data generated in these ChIP-Seq studies in order to be able to analyze sequence tags that 

map to repetitive DNA.  To do this, we downloaded 140 sequence tag libraries 

corresponding to the 38 previously characterized CD4+ T cell histone tail modifications 

from the NCBI Short Read Archive (SRP000200 and SRP000201) [40].  Sequence reads 

and their respective quality scores were converted from Illumina-Solexa format to the 

standard (Sanger) fastq format, and the MAQ (Mapping and Alignment with Qualities) 

program was used to map each fastq library to the March 2006 human genome reference 

sequence (NCBI Build 36.1, hg18 assembly).  MAQ uses a mapping algorithm that 

utilizes the tag sequences along with their quality scores to determine the highest scoring 

match to the genomic location [139].  MAQ was run in such a way that tags with more 

than one identically scoring best tag-to-genome alignment, i.e. repetitively mapping tags, 

were randomly assigned to one genomic location.  This procedure allowed us to avoid the 
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elimination of sequence tags that have high scoring tag-to-genome alignments but map to 

more than one location.  Since human TEs can be characterized into related groups 

(classes, families and subfamilies), using this heuristic mapping procedure provides an 

unambiguous way to evaluate differences in the frequencies of specific histone 

modifications between related groups of TEs.   

 

Gene expression-histone modification enrichment analysis 

We downloaded the Refseq annotations of experimentally characterized 

transcription start sites from the database of transcription start sites (DBTSS) [80,107], 

and mapped them to the human genome reference sequence (hg18) at the UCSC Genome 

Browser [111].  CD4+ T cell expression data corresponding to the mapped Refseq genes 

were taken from the Novartis Gene Expression Atlas 2 [89].  We were able to obtain 

unambiguously mapped transcription start sites and gene expression data for 12,644 

human genes.  We defined promoter regions as 1000 nucleotides upstream and 200 

nucleotides downstream of the transcription start sites.  We located the number of tags 

corresponding to each histone tail modifications in each promoter region.  The number of 

tags of each modification in a promoter region was converted to a binary 

presence/absence call using a genomic background tag distribution and a conservative 

threshold determined by the Poisson distribution and incorporating Bonferroni correction 

for multiple tests [35]. 

Combing the CD4+ T cell gene expression data with promoter histone 

modification presence/absence calls, we calculated the expression enrichment for each 

histone modification using the following formula:   
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In addition, for each histone tail promoter modification, the significance of the difference 

in average CD4+ T cell gene expression levels for genes with and without the 

modification was evaluated using the Student’s t-test.  

 

TE-histone modification enrichment analysis 

We downloaded RepeatMasker [140] annotations (version 3.2.7) of TE locations 

for the human genome reference sequence (hg18) from the UCSC genome browser.  

Using the TE genomic coordinates and our tag-to-genome mapping data, we co-located 

the tags that correspond to each histone tail modification with TE sequences in the human 

genome.  In this way, we obtained the number of tags of each histone tail modification 

that map to TE sequences in the human genome.  

The TE-histone modification mapping dataset was divided into six classes 

(families) of TEs [47,123] which are: Alu, MIR, L1, L2, DNA transposons and LTR-

retrotransposons.  We normalized the number of histone modification tags in each class 

(family) of TE sequences by the total genomic length of these TE sequences in the class 

(family), and compared the normalized TE tag counts to either 1) genome-wide 

background tag counts or 2) locally computed genomic background tag counts.  Genome-

wide background tag counts are the number of tags for each modification divided by the 

length of the genome.  To obtain local histone modification background tag counts for TE 

classes (families), for each individual TE insertion, a background tag count was 
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computed by randomly sampling a non-TE sequence of the same size from within a 1 

megabase genomic window surrounding that TE.  These individual local background tag 

counts were then averaged over all TE insertions of a given class (family).  The following 

formulas were used for enrichment calculations:  
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⎞
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⎝

⎛
=

backgroundgenomicincounttagNormalized
sequencesTEincounttagNormalizedchangefoldTE 2L,MIR,DNA,LTR,1L,Alu  

 

Where 

 

∑
∑=− sequencesTEoflength

sequencesTEinlocatedtags
counttagNormalized 381onmodificati

 

 

Statistical analyses 

The statistical significance of TE-histone modification enrichment values were 

calculated using the goodness of fit G-test, which uses a log-likelihood ratio comparing 

the observed to expected tag counts.  The P-value thresholds for the G-tests were 

adjusted using the Bonferroni correction for multiple tests.  Prior to correlation analysis, 

all data distributions were checked for normality using Q-Q plots to visually compare the 

observed distributions against theoretical normal distributions (Supplementary Figures 

B.8-B.10).  Data with distributions that were deemed to be normal were correlated using 

Pearson correlation (r) and data with distributions that were deemed to be non-normal 

were correlated using Spearman rank correlation (ρ).  Note that when data are binned, 

such as for the distance from gene computation, correlations are calculated on the 
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unbinned data.  Statistical significance values for correlations were computed using an 

approximation to the Student’s t-distribution with n-2 degrees of freedom [141]. 
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CHAPTER 6 

EPIGENETIC REGULATION OF TRANSPOSABLE ELEMENT  
 

DERIVED HUMAN GENE PROMOTERS 
 

Abstract 

Background 

It was previously thought that epigenetic modifications of mammalian 

transposable elements (TEs) serve exclusively to defend the genome against deleterious 

effects associated with their activity.  However, we recently showed that, genome-wide, 

human TEs are 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. 

Results 

We found 1,520 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. 
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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 epigenetic 

gene regulation, and a number of these LTR-promoter genes are implicated in lineage-

specific functions related to development and cancer. 

Conclusions 

The regulation of human genes mediated by histone modifications targeted to TE-

derived promoters is consistent with the ability of TEs to shape the epigenomic landscape 

in a way that serves the interests of the host genome. 

 

Introduction 

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 [15,16].  In fact, 

transposition is primarily deleterious and may cause major disruptions for host genomes.  

Accordingly, eukaryotic genomes have evolved a variety of mechanisms to control the 

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

originally evolved to mitigate the deleterious effects of TEs by suppressing element 

transcription and/or preventing ectopic recombination between dispersed TE sequences 

[24,25,26,79,142].  The phenomena by which host genomes epigenetically control TEs 

are collectively referred to as ‘genome defense’ mechanisms [28]. 

 



 117 
 

Epigenetic modifications can be classified into two processes: direct modification 

of the DNA molecule [143] or modification of the histone proteins that form the core of 

eukaryotic nucleosomes [144].  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 [29,42,67,68,70,71].  For instance, TE insertions have 

been shown to recruit repressive histone modifications and initiate the formation of local 

heterochromatin in Arabidopsis thaliana [24,29].  In another well studied system, 

Schizosaccharomyces pombe, TE insertions can attract repressive modifications which in 

turn lead to gene silencing and heterochromatin formation [73]. 

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 epigenetic 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 [30].  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 [31].  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 [74].  Following up 

on this study, Matsui et al. recently reported that H3K9 methylation is the primary 

mechanism by which endogenous retroviruses are repressed in mouse embryonic stem 

cells [145].  The Jenuwein group also reported enrichment of H3K27me3, a classic 
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repressive modification, in human SINEs [75].  All of these studies reveal exclusively 

repressive modifications of mammalian TEs and thus point directly to genome defense as 

the primary role for the epigenetic 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 [132].  This occurs most often when TEs donate regulatory sequences that 

help to control the expression of host genes [100].  For instance, TEs are known to 

provide transcription factor binding sites [21,83], transcription start sites [37,86] and 

enhancer elements [101,146] to their host genomes.  Cases such as these, where TE 

sequences provide functional elements to their host genomes, can be considered as 

genomic ‘exaptations’ [147].  Exaptation refers to the phenomenon whereby an 

organismic feature plays a role for which it was not originally evolved [36].  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 [148].  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 epigenetic modifications than younger 
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TEs.  All of these features are consistent with the notion that many TE epigenetic 

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 epigenetic 

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 [33].  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 

epigenetic mark that is associated with heterochromatin and gene silencing.  We also 
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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 regulation between cell lineages.  Thus, we 

present evidence for the epigenetically mediated exaptation of TE sequences in driving 

cell-type specific gene expression.   

 

Results and discussion 

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 consequences 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 

1,520 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 
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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 (Figure 6.1 and Supplementary Table C.1; χ2 test, 

6.6E-47≤P≤0.03). 

  The age of TEs can be ascertained by comparison of individual element sequence 

insertions with sub-family consensus sequences [135].  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 [8].  In general, older families of TEs 

donate proportionally more TSS than younger ones do (Figure 6.1).  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 [133].  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 [13]. 

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 [13,149].  

Indeed, primate-specific Alu elements contribute more TSS overall than any other TE 

family (Figure 6.1), and promoters derived from Alus may be expected to yield primate-

specific patterns of gene expression.  However, the abundance of Alu-derived TSS may 
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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 [8,150].   

LTR elements are of intermediate age and they have previously been noted for 

their exceptional influence on the regulation of human genes via the donation promoter 

sequences [22,37,86,87,103,151,152,153,154,155].  Recently, Cohen et al. compiled a 

list of known LTR derived promoters in the human genome, which included 24 cases 

supported by experimental data [37].  The computational approach to identifying TE-

derived promoters 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. 
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Figure 6.1.  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 χ2 test (Supplementary Table C.1). 
 
 

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 

epigenetic histone modification data, characterized as part of the ENCODE project, for 

the related human cell lines GM12878 and K562 [33].  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 – H3K4me1, H3K4me2, 

H3K4me3, H3K9me1, H3K27me3, H3K36me1, H3K36me2 and H4K20me2 – in both 

cell lines. 
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Epigenetic 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.  To do this, we established presence/absence calls for each 

modification based on its enrichment at a gene locus as described in the 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, 

H3K9me1, H3K36me1, H3K36me2 – and one repressive modification – H3K27me3 – in 

each of the two cell lines (Figure 6.2).  These results are statistically significant 

(Supplementary Table C.2; Student’s t test, 0≤P≤2.1E-148), qualitatively identical for 

each cell line and consistent with previous results [35,148]. 
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Figure 6.2.  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 background tag count of each modification (Methods).  Activating histone 
modifications show positive gene expression enrichment ratios, and repressive histone 
modifications show negative enrichment ratios [35].  Statistical significance values for 
the enrichment ratios of each modification were calculated using the Student’s t test 
(Supplementary Table C.2). 
 

Epigenetic modifications at TE-derived promoters 
 

Having established demonstrable regulatory effects for the eight histone 

modifications in the GM12878 and K562 cell lines, we wished to evaluate the enrichment 

of TE-derived promoters with respect to these epigenetic 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 1,520 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 Methods (Figure 6.3).  Across both cell lines, TE-derived 
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promoters were found to be significantly enriched or depleted for 15 out of 16 

comparisons (8 modifications × 2 cell lines) relative to the genomic background 

(Supplementary Table C.3; χ2 test, 0.39≤P≤0).  The GM12878 cell line shows significant 

enrichments for all 7 activating modifications (H3K4me2, H3K9ac, H3K4me3, 

H3K27ac, H3K4me1, H3K36me3 and H4K20me1) 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.  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. 

 

 

 

 

 

 

 

 

 
 
Figure 6.3.  Histone modification enrichment in TE-derived promoters.  Enrichment 
values for the eight individual histone modifications were calculated over the 1,520 TE-
derived promoters in both GM12878 and K562 cells.  Log2 enrichment values are 
computed by comparing the average ChIP-seq tag counts in TE-derived promoters 
against the genomic background tag counts (Methods).  Statistical significance values for 
each modification were calculated using the χ2 test (Supplementary Table C.3). 
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TE-promoter epigenetic modifications and gene expression 
 

Given the observation that TE-derived promoters are epigenetically 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 Methods 

section to yield cell-type specific expression levels for human genes with TE-derived 

promoters.  To evaluate the functional effect of TE epigenetic histone modifications on 

gene expression, we examined the modification landscape of the promoter regions of 

genes expressed at varying levels.  10kb 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 (Figure 6.4a & 6.4b).  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 epigenetic modifications of TE-

derived promoters and gene expression in a more quantitative way by devising a 
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‘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 Methods).  In other words, genes that are 

enriched for activating 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 (Figure 6.4c & 

6.4d).  The modification indices of genes in our dataset are significantly correlated with 

their expression levels in each cell line.  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. 
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Figure 6.4.  Relationship between TE-promoter histone modifications and gene 
expression.  (a & b) 10kb regions surrounding TE-derived TSS were analyzed for all 
1,520 TE-promoters.  The numbers of ChIP-seq tags-per-position are plotted for active 
modifications in genes with low, medium and high expression in (a) GM12878 and (b) 
K562 cell lines.  (c & d) Scatter-plots of the TE-promoter histone modification indices 
against gene expression levels are shown for (c) for GM12878 and (d) for K562.  Linear 
trend lines along with Spearman’s rank correlations and statistical significance values are 
shown. 
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Figure 6.5.  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.   
 
 

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

Next, we wanted to evaluate whether epigenetic 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 
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K562 microarray expression data.  Using a P-value cutoff of 1E-4, we found 522 out of 

1,520 genes with significantly divergent expression between the two cell lines (Figure 

6.5).  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 (Figure 6.5).  In addition, TE-promoter histone modification 

divergence values are significantly positively correlated with gene expression divergence 

values (Figure 6.6a; ρ=0.61, P=3E-54).  Thus, TE-promoters with greater modification 

divergence tend to regulate genes with higher expression divergence, i.e. genes with 

divergently modified TE-promoters are also divergently expressed between the 

GM12878 and K562 cell lines.  This significant positive correlation holds when different 

ANOVA cut-off P-values are used or when all 1,520 TE-promoter genes are considered 

(Supplementary Figure C.1).  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 expression divergence between cell 

lines (Figure 6.6b).  As is the case for individual TE-promoter genes, the TE-family-

specific modification and expression divergence values are significantly positively 

correlated (ρ=0.94, P=2E-9).  The TE-promoters derived from the LTR class of elements 
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have the highest levels of both modification and expression divergence between cell lines 

(Figure 6.6b).  In addition, LTR-derived promoters are significantly over-represented 

among both the top 100 most divergently modified promoters (χ2 test, P=0.02) and the 

top 100 most divergently expressed TE-promoters (Figure 6.6c; χ2 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.   

 

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 noteworthy in light of numerous 

previous studies showing that LTR-elements, primarily endogenous retroviruses, 

participate in the regulation of mammalian genes 

[22,37,86,87,103,151,152,153,154,155].  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 activated 

as a cryptic promoter of the gene upon local hypomethylation [156,157].  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 the LTR-mediated epigenetic regulation of numerous 

human genes (Supplementary Table C.4).   
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We evaluated the functional characteristics of these epigenetically regulated LTR-

promoter genes to get a sense of how they may contribute to developmental lineage-

specification and cell-type specific function in GM12878 and K562 cells.  GM12878 and 

K562 cells are derived from hematopoietic stem cells that differentiate into a variety of 

blood cell types [158].  GM12878 cells are lymphoblast precursors derived from 

lymphoid stem cells, whereas K562 cells are derived from myeloid stem cells 

(Supplementary Figure C.2).  K562 is a chronic myelogenous leukemia cell line and there 

are several LTR-promoter genes that may play cancer related roles in this cell line. 

SLFN12 is a member of the Schlafen family of growth regulatory genes, and its 

promoter is donated by an LTR element from the ERV1 family (Figure 6.7a).  SLFN12 is 

differentially expressed between the GM12878 and K562 cell lines showing higher 

expression in the non-cancerous GM12878 (Figure 6.7b & Table 6.1).  Accordingly, 

there are more active histone modifications, and fewer repressive modifications, at the 

SLFN12 TE-derived promoter in GM12878 cells than in K562 (Figure 6.7c).  Genes 

from the Schlafen family are cell-cycle regulators that inhibit the growth of thymocytes 

[159].  Thus, the TE-mediated epigenetic repression of SLFN12 seen for K562 may be 

related to uncontrolled cellular proliferation characteristic of cancer cells.    

On the other hand, epigenetically regulated LTR-promoter genes that signal a 

wide range of hematological malignancies are up-regulated in K562 cell line (Table 6.1).  

For example, SAGE1 (sarcoma antigen 1) is known to be expressed in tumor tissues 

relative to normal tissues and is a potential target for cancer immunotherapy [160].  Like 

SAGE1, expression of CT45 (cancer/testes antigen 45, CD45-1, CT45-4, CT45-6) genes 
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is also characteristic of hematological malignancies and their upregulation is indicative of 

cancer progression [161]. 

In addition to the cancer implicated genes, there are a number of epigenetically 

regulated LTR-promoter genes that play a role in the developmental specification of cell-

type specific function along the lymphoid (GM12878) and myeloid (K562) lineages 

(Table 6.1).  SEMA4D, also known as CD100 (Cluster of Differentiation 100) is an LTR-

derived promoter gene that encodes for B and T cell surface proteins [162].  SEMA4D is 

associated with immune response by lymphocytes [163,164] and its up-regulation in 

GM12878 cell line is consistent with lymphoid specific cellular functions.  Similarly, 

IL1R2 and IL21R (Interleukin-1 Receptor 2, Interleukin 21 Receptor) initiate 

transcription from two different elements of the ERVL-MaLR LTR-retrotransposon 

subfamily.  IL1R2 is a receptor for the cytokine IL1 which is responsible for activating B 

and T lymphocytes [165], and IL21R serves as a target for the cytokine IL21 which 

regulates function and proliferation of Natural Killer (NK) lymphocytes [166].  Their 

upregulation in GM12878 suggests a role for ERVL-MaLR in driving lymphoid specific 

expression via differential epigenetic histone modifications. 

A number of epigenetically regulated LTR-promoter genes are also up-regulated 

in the K562 compared to GM12878 cell line (Table 6.1).  Many of these genes serve 

functions related to the myeloid lineage and their up-regulation in K562 is consistent with 

their role in establishing myeloid specific gene expression.  For instance, HBE1 

(Hemoglobin Epsilon 1), which initiates transcription from within a THE1B element, is 

an erythroid marker protein known to be up-regulated in myeloid cells that commit to the 

erythroid lineage [167].  Another LTR-promoter gene APOC1 (Apolipoprotein C-1) is 
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also differentially up-regulated in the K562 cell line.  APOC1 is mainly associated with 

lipid metabolism but is also known to be activated when monocytes differentiate into 

macrophages [168].  Medstrand et al. have previously shown that LTR subfamily LTR2 

contributes to the expression of APOC1 by donating an alternative promoter expressed 

primarily in human placental tissue [152].  Our data indicates that the LTR2 derived 

promoter also contributes to the differential expression of APOC1 in K562 cells as 

expected from its role in myeloid cell differentiation. 
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Figure 6.6.  Comparison of TE-promoter histone modification divergence and gene 
expression divergence.  (a) Scatter-plot of TE-promoter histone modification divergence 
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 (orange) and the most divergently modified (blue) 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 1,520 TE-promoter genes. 

-0.2

0.8

LTR Other TEs

Modification divergence
Expression divergence

R
el

at
iv

e 
fr

eq
u
en

ci
es

(b)         (c) 

-0.1

0.1

-5 5Expression divergence
M

o
d
if
ic

a
ti
o
n
 d

iv
e
rg

e
n
ce

ρ=0.61

P=3E-54

(a)

0.01

0.03

0.3 0.55Expression divergence

M
o
d
if
ic

a
ti
o
n
 d

iv
e
rg

e
n
ce

LTR

MIR

Alu
L2

DNA

L1

ρ=0. 94

P=2E-9



 137 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6.7.  Cell-type specific TE-promoter epigenetic modifications and gene 
expression for SLFN12.  (a) Gene model of SLFN12, in antisense orientation, showing 
the ERV1-derived promoter and TSS.  (b) Relative SLFN12 gene expression levels are 
shown across replicate samples for the GM12878 and K562 cell lines.  (c) Cell-type 
specific epigenetic histone modifications of the SLFN12 TE-promoter.  Relative ChIP-
seq tag counts for active and repressive histone modifications, binned in 50bp windows, 
are shown for both cell types.  
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Table 6.1.  Cell-type specific functions of epigenetically regulated LTR-promoter 
genes.  List of epigenetically regulated and differentially expressed LTR-promoter genes 
related to cancer (K562), lymphoid (GM12878) or myeloid (K562) specific functions.  
Differential expression was calculated using two class ANOVA with 20 samples of 
GM12878 and 21 samples of K562 exon array expression data (d.f.=39). 

 

Gene 
Symbol Role Function Expression ANOVA 

SLFN12 Cancer Cell cycle regulator High in GM12878 F=188.2, P=1.1E-16
SAGE1 

CT45-1,2,3 Cancer Cancer antigen High in K562 F=398.1, P~0 
F=865.3, P~0 

SEMA4D Lymphoid B and T cell surface 
protein High in GM12878 F=490.7, P~0 

IL1R2 
IL21R Lymphoid B and T cell activation High in GM12878 F=177.6, P=4.4E-16

F=1045.7, P~0 
HBE1 Myeloid Erythroid marker High in K562 F=273.1, P~0 

APOC1 Myeloid Monocyte 
differentiation High in K562 F=144.8, P=1.1E-14

 

Conclusions 

Previous studies on the epigenetic modifications of mammalian TEs have all 

focused on repressive histone modifications that presumably serve to mitigate the 

deleterious effects of TEs [30,31,74,75,145].  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 [169].  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 is related to lineage-specific roles in development and cancer.  

These data underscore the potential for epigenetically mediated TE exaptations to 

influence the regulation of hundreds of human genes.   
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Methods 

Identification of TE-derived promoters 
 

We downloaded the annotations for UCSC genes and TE RepeatMasker 

annotations [140] from the March 2006 build (NCBI Build 36.1; UCSC hg18) of the 

human genome using the UCSC table browser [111,115].  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 1,533 genes that initiate transcription in TE sequences. 

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 pilot 

project [33].  We normalized the dataset using the MAS5 algorithm provided by the 

Bioconductor package Exonmap [170].  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 1,533 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 1,520 TE-derived promoter genes. 
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Gene expression and histone modification enrichment analysis 
 

We downloaded the ENCODE histone modification data in GM12878 and K562 

cell lines from the USCS genome browser for 8 histone modifications: H3K4me1, 

H3K4me2, H3K4me3, H3K9me1, H3K27me3, H3K36me1, H3K36me2, H4K20me2.   

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: 

 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

ficationodimwithoutgenesofsionxpreseaverage
ficationodimwithgenesofonexpresiaveragelog)fc(changefoldExpression 2  

 

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: 
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where 

 

locusgenomicoflength
locusgenomicintagsofnumber

counttagNormalized m

H4K20me2 H3K36me2, H3K36me1, H3K27me3,
 H3K9me1, H3K4me3, H3K4me2, H3K4me1,m ==  

 

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: 

 

locusgenomicoflength

)fctagsofnumber(
)m(IndexonModificati
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∑
=

×
=  

 

where i = H3K4me1, H3K4me2, H3K4me3, H3K9me1, H3K27me3, H3K36me1, 

H3K36me2, H4K20me2 and fci = Expression fold change of i. 

Statistical Analyses 
 

We used a two tailed χ2 test with d.f.=1 to determine the statistical significance of 

the over- and under-represented TE-families that donate human transcription start sites 

(Figure 6.1).  The genomic abundance of TE families was used to compute the expected 

number of promoters derived from each family.  The χ2 test was also used to ascertain the 

statistical significance of individual histone modification enrichments in TE-derived 

promoters (Figure 6.3).  In this case, the total number of mapped tags of each histone 
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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 modifications, we 

modeled the genomic background tag count distributions of each histone modification 

using the Poisson distribution parameterized with the genomic average tag count per 

position [35].  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 (Methods - Gene expression and histone modification enrichment 

analysis, Figure 6.2).  Statistical significance was calculated using the two tailed 

Students’ t test with (n=32621)–2 degrees of freedom, where n is the total number of 

genes considered for expression fold change analysis.  

 

Differentially expressed genes were identified using ANOVA (Analysis of 

variance) on two samples from GM12878 and K562 cell lines with 20 and 21 replicates 

in each sample respectively.  A significance cutoff of P=1E-4 was used to calculate 

ANOVA using the Genesis program [114]. 

Spearman’s rank correlation coefficients (ρ) were calculated for all correlation 

analyses using the R program.  The distribution of Spearman’s rank correlation 

coefficients (ρ) was approximated by the t distribution with d.f.=n-1 to determine their 

statistical significance [141]. 
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CHAPTER 7 

PREDICTION OF TRANSPOSABLE ELEMENT DERIVED  
 

ENHANCERS USING EPIGENETIC PROFILES 
 

Abstract 

Genome wide mapping of epigenetic histone modifications revealed that 

experimentally characterized enhancer regions display specific patterns of enrichment of 

several histone modifications [35,43,44].  We modelled these patterns and used it to 

guide the search for novel enhancers donated by TEs in the human genome.  We build a 

computational approach to scan the epigenetic histone modification landscape 

characterized by the ENCODE project in two human hematopoietic cell types GM12878 

and K562.  GM12878 is a lymphoblastoid cell line derived from a female of northern and 

western European descent and K562 is a Leukemia cell line derived from a female patient 

suffering from Chronic Myelogenous Leukemia.  We found 1898 and 1094 enhancers in 

GM12878 and K562 cell lines respectively.  A vast majority of these enhancers are 

unique to each cell line as only a 6% of these enhancers are shared between the two cell 

lines.  We evaluated the functional effect of TE-derived enhancers by associating them 

with the expression of nearby genes.  We report that the number of TE-derived enhancers 

is strongly positively correlated with the expression of genes in each cell type.  

Furthermore, genes that are differentially expressed between the two cell lines also 

possess a divergent number of TE-derived enhancers in their vicinity.  As such, genes 

that are up-regulated in GM12878 cell line and down-regulated in K562 have 

significantly more TE-derived enhancers in their vicinity in GM12878 cell line, and vice 
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versa.  These data indicate that human TEs are involved in globally regulating gene 

expression in a cell type specific manner, mediated by epigenetic histone modifications. 

 

Introduction 

Transposable elements (TEs) are repetitive genetic sequences that can move from 

one location in the genome to another.  TE-derived sequences are abundant in eukaryotes 

and make up substantial fractions of their genomic DNA.  TEs have long been dismissed 

as selfish DNA elements that had little or no contribution to the function of the host 

genome [15,16].  This idea was based on theoretical demonstrations that TEs can persist 

and proliferate in a genome without providing any function or benefit to the host [17].  In 

the last couple of decades however, several anecdotal cases of TEs contributing 

regulatory or coding sequences to the host genome were reported.  This led to the 

development of a more nuanced view of transpotion, whereby the relationship between 

TEs and the host genome can be characterized extreme parasitism to obligate mutualism 

with their host [18,132].  Indeed, TEs have been implicated in numerous functions that 

benefit the human genome.  One such area by which TEs serve the host genome is by 

donating enhancer sequences that can regulate the expression of host genes. 

Enhancers are distant regulatory sequences that can increase the expression of 

genes from afar, by interacting with transcription factors.  There are a handful of studies 

that provide experimental evidence of the exaptation of TE sequences as functional 

enhancers in the human genome.  The first example comes from a study in 1993 by 

Hambor et al. which shows that an Alu element serves as part of an enhancer that up-

regulates CD8 alpha gene in accordance with its role in differentiation along the 

hematopoietic lymphoid lineage [171].  A few years later another study reported an L1 
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element donating an enhancer to up-regulate the expression of APOC (Apolipoprotein) 

gene by more than 10-fold in cultured hepatocyte cells [172].  Similarly, ancient SINE 

elements have been shown to serve as enhancers in mammalian specific brain formation.  

Santangelo et al. demonstrated the selection of an MAR1 element as an enhancer for the 

POMC (Proopiomelanocortin) gene expressed in the pituitary gland of jawed vertebrates 

[146].  Another gene FGF8 (fibroblast growth factor 8) has also been shown to be 

regulated by AmnSINE1 in mammalian neuronal tissues [173].  A final study by 

Bejerano et al. showed that an ancient SINE element drives the expression of ISL1 

(insulin gene enhancer protein) in an in-vivo mouse enhancer assay [101]. 

In addition to the experimental evidence showing that individual TE sequences 

provide functional enhancers to host genomes, we previously found evidence to suggest 

that human TEs provide numerous enhancer sequences genome-wide.  Our previous 

analysis have shown that TE sequences reside in a substantial fraction of DNase1 

hypersensitive (DHS) sites [149].  The location of DHS sites signal ‘open chromatin’ 

regions which are involved in the regulation of transcription such as promoters and 

enhancers [174].  The genome-wide analysis of DHS revealed that 23% of these sites 

contain TE sequences and are associated with higher expression levels of nearby genes in 

CD4+ T-cells [149].  These data indicate that TEs provide a large number of regulatory 

sequences that can increase the expression of genes in various tissues.  Given the 

evidence from the experimental cases of TE-derived enhancers and the presence of TE 

sequences in genome-wide DHS sites, our goal in this study is to explore the global 

contribution of TEs in donating enhancers in various human cell types.   
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Experimentally characterized enhancers display a distinct pattern of epigenetic 

histone modifications that is significantly different from other regulatory regions and the 

genomic background [35,43,44].  Functional enhancers are enriched for various 

epigenetic histone modifications and their enrichment patterns can be used to predict 

novel enhancers [43,44].  We used the epigenetic profile of known enhancers to guide the 

search for putative TE-derived enhancers in two human hematopoietic cell lines, 

GM12878 and K562, characterized by the ENCODE project [33].  We developed a 

computational approach to identify novel enhancers by building a training set represented 

by five epigenetic histone modifications (H3K4me1, H3K4me2, H3K4me3, H3K9ac, 

H3K27ac) at experimentally characterized enhancer regions in the K562 cell line.  We 

also build a test set containing genome wide DHS sites in the two ENCODE cell lines.  

We used a sliding window over DHS sites and computed Spearman’s rank correlations 

between our training and test sets to yield enhancer predictions in the GM12878 and 

K562 cell lines.  To find TE derived enhancers, we intersected our datasets with 

RepeatMasker annotation [140].  Thus our analysis identified the genome wide 

distribution of hundreds of enhancers donated by TEs in GM12878 and K562 cell lines.  

We also investigated the functional effect of these enhancers on gene expression and 

observed that TE-derived enhancers play a role in regulating gene expression in a cell 

type specific manner.  

 

 

 

 



 148 
 

Results and discussion 

We developed a computational approach using epigenetic histone modification 

data as well as DHS data to identify novel enhancers in the human genome.  Specific 

patterns of epigenetic histone modifications have been shown to mark functional 

enhancer regions in the human tissues [35,43,44].  The ENCODE project recently 

characterized several histone modifications in different human cell lines [33].  We chose 

two cell lines derived from the hematopoetic stem cell lineage; GM12878 and K562.  

GM12878 is a lymphoblastoid cell line derived from a female donor of northern and 

western European descent whereas K562 is an immortalized cancer cell line derived from 

a northern European female patient suffering from immortalized Chronic Myelogenous 

Leukemia (CML).  We analyzed eight histone modifications (H3K4me1, H3K4me2, 

H3K4me3, H3K9ac, H3K27ac, H3K27me3, H3K36me3, H4K20me1) in each cell line 

characterized using Chromatin Immunoprecipitation followed by sequencing (ChIP-Seq) 

technique.  Functional enhancers have also been associated with open chromatin as 

described by DHS sites.  Therefore we also incorporated open chromatin data also 

characterized by the ENCODE project using the DNase1 enzyme to digest genomic DNA 

in each cell line [33]. 

 
 
Enhancer training set 

Functional enhancers are marked by an enrichment of transcription co-activator 

protein p300 [175,176].  As an integral part of enhancer-associated protein complex, 

p300 has been widely characterized at enhancer locations [177,178,179].  The genomic 

locations of p300 have recently been characterized using the ChIP-chip technique in 
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human K562 cells.  In order to determine the epigenetic profile of enhancers, we 

evaluated eight histone modifications at experimentally characterized p300 binding sites 

in the K562 cell line [43].  We found that five of these modifications (H3K4me1, 

H3K4me2, H3K4me3, H3K9ac, H3K27ac) display distinct patterns at p300 binding sites 

that can be used to predict putative enhancers (Figure 7.1).  Therefore we selected 137 

p300 binding sites that are significantly enriched for all five modifications above the 

genomic background to build an enhancer training set.  The training set consists of five 

vectors, each representing the ChIP-Seq tag counts of individual histone modifications 

over a 10kb region, summed over 137 p300 binding sites as described in the methods 

section (Figure 7.1). 

To validate the patterns of epigenetic histone modifications captured by our 

enhancer training set, we employed two controls to demonstrate the integrity of our 

training set.  As a first control, we compared the epigenetic histone modification patterns 

over 137 p300 binding sites of eight histone modifications.  Five histone modifications 

present in our training set (H3K4me1, H3K4me2, H3K4me3, H3K9ac, H3K27ac, 

H3K27me3) display unique patterns of enrichment whereas the other three histone 

modifications (H3K27me3, H3K36me3, H4K20me1) do not show any enrichment in the 

region (Supplementary figure D.1).  As a second control, we sampled 137 random 

genomic sequences and compared the enrichment of epigenetic histone modifications 

against those in our training set derived from p300 binding sites.  We observed that 

random genomic locations do not display any pattern of enrichment characteristic of 

experimentally characterized enhancers (Supplementary figure D.2).  These controls 
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demonstrate that the epigenetic histone modification profile at experimentally 

characterized enhancers is accurately characterized by our enhancer training set. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.1.  Enhancer training set.  The enhancer training set is derived from five 
histone modifications in 10KB windows over 137 p300 binding sites in K562 cell line. 
(A)  Heat map showing ChIP-Seq tag counts at 137 p300 binding sites for eight histone 
modifications.  The first five of the modifications are significantly enriched and display a 
distinctive patterns at p300 binding sites whereas the last three modifications do not show 
any specific pattern over p300 binding sites, and (B) Visual representation of the 
enhancer training set with ChIP-seq tag counts summed over 137 p300 bound genomic 
loci corresponding to five histone modifications binned in 100bp bins over a 10kb 
window. 
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Figure 7.2.  ROC curve.  Receiver Operating Characteristics curve showing the 
discriminating ability of the enhancer training set.  The rate of true positives is calculated 
as the correlations between the epigenetic profile of individual sequences that make up 
the enhancer training set with the enhancer training set and the rate of false positives is 
calculated as the correlations between the epigenetic profiles of randomly sampled 
genomic loci and the training set (Methods).  Departure of the curve from the unity line is 
taken as a measure of the discriminating ability of the training set. 

 

 

In order to determine the discriminating power of our training set, we performed 

the Receiver Operating Characteristic (ROC) analysis on the genomic loci that constitute 

our enhancer training set.  The ROC curve provides a graphical method to distinguish 

between optimal and suboptimal models in their diagnostic ability.  The curve is plotted 

as the rate of true positives against false positives at given intervals and the departure of 

the optimal model from the unity line is taken as a measure of its performance.  We 
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computed Spearman’s rank correlations between the epigenetic profile of each of the 137 

p300 genomic loci and the training set as described in the Methods section.  As a control, 

we performed correlations between the epigenetic profile of random genomic loci and the 

training set.  The percentage of true positives represented by the training set loci was 

plotted against false positives denoted by random genomic loci to yield the ROC curve in 

Figure 7.2.  The plot demonstrates that our enhancer training set is significantly divergent 

from the one derived from sampling random genomic loci and thereby possesses the 

discriminating capability essential for its use in enhancer predictions. 

 

Enhancer prediction 
 

Having established the validity of our enhancer training set, we used it to search 

for genomic regions that display similar epigenetic profiles to identify potential 

enhancers.  To that end, we build a test set comprising of the DHS sites in the GM12878 

and K562 cell lines.  Using a 10kb window and a step of 100bp, we computed 

Spearman’s rank correlations between the enhancer training and test sets at each step.  

For each DHS site, the genomic locus that yields the highest correlation value was 

recorded and the results were filtered using a correlation cut-off of 0.5 or higher 

(Spearman’s ρ=0.5, p=1E-56 ). 

Several histone modifications are also known to be enriched at the transcription 

start site and promoter regions of human genes [35,43].  Since actively transcribing genes 

are also associated with DHS, our enhancer prediction method can potentially misidentify 

a few promoters as enhancers.  In order to overcome this, we used CAGE (Capped 

Analysis of Gene Expression) data to filter any promoters that may have been identified 
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as enhancers.  CAGE tags are obtained by capping the 5’ end of messenger RNA and 

sequencing the cDNA obtained after reverse transcription.  These tags are mapped back 

to the genome where to locate the transcription start site for the originating mRNA.  

Using a Poisson distribution to model the genomic background, we identified all genomic 

regions that are significantly enriched for CAGE tags and marked them as promoters.  

We then intersected our predicted enhancers with CAGE promoters and removed all 

enhancer loci that have been identified as promoters.  Thus, after filtering out the 

promoters, we obtained 11311 and 8051 enhancers in GM12878 and K562 cell lines 

respectively.  A vast majority of enhancers we identified are unique to each cell line as 

only 1608 (9%) of these enhancers are shared between both cell lines (Figure 7.3).   

Since we limited our search for enhancers to DHS sites, these data reflect the 

number of enhancers associated with actively transcribing genes.  Epigenetic histone 

modifications in each cell type are dynamic and can change to accommodate the 

regulatory needs of cell.  Thus, the enhancers predicted using the epigenetic histone 

modification profiles are also not universally active as reflected by the small percentage 

of enhancers that are shared between GM12878 and K562 cell lines.  As such, these 

figures provide a snapshot of active enhancers in two human cell lines each going 

through a particular stage of differentiation.  Conversely, the divergent genomic loci of 

these enhancers suggest their role in regulating cell type specific gene expression as 

discussed in later sections. 
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Figure 7.3.  Common and exclusive enhancers between GM12878 and K562 cell 
lines.  (Top) Venn diagram showing enhancers that are shared between GM12878 and 
K562 cell lines as well as unique enhancers in the two cell lines, and (bottom) fractions 
of the enhancers from above that originate in TE sequences are shown. 
 
 

TE-derived enhancers 
 

In order to identify TE-derived enhancers, we intersected the genomic loci of our 

predicted enhancers in each cell line with TE annotation as described by RepeatMasker 

[140].  We identified 1898 and 1070 enhancers derived from TEs in the GM12878 and 

K562 cell lines respectively with 147 (6%) enhancers that are shared between both cell 

lines (Figure 7.3).    There are fewer TE-derived enhancers that are common between the 
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cell lines compared to all predicted enhancers, suggesting that TE-derived enhancers are 

more cell type specific (Hyper-geometric test,  p = 1E-16).  

To evaluate the contribution of various families of TEs in donating enhancers, we 

classified TE-derived enhancers into 6 major families namely Alu, L1, LTR, DNA, L2, 

and MIR (Figure 7.4A).  We normalized the number of enhancers contributed by each TE 

family by its relative genomic abundance (Figure 7.4B).  In both cell lines, Alu and L1 

elements are under-represented whereas LTR, DNA, L2 and MIR are over-represented 

TE families that contribute enhancers to the human genome (χ2 test – 2E-152< p<0.87 – 

Supplementary Table D.4, Student’s t test, GM12878: t = 5.7, p = 1E-3, K562: t = 4.6, p 

= 3E-3).  In absolute terms, LTR elements donate the highest number of enhancers (319) 

in K562 and the second highest number of enhancers (369) in GM12878 cell lines.  A 

number of previous studies have demonstrated that LTRs providing transcription start 

sites and coding sequences to the human genome [37,100].  Thus, our analysis extends 

the widespread exaptation of LTR as regulatory to the human genome.  Our data also 

indicates that MIR element contribute the largest number of enhancers relative to their 

genomic abundance.  MIRs represent the oldest family of TEs in the human genome and 

their over-representation in donating enhancers indicates that older TEs are more likely to 

provide regulatory and coding sequences for the host genome.  Indeed the relative age of 

TE families is directly correlated with the number of enhancers it donates 

(Supplementary Figure D.3, GM12878: ρ = 0.94, p = 3E-19, K562: ρ = 0.89, p = 2E-17).  

The observation that older TE families donate relatively more enhancers than younger 

ones suggests that older elements may possess a stronger ability to recruit epigenetic 

marks, making them more likely to be exapted by the host genome.  We have also 



 156 
 

previously shown that older TEs are bear more epigenetic histone modifications than 

younger ones and therefore demonstrate a higher potential to be exapted by the human 

genome [180]. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.4.  Contribution of various TE families in providing enhancers to the 
human genome.  (A) The number of enhancers provided by six TE families in GM12878 
and K562 cell lines.  (B) Contribution of enhancers by TE families normalized by their 
genomic abundance (Methods). 
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TE-derived enhancers and cell type specific gene expression 
 

To evaluate the functional effect of TE-derived enhancers, we investigated their 

role in the regulation of gene expression.  Enhancers can influence the expression of 

genes that lie as much as tens of thousands of bases away from the transcriptional start 

site of genes.  We determined the functional effect of our predicted TE-derived enhancers 

by relating them to cell type specific gene expression.  To do this, we mapped enhancers 

to genes in two different ways, by finding enhancers in 100kb windows surrounding 

transcriptional start sites, and associating genes with enhancers delineated by CTCF 

bound domains.   

We analyzed gene expression data for each cell line characterized by exon array 

experiments as part of the ENCODE project (Methods).  We calculated the average 

expression of genes that possess different numbers of TE-derived enhancers in their 

vicinity.  For each gene in our dataset, we searched a window of 100kb surrounding its 

transcription start site for TE-derived enhancers and binned the average expression of 

genes with respect to the number of enhancers it possesses.  The expression of genes 

without a TE-derived enhancer is significantly lower than that of genes with one ore more 

TE-derived enhancers in the 100kb region surrounding their transcription start sites 

(Students’ t test, GM12878: t = 31.8, p = 2E-16; K562: t = 32.9, p = 2E-16).  

Furthermore, the expression of genes is strongly correlated with the number of TE-

derived enhancers it has in its vicinity (Figure 7.5A) (Spearman’s GM12878: ρ ~1, p = 

1E-11, K562: ρ ~1, p = 1E-11).  These findings suggest that TE-derived enhancers have a 

significant impact in up-regulating the expression of nearby genes.  
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We also computed the average expression of genes in genomic domains 

delineated by CTCF binding sites and related it with the presence or absence of TE-

derived enhancers in those domains.  CTCF is an insulator binding protein and is known 

to mark domain boundaries that restrict the regulatory landscape of one region from 

bleeding into the next.  Therefore, we evaluated the regulatory effect of enhancers in the 

domains they reside in.  We found that the average expression of genes in domains that 

have one or more TE-derived enhancers is higher than that of genes that are devoid of 

TE-derived enhancers in both GM12878 and K562 cell lines(Students’ t test, GM12878: t 

= 200.4, p = 0; K562: t = 7.2, p = 6E-13).  CTCF binding sites are cell type invariant and 

thus the domains remained constant between our cell lines [43,44].  Since we exclusively 

used TE-derived enhancers that are unique between the two cell lines, these domains are 

differentially enriched for TE-derived enhancers.  Thus, while the domains remain 

constant, the average expression of genes within those domains changes with the 

distribution of TE-derived enhancers in those domains.  In other words, the presence or 

absence of TE-derived enhancers within CTCF delineated domains remains a robust 

predictor of differential gene expression in the two cell lines.  This observation suggests 

that TE-derived enhancers are functionally important in driving the expression of genes 

in a cell type specific manner (Supplementary Figure D.4). 
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Figure 7.5.   Functional role of enhancers in regulating gene expression.  (A) Average 
expression of genes that have different number of enhancers in a 100kb window centered 
at transcription start sites. (B) Expression divergence of genes is plotted against the 
difference in the number of enhancers in the 100kb window surrounding these genes.  
Expression divergence and enhancer frequency divergence between GM12878 and K562 
cell lines is calculated by subtracting the values of K562 from those of GM12878 cell 
line.  (C)  Differentially expressed genes determined by performing ANOVA on the 21 
and 20 samples of GM12878 and K562 cell lines respectively (Methods).  (D) The plot 
shows the average number of enhancers in 100KB windows centered at the transcription 
start sites for differentially expressed genes in each cell line. 
 
 

 

ρ = 0.98

-1.5

0

1.5

-0.5 0 0.5

Enhancer frequency divergence

4

5

6

0 1 2 3 4 5

GM12878 K562
ρ ~ 1         ρ ~ 1

Enhancer frequency (100kb)

A
ve

ra
g
e 

g
en

e 
ex

p
re

ss
io

n

Enhancer frequency divergence

G
en

e 
ex

p
re

ss
io

n
 d

iv
er

g
en

ce

0

1

2

     GM12878    
Up-regulated

        K562       
Up-regulated

GM12878 K562

A B

A
ve

ra
g
e 

en
h
an

ce
r 

fr
eq

u
en

cy
 (

1
0
0
kb

)

C D
-1.5 1:1 1.5

ρ =0.98

GM12878
samples

K562
samples

G
M

1
2
8
7
8

U
p
-r

eg
u
la

te
d

K
5
6
2

U
p
-r

eg
u
la

te
d



 160 
 

TE-derived enhancers and differential expression 
 

Having established the functional significance of TE-derived enhancers in 

regulating cell-type specific gene expression, we evaluated their role in driving 

differential expression between cell lines.  For each gene in our dataset, we computed 

expression divergence between GM12878 and K562 cell lines and related it to the 

difference in the number of TE-derived enhancers between the two cell lines.  We sorted 

the genes based on their expression divergence and binned them in ten bins according to 

their increasing expression divergence.  We found that expression divergence is directly 

correlated with the difference in the number of TE-derived enhancers between GM12878 

and K562 cell lines (Spearman’s ρ = 0.98, p = 9E-10).  The bins with maximum 

expression divergence also have the maximum difference in the number of enhancers.  In 

other words, bins with genes that are most divergently expressed between the two cell 

lines are also marked with the biggest difference in the number of enhancers.  Therefore 

maximum expression divergence is associated with the biggest jump in the number of 

enhancers.  This suggests that the strongest influence of TE-derived enhancers is 

observed in differentially expressed genes.  

In order to further investigate this phenomena, we used ANOVA on 20 and 21 

samples of normalized exon array data from GM12878 and K562 cell lines respectively 

to determine the maximally differentially expressed genes.  We found 4118 genes that are 

significantly differentially expressed (P<) with 1970 genes that are up-regulated in 

GM12878 and down-regulated in K562 and 2148 genes that are down-regulated in 

GM12878 and up-regulated in K562 cell lines (Methods).  We computed the average 

number of enhancers in a 100kb window surrounding differentially expressed genes and 
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found that genes that are up-regulated in one cell line have more enhancers in their 

vicinity in the same cell line compared to the other cell line (Figure 7.5D).  In our dataset 

of 1970 genes that are up-regulated in GM12878 and down-regulated in K562, there are 

an average of 1.38 TE-derived enhancers per gene in GM12878 and 1.01 TE-derived 

enhancers per gene in K562 cell line (Wilcoxon signed-rank test, V = 701100, p = 2E-

16).  Similarly, 2148 genes that are up-regulated in K562 and down-regulated in 

GM12878 have 1.58 TE-derived enhancers per gene in K562 and 1.15 TE-derived 

enhancers per gene in GM12878 cell line (Wilcoxon signed-rank test, V = 522243, p ~ 1).  

Our analysis demonstrates that more TE-derived enhancers are present near genes that are 

differentially up-regulated in one cell line versus the other, highlighting their role in 

regulating differential expression between cell types. 

 

Conclusions 

Unlike promoters, enhancers can influence the expression of genes that lay tens of 

thousands of bases away from them [181,182].  The distribution of TE derived enhancers 

around genes ranges from a few hundred bases from the transcription start site to several 

thousand bases.  Enhancers have also been shown to provide the most cell type specific 

mechanism of gene regulation [43].  We used two metrics to investigate the functional 

role of these enhancers in regulating the expression of genes in a cell type specific 

manner.  Our first analysis revealed that the frequency of TE-derived enhancers in the 

vicinity of genes is strongly correlated with increasing gene expression.  Secondly, genes 

that are differentially up-regulated in each cell line possess significantly more TE-derived 

enhancers in the same cell line when compared to the other cell line.  These results 
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provide strong evidence for the functional role of TE-derived enhancers in differentially 

regulating genes between human cell types. 

Sixty years ago, Barbara McClintock discovered controlling elements, jumping 

genes that could control the expression of other genes in Maize [183].  Twenty years 

later, Roy Britten and Eric Davidson postulated that transposable elements are involved 

in setting up gene regulatory networks in higher eukaryotes.  In 2010, we had the 

unprecedented opportunity to test these hypotheses using recently acquired genome wide 

maps of epigenetic histone modification data [184].  Indeed, we confirm that TEs donate 

hundreds of enhancers to the human genome that are functionally relevant in regulating 

cell type specific expression via epigenetic histone modifications. 

 

Methods 

Enhancer training set and identification of novel enhancers  
 

10KB windows surrounding 137 p300 binding sites were center-aligned and 

divided into 100 bins of 100bp each.  These bins were used to generate vectors 

corresponding to each of the five histone modifications (H3K4me1, H3K4me2, 

H3K4me3, H3K9ac, H3K27ac).  ChIP-Seq tag counts for each of these modifications 

were summed over 137 p300 sites and binned into 100bp bins in each vector.  Thus our 

training set contains five vectors representing individual histone modifications and 

comprising of 100 bins with each bin containing ChIP-Seq tag counts summed over 137 

p300 binding sites that are significantly enriched for all five histone modifications.  

Significant enrichment was calculated using a Poisson distribution parameterized by the 
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background ChIP-Seq tag count and the threshold was adjusted using the Bonferroni 

correction for multiple tests. 

The test set vectors were fashioned in a similar way except in this case individual 

DHS sites were used instead of p300 binding sites as in the training set.  We centered the 

enhancer test set at the start point of DHS site and computed Spearman’s rank 

correlations individually between the five vectors of the training and the test sets and 

averaged the values.  We used a sliding window with a step of 100bp from the center of 

the test set and compute correlations at every step and took the highest average 

correlation computed from all the steps within a DHS site.  Average Spearman’s 

correlation values of 0.5 (P=) or higher were taken for further evaluation as potential 

enhancers. 

 

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 collected from the different laboratories as 

part of the ENCODE project [33].  We normalized the dataset using the MAS5 algorithm 

provided by the Bioconductor package Exonmap [170].  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.   

            We used Refseq genes from the UCSC genome browser to define transcriptional 

units (TU) [35,111,115].  The TU’s, referred to as genes in the text for clarity, encompass 

the all overlapping mRNA transcripts at a genomic loci.  We defined the boundaries of 
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TUs as the upstream most transcription start site and the downstream most transcription 

end site. 

Differentially expressed genes 
 
              Differentially expressed genes were identified using ANOVA (Analysis of 

variance) tool provided by the Genesis software [114].  ANOVA was performed on 20 

and 21 samples from GM12878 and K562 cell lines respectively.  We used a stringent 

significance cut-off of P=1E-7 obtained after using Bonferroni correction for multiple 

tests, to calculate ANOVA. 

Sequence datasets 
                We used five sequence datasets from the March 2006 build (NCBI Build 36.1; 

UCSC hg18) of the human genome.  Three of these datasets were obtained from the 

ENCODE section of the UCSC genome browser.  These datasets include histone 

modifications, DNase1 hypersensitive sites and Capped Analysis of Gene Expression, for 

both GM12878 and K562 cell lines [33,111,115].  These data are produced from ChIP-

Seq, DNase1-Seq and CAGE experiments respectively and are available as aligned reads 

in tagAlign files.  The raw sequence tags obtained from the sequencers were aligned 

using the MAQ program [139].  Refseq genes and RepeatMasker 3.2.7 data was 

downloaded from the UCSC table browser [115].    
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CHAPTER 8 

CONCLUSIONS 

 
 
 This dissertation comprises six studies pertaining to various roles of transposable 

elements (TEs) in the human genome.  They provide insight into the nature and 

distribution of TEs in the human genome as well as explore a ways by which TEs can 

epigenetically regulate the function the human genome.  The first chapter (CHAPTER 2) 

evaluates some of the methods commonly employed to discover and annotate TEs, and 

discusses their suitability in different types of analyses.  The next chapter (CHAPTER 3) 

reviews the state of knowledge in the field of human TEs and epigenetics taking into 

account, the evolutionary questions and the ability to address them using recently 

acquired high-throughput epigenetic data.  The following chapter (CHAPTER 4) 

investigates the role of TEs in regulating human gene expression mediated via 

nucleosome binding in the promoter regions.  CHAPTER 5 explores the relationship 

between TEs and epigenetic histone modifications in light of two competing hypotheses, 

the genome defense hypothesis and the exaptation hypothesis.  CHAPTER 6 investigates 

the exaptation of several hundred TE sequences as promoters and transcriptional start 

sites for human genes, and analyzes their role in driving cell type specific gene 

expression mediated via epigenetic histone modifications.  Finally CHAPTER 7 

describes a novel approach to identify putative enhancers based on their epigenetic 

profile and implements this approach to detect hundreds of TE derived enhancers that are 

functionally relevant in driving cell type specific gene expression in two human 

hematopoietic cell lines. 
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TEs were long regarded as 'selfish' or 'junk' DNA because of theoretical models 

that showed that their accumulation in genomes can be attributed solely to their ability to 

out-replicate the host genome [17].  As a result, research on exploring possible 

contribution of TEs to the host genome was discouraged.  However, as numerous 

unexpected cases of TEs contributing to the function and regulation of host genomes 

surfaced, this view came to be challenged.  When the sequence of the human genome was 

published, it became clear that nearly half of the euchromatic sequence of the human 

genome is comprised of TEs.  For the first time, it became possible to investigate the 

extent of the contribution of TEs to host regulatory and coding sequences.  Thus, it 

became apparent that TEs contribute significantly to the function and evolution of the 

human genome [18,100,185,186]. 

In CHAPTER 4, the role of TEs in regulating nucleosome binding in the human 

genome is discussed.  Nucleosome binding affinity of a sequence affects its accessibility 

to DNA binding proteins such as transcription factors, RNA and DNA polymerase 

complexes.  Therefore nucleosome binding in the promoter region is linked to the 

regulation of gene expression [40].  We used a computational approach developed by 

Segal et. al. to predict the nucleosome binding affinity or human promoter sequences [40]. 

We observed that TE sequences bind nucleosomes with higher affinity compared to non-

repetitive DNA.  The distribution of TEs in the proximal promoter regions also closely 

follows the pattern of nucleosome binding in the same region.  Thus, it appears that TEs 

have been utilized by the human genome to hone gene expression via nucleosome 

binding to controlling access to promoter sequences by various transcription factors, 

particularly the basal transcriptional machinery.  
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In CHAPTER 5, the relationship between TEs and the human genome mediated 

via epigenetic histone modifications is explored.  In this context, the role of epigenetic 

modifications in suppressing transposition is investigated.  It is thought that transposition 

activity exhibited by TEs can cause disruption in the host genome and in order to guard 

against its deleterious effects, the host genome must evolve mechanisms to suppress 

transposition [16].  This idea provides the rationale behind the genome defense 

hypothesis which postulates that epigenetic regulatory mechanisms came into existence 

to prevent TEs from causing disruption through transposition [16,28].  The targeting of 

TEs by epigenetic histone modifications may have led to TEs acquiring the ability to 

recruit these marks.  As a result, this ability allows TEs to potentially serve the regulatory 

needs of the host genome.  This process is known as exaptation whereby a formerly 

selfish TE sequence is incorporated by the host genome to serve its regulatory or coding 

need.  The studies in chapters 5, 6 and 7 explore the role of human TEs with respect to 

genome defense and exaptation, and investigate the extent to which TEs have been 

exapted by the human genome.  These exaptations will also be evaluated for their role in 

epigenetically regulating the expression of human genes. 

The next generation sequencing technology has brought unprecedented 

opportunity to access the epigenetic histone modification profile of the human genome in 

various cell types.  A recent study generated a genome-wide mapping of 38 histone 

modifications in human CD4+ T-cells.  We used these data to evaluate predictions 

generated from the genome defense as well as exaptation hypotheses.  The genome 

defense hypothesis predicts that TEs would primarily be targeted by repressive histone 

modifications and potentially active younger TE families would bear more repressive 
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epigenetic marks than older ones.  On the other hand, the exaptation hypothesis predicts 

that TEs would be enriched for both active as well as repressive histone marks; older TEs 

would bear more epigenetic marks than younger ones, and TEs that are closer to genes 

would bear more epigenetic marks than the ones that are lie away from genes.  We 

observed that various TE families in the human genome are enriched for a number of 

active as well as repressive histone modifications, a scenario similar to that of human 

genes.  Secondly, TEs that lie near genes bear more epigenetic marks compared to the 

TEs that lie further away from genes, and older families of TEs bear more epigenetic 

marks than younger ones.  All of these observations argue against the genome defense 

hypothesis in favor of the exaptation hypothesis. 

Next, we looked at the extent of exaptation of TE sequences in the human genome 

and their involvement in epigenetically regulating cell type specific gene expression.  In 

chapter 6, we report 1,520 genes in the human genome that initiate transcription within 

TE sequences.  We evaluated the epigenetic histone modifications of these promoters in 

two hematopoietic cell lines characterized by the ENCODE project [33].  GM12878 is a 

lymphoblastoid cell line derived from a female of northern and western European descent 

and K562 is a Leukemia cell line derived from a European female patient suffering from 

Chronic Myelogenous Leukemia (CML). The transcriptional start sites of these genes are 

epigenetically modified in accordance with their role in the cell type specific regulation 

of expression.  A number of these genes are also differentially modified and subsequently 

differentially expressed in accordance with their role in establishing cell type specific 

function.  These data demonstrate the potential for epigenetic mediated TE exaptations to 

influence the regulation of hundreds of human genes. 
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Enhancers are distant regulatory elements that can influence the expression of 

genes from tens of thousands of bases away [181,182].  We investigated the exaptation of 

TEs in donating enhancer sequences in two human cell lines: GM12878 and K562.  To 

this end, we developed a computational approach to predict enhancers based on their 

epigenetic profile.  We predicted hundreds of enhancers that reside within TE sequences 

in each cell line, most of them unique to each cell line.  We evaluated the functional 

effect of these enhancers on regulating cell type specific gene expression by associating 

them to the nearby genes.  The expression of genes in each cell type is directly correlated 

with the presence of TE-derived enhancers around them.  Moreover, genes that are 

differentially up-regulated in one cell line possess significantly more TE-derived 

enhancers in their vicinity in the same cell line when compared to the other cell line and 

vice versa.  These data indicate that TEs donate enhancers in various human cell types 

and these enhancers play a role in epigenetically regulating the expression of nearby 

genes in a cell type specific manner. 

The current state of the human genome can be characterized as a legacy of 

genome defense.  The epigenetic mechanisms that came into existence to suppress the 

activity of TEs have been co-opted to regulate human genes [32,33,34,35].  At the same 

time, most TE families in the human genome have become transpositionally inactive [8], 

and thus there is little need for the human genome to suppress their activity.  Indeed, our 

data indicates that there is little evidence that epigenetic histone modifications are 

incorporated to suppress transposition.  On the other hand, TEs still maintain the ability 

to recruit epigenetic marks which allows them to be exapted by the human genome to 

serve its regulatory needs.  We have shown that there are hundreds of cases of TEs 
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exapted as promoters and enhancers that epigenetically regulate the expression of human 

genes in a cell type specific.  Thus, TEs can not only be credited for facilitating the 

evolution and co-option of genome defense mechanisms that now serve primarily to 

regulate the human genome, but also for donating hundreds of sequences that 

epigenetically regulate human gene expression in various cell types. 
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APPENDIX A 

SUPPLEMENTARY INFORMATION FOR CHAPTER 4 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure A.1.  Repetitive DNA density and nucleosome binding affinity along 
mammalian proximal promoter sequences. Average nucleosome binding affinities 
(green line, values on left y-axis) along with average TE densities (blue line, values on 
right y-axis) and average SSR densities (pink line, values on right y-axis) over species-
specific sets of proximal promoter sequences are plotted over each promoter position 
starting from − 1000 bp upstream and progressing to the transcriptional start site (TSS at 
position 0). Trends are shown for chimpanzee (a), mouse (b) and rat (c). 
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Figure A.2.  Sequence logos representing promoter repeat architectures for six 
clusters (c1–c6) of human proximal promoter sequences. For each cluster, the 
probability of observing TE (blue ‘T’), SSR (yellow ‘S’) or non-repetitive (black ‘N’) 
sequence residues is represented along proximal promoter sequences from − 1 kb to the 
TSS (x-axis) by the relative bits of information (i.e. the height of residue) on the y-axis. 
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APPENDIX B 

SUPPLEMENTARY INFORMATION FOR CHAPTER 5 

 
 
 

 
 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.1.  Comparison of the original (old) mapping and new mapping 
procedures. (a) Number of tags of active histone tail modifications and (b) number of 
tags of repressive modifications mapped using the old and the new mapping techniques. 
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Figure B.2.  Effect of individual histone modifications on CD4+ T cell gene 
expression levels.  Histone tail modifications were determined to be present or  
absent in the promoter regions of human genes as described in the Methods section.   
For each modification, the log2 normalized ratio of the average expression level for  
genes present for the modification over the average expression level for genes where  
the modification is absent is shown.  Active modifications (red) have positive ratios, and 
repressive modifications (green) have negative ratios. 
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Table B.1.  Statistics for histone modification enrichment or depletion in TEs and 
human gene expression.  Significance was calculated using the G-test and the P-value 
was adjusted for multiple tests using the Bonferroni correction. 
 

 
 

 
 
 
 
 
Table B.2.  Correlation and statistical significance between gene expression 
enrichment or depletion and TE enrichment or depletion for 38 histone 
modifications. 
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H3K9ac 704496 0 25868 0 39591 0 170.19 7E-39 1655.8 0 889.88 2E-195 393172 0
H2BK120ac 867104 0 400.38 5E-89 131025 0 13074 0 6183.6 0 3330.9 0 43488 0
H4K91ac 825807 0 40683 0 361975 0 3306.9 0 10818 0 5742.5 0 339941 0
H3K18ac 839704 0 3948.1 0 277985 0 905.94 5E-199 3900.1 0 11484 0 122161 0
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Figure B.3.  Comparison of global versus local methods for computing TE-histone 
modification enrichment ratios.  For each TE class (family), log2 normalized 
enrichment ratios were computed for the 38 histone modifications by using a genome-
wide background tag count (y-axis) or a locally computed background tag count (x-axis). 
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Figure B.4.  Enrichment or depletion of 38 individual histone modifications in TE 
families.  Log2 normalized ratio of the number of tags of each of the 38 histone 
modifications located within each TE family over the local genomic background tag 
count. TE-modification enrichment values were calculate using the local genomic 
background histone modification tag counts, which were computed as described in the 
Methods section. 
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Figure B.5. Correlation between enrichment of histone modifications in TE families 
and for human gene expression.  The enrichment of 38 histone modifications in human 
gene expression (Supplementary Figure B.2) is plotted against the same in 6 TE families 
(Supplementary Figure B.1).  TE-histone modification enrichment values were calculated 
using the local genomic background histone modification tag counts, which were 
computed as described in the Methods section. Pearson correlation coefficient values (r) 
are shown. 
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Figure B.6. Enrichment or depletion of active and repressive histone modifications 
in retrotransposons.  Histone modifications were classified as active or  repressive 
based on expression enrichment (Supplementary Figure B.1).  The log2 normalized ratios 
of the number of tags of active or repressive modifications located within each family of 
retrotransposons over the modification background tag counts are shown.  Background 
modification tag counts were calculate using the local genomic background histone 
modification tag counts, which were computed as described in the Methods section. 
Retrotransposon families are arranged according to their relative age.  Spearman rank 
correlations between active and repressive TE-modification enrichments (depletions) and 
the relative ages of TE families are shown.   
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Figure B.7.  TE distance from genes versus histone modifications.  Distances between 
TE sequences and the nearest genes are binned in 10kb bins and plotted against the 
number of histone modification tags mapped to the TE sequence, normalized by its 
length.  Tags are mapped using the new mapping procedure. 
 
 
 
Table B.3.  Statistics for distances between Alu and L1 sequences and the nearest 
genes using uniquely mapped tags   
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Table B.4.  Statistics for correlations between Alu and L1 subfamilies and histone 
modifications 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure B.8.  Q-Q plots showing the concordance between the expression fold change 
and data generated from the theoretical Normal distribution. 
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Figure B.8 contd.  Q-Q plots showing the concordance between the TE enrichment 
fold change data and data generated from the a theoretical Normal distribution. 
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Figure B.9.  Q-Q plots showing the non-concordance of millidiv and tags counts with 
the data generated from the a theoretical Normal distribution  
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Figure B.10.  Q-Q plots showing the non-concordance of modification tag counts 
with respect to their distance from human genes with the data generated from the a 
theoretical Normal distribution.
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Figure B.11.  Age of Alu subfamilies determined by divergence from consensus 
sequence 
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Figure B.12.  Age of L1 subfamilies determined by divergence from consensus 
sequence 
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APPENDIX C 

SUPPLEMENTARY INFORMATION FOR CHAPTER 6  

 
 
Table C.1.  Statistical significance of the contribution of TE families in TE-derived 
promoters.  Statistical significance was calculated using the χ2 test with d.f.=1. 
 

 
 
 
Table C.2.  Statistical significance of histone modification enrichment in promoters 
with different levels of expression.  Statistical significance was calculated using the t 
test with d.f.=32621  
 
 
 
 
 
 
 
 
 
 
 
 
 
Table C.3.  Statistical significance of histone modification enrichment in TE-derived 
promoters.  Statistical significance was calculated using the χ2 test with d.f.=1  

TE χ2-d2/e p-value
Alu 14.8298 0.000117662
L1 162.994 2.50957E-37
DNA 4.78196 0.028759425
LTR 13.1623 0.000285637
L2 75.0453 4.60033E-18
MIR 206.869 6.62296E-47

TE-derived promoters

Modifications t p-value t p-value
H3K4me2 97.31927 0 92.1758 0
H3K9ac 95.35285 0 88.92985 0

H3K4me3 92.90981 0 83.0017 0
H3K27ac 95.3351 0 92.20358 0
H3K4me1 67.43786 0 76.6809 0
H3K20me1 38.036 0 54.65989 0
H3K36me3 26.05227 2.1E-148 60.16314 0
H3K27me3 -30.74287 6.4E-205 -38.80808 0

GM12878 K562

Modifications χ2-d2/e p-value χ2-d2/e p-value
H3K4me2 11015.2 0 21382.4 0
H3K9ac 11007.1 0 20860.7 0

H3K4me3 3493.39 0 8388.64 0
H3K27ac 8468.07 0 19901.8 0
H3K4me1 4253.39 0 13056.5 0
H3K20me1 1189.58 1E-260 1470.19 0
H3K36me3 9532.47 0 13734.3 0
H3K27me3 296.009 2.4E-66 0.72161 0.39562

GM12878 K562
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Figure C.1.  Relationship between modification enrichment and expression 
enrichment.  Scatterplot of Modification divergence against expression divergence 
between GM12878 and K562 cell lines in (a) 1,520 genes, (b) 1,520 promoters and (c) 
differentially expressed genes (ANOVA p-value =0.0001)
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Table C.4.  LTR promoter genes 

TE Chr TE Start TE End TE family TE name Gene Symbol Gene Chr Gene Start Gene End UCSC gene
chr1 1374631 1374973 ERV1 HERVIP10F-int ATAD3C chr1 1374931 1394919 uc001aft.1
chr1 7895512 7896122 ERV1 LTR36 UTS2 chr1 7825730 7895881 uc001aoq.2
chr1 26467909 26468483 ERV1 LTR10A CCDC21 chr1 26468367 26477886 uc001blt.1
chr1 89510723 89512161 ERV1 LTR12C GBP5 chr1 89500953 89511075 uc001dne.1
chr1 103999221 103999670 ERV1 LTR2B AMY1A chr1 103999663 104008696 uc001duu.1
chr1 104040589 104041038 ERV1 LTR2B AMY1A chr1 104031562 104040596 uc001dux.1
chr1 104093359 104093808 ERV1 LTR2B AMY1A chr1 104093801 104102834 uc001duy.1
chr1 110375223 110375776 ERV1 MER41A FAM40A chr1 110375721 110398947 uc001dyz.1
chr1 181826533 181827030 ERV1 LTR27B NCF2 chr1 181791319 181826669 uc001gqk.2
chr1 231006801 231007269 ERV1 MER31B KIAA1383 chr1 231007260 231012715 uc001hvh.2
chr2 188083923 188088834 ERV1 Harlequin-int TFPI chr2 188037202 188086618 uc002upx.1
chr3 184316350 184316707 ERV1 MER51E DKFZp686B20267 chr3 184215699 184316554 uc003flg.1
chr5 78317801 78318167 ERV1 LTR37A ARSB chr5 78108792 78318113 uc003kfq.1
chr6 27949239 27949277 ERV1 LTR10B1 HIST1H4L chr6 27948904 27949268 uc003njz.1
chr6 109664314 109665076 ERV1 LTR1B AK094715 chr6 109664509 109698413 uc003pta.1
chr6 143421759 143422232 ERV1 LTR12F AIG1 chr6 143422192 143703134 uc003qjf.1
chr6 10599705 10600998 ERV1 LTR12D IGnT2 chr6 10600441 10737587 uc010jol.1
chr7 96583557 96583981 ERV1 MER57C2 ACN9 chr7 96583840 96649011 uc003uoo.2
chr7 99518174 99518741 ERV1 LTR43 ZNF3 chr7 99505529 99518295 uc003ust.2
chr7 149635725 149640305 ERV1 HERVH-int LRRC61 chr7 149637562 149666172 uc003wgv.1
chr7 150318695 150319197 ERV1 LTR10A NOS3 chr7 150319079 150342609 uc003wif.1
chr8 53022764 53023490 ERV1 LTR8A AX747167 chr8 53023214 53025247 uc003xqy.1
chr9 91284222 91285718 ERV1 LTR12C SEMA4D chr9 91181971 91284431 uc004aqo.1
chr9 99847415 99847814 ERV1 MER57B1 NANS chr9 99847709 99885178 uc004ayb.1
chr9 78282614 78283312 ERV1 LTR12_ GCNT1 chr9 78283076 78312152 uc010mpi.1
chr10 97461494 97461649 ERV1 MER39B ENTPD1 chr10 97461525 97595833 uc001kle.1
chr11 8116670 8117249 ERV1 LTR10C RIC3 chr11 8087070 8116762 uc001mgb.1
chr11 61337513 61337731 ERV1 LTR12B FADS1 chr11 61323676 61337582 uc001nsh.1
chr12 11136134 11136625 ERV1 LTR12F TAS2R43 chr12 11135152 11136179 uc001qzq.1
chr12 21367800 21370152 ERV1 MER4B-int SLCO1A2 chr12 21319110 21368856 uc001ret.1
chr12 37400745 37402212 ERV1 MER52A CPNE8 chr12 37332268 37401291 uc001rlr.1
chr12 67643174 67643575 ERV1 MER39B CPM chr12 67531222 67643287 uc001sur.1
chr14 23174675 23175701 ERV1 LTR12D DHRS2 chr14 23175412 23184688 uc001wkt.2
chr14 73103791 73104520 ERV1 LTR12_ ACOT1 chr14 73104076 73112112 uc001xom.1
chr14 95198938 95199417 ERV1 MER4C TCL6 chr14 95199345 95207940 uc001yes.1
chr15 73278017 73278431 ERV1 MER51A C15orf39 chr15 73278285 73291563 uc002azp.2
chr17 30783342 30783856 ERV1 MER51A SLFN12 chr17 30762193 30783656 uc002hji.2
chr18 6918221 6918871 ERV1 LTR9 AK095347 chr18 6915476 6918551 uc002kni.1
chr19 522082 522344 ERV1 LTR10B BSG chr19 522324 534493 uc002loy.1
chr19 42033104 42033171 ERV1 MER67D ZNF345 chr19 42033106 42062310 uc002oex.1
chr19 50109068 50109524 ERV1 LTR2 APOC1 chr19 50109416 50114446 uc002pac.1
chr19 54063490 54063741 ERV1 HERVIP10FH-int PLEKHA4 chr19 54032166 54063670 uc002pkx.1
chr19 56549761 56550168 ERV1 MER61F ETFB chr19 56540220 56549908 uc002pwg.1
chr19 56989810 56990327 ERV1 LTR54 FPR3 chr19 56990222 57021146 uc002pxt.1
chr19 20911002 20911581 ERV1 LTR10C ZNF85 chr19 20911241 20925343 uc010eco.1
chr19 59819684 59820815 ERV1 MER4B-int MIR cl-7 chr19 59820440 59839915 uc010erp.1
chr20 1396318 1396804 ERV1 LTR10B NSFL1C chr20 1370810 1396417 uc002wfc.1
chr20 15914412 15914891 ERV1 LTR2B MACROD2 chr20 15914432 15978686 uc002wpd.2
chr21 29370579 29371874 ERV1 LTR12C DKFZp564A247 chr21 29371824 29470073 uc002ynd.1
chr21 38415150 38415575 ERV1 LTR9 DSCR4 chr21 38348182 38415324 uc002ywp.1
chr21 46092403 46092694 ERV1 MER51B PCBP3 chr21 46092504 46186795 uc002zhp.1
chr15 78234919 78235864 ERVK LTR13A FAH chr15 78235347 78265737 uc002bfn.1
chr19 44661941 44662921 ERVK LTR5_Hs TIMM50 chr19 44662891 44672898 uc002olt.1
chr1 166204002 166204764 ERVL LTR41 IQWD1 chr1 166204372 166258909 uc001gey.1
chr2 47449927 47450127 ERVL LTR41B EPCAM chr2 47449970 47467661 uc002rvx.1
chr2 178461636 178461864 ERVL LTR40c PDE11A chr2 178196222 178461712 uc002ulp.1
chr3 188222293 188222832 ERVL MER21A ST6GAL1 chr3 188222358 188279035 uc003frd.1
chr5 95079065 95079207 ERVL LTR33 RHOBTB3 chr5 95079092 95117553 uc003klk.1
chr6 18319481 18319738 ERVL LTR67B AOF1 chr6 18319704 18332063 uc003ncp.1
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Table C.4  Continued

TE Chr TE Start TE End TE family TE name Gene Symbol Gene Chr Gene Start Gene End UCSC gene
chr6 28429620 28430151 ERVL LTR18B ZNF323 chr6 28400493 28429951 uc003nld.1
chr6 142392906 142393440 ERVL MLT2A2 AK097143 chr6 141944498 142393247 uc003qit.1
chr6 155511803 155512017 ERVL LTR16A TIAM2 chr6 155511987 155620549 uc003qqg.1
chr6 28431676 28432038 ERVL HERVL18-int ZNF323 chr6 28400493 28432027 uc010jra.1
chr7 149630827 149631017 ERVL LTR86A1 ACTR3B chr7 149575234 149631002 uc003wgu.1
chr8 86477437 86477875 ERVL MER74C CA1 chr8 86427709 86477648 uc003ydh.2
chrX 10434386 10434613 ERVL LTR16C MID1 chrX 10373595 10434525 uc004ctc.2
chrX 134674791 134675148 ERVL LTR41 CT45-1 chrX 134674850 134684654 uc004eyy.1
chrX 134693820 134694178 ERVL LTR41 CT45-2 chrX 134693879 134701914 uc004eyz.1
chrX 134711094 134711452 ERVL LTR41 CT45-3 chrX 134711153 134719185 uc004ezc.1
chrX 134764102 134764460 ERVL LTR41 CT45-4 chrX 134756362 134764401 uc004ezd.1
chrX 134781361 134781719 ERVL LTR41 CT45-5 chrX 134773629 134781660 uc004eze.1
chrX 134798611 134798969 ERVL LTR41 CT45-6 chrX 134790880 134798910 uc004ezf.1
chrX 134803094 134803621 ERVL LTR41 SAGE1 chrX 134803450 134822886 uc004ezh.1
chrX 148422898 148423646 ERVL HERV16-int IDS chrX 148368202 148423359 uc004fcw.2
chr12 8725211 8726015 ERVL MER21C RIMKLB chr12 8725482 8821054 uc001quu.2
chr13 47916670 47916843 ERVL MER21A P2RY5 chr13 47861707 47916841 uc001vcc.1
chr16 28345250 28345439 ERVL LTR41B EIF3CL chr16 28298400 28345276 uc010byc.1
chr19 12109144 12109627 ERVL MER54A ZNF20 chr19 12103802 12109544 uc002mte.1
chr19 16105829 16106327 ERVL MER68 HSH2D chr19 16105837 16130377 uc002ndp.2
chr20 4938759 4939175 ERVL MLT2B2 SLC23A2 chr20 4781001 4938939 uc002wlh.1
chr21 18211143 18211666 ERVL MLT2B2 CHODL chr21 18211407 18561558 uc002yks.1
chr21 46564879 46565334 ERVL LTR62 C21orf58 chr21 46544772 46565167 uc002zja.2
chrX 134781361 134781719 ERVL LTR41 CT455 chrX 134773629 134781660 uc004eze.1
chrX 134798611 134798969 ERVL LTR41 CT456 chrX 134790880 134798910 uc004ezf.1
chr10 98382588 98383102 ERVL? LTR87 PIK3AP1 chr10 98343058 98382988 uc001kmo.1
chr1 67445692 67446045 ERVL-MaLR THE1A IL23R chr1 67445886 67498238 uc001dds.1
chr1 89796777 89797122 ERVL-MaLR MLT1A1 LRRC8B chr1 89796857 89831803 uc001dnj.1
chr1 67377080 67377198 ERVL-MaLR MLT1K IL23R chr1 67377177 67498238 uc009waz.1
chr2 101981340 101981939 ERVL-MaLR MLT1H1 IL1R2 chr2 101981890 102011316 uc002tbn.1
chr3 88114121 88114909 ERVL-MaLR MLT1H-int HTR1F chr3 88114415 88125609 uc003dqr.2
chr3 95160086 95160459 ERVL-MaLR THE1B PROS1 chr3 95074588 95160281 uc003dqz.2
chr3 115029520 115030029 ERVL-MaLR MLT1F DKFZp434C0328 chr3 115029718 115148711 uc003eap.1
chr3 126325007 126325345 ERVL-MaLR THE1B SLC12A8 chr3 126284169 126325135 uc003ehu.2
chr3 176324719 176325085 ERVL-MaLR MLT1L NAALADL2 chr3 176324889 176856045 uc010hwy.1
chr5 175672679 175672878 ERVL-MaLR MLT1L C5orf25 chr5 175672753 175705596 uc003mdv.1
chr7 120489962 120490322 ERVL-MaLR THE1B C7orf58 chr7 120490054 120689208 uc003vjt.2
chr7 142269816 142270189 ERVL-MaLR MLT1A0 EPHB6 chr7 142269896 142278969 uc003wbt.1
chr8 101384490 101384926 ERVL-MaLR MLT1D RNF19A chr8 101338463 101384663 uc003yjj.1
chr9 32492542 32493034 ERVL-MaLR MLT1C DDX58 chr9 32445299 32492734 uc010mji.1
chrX 9092493 9092894 ERVL-MaLR MSTA FAM9B chrX 8953036 9092647 uc004csj.1
chr10 1558554 1558958 ERVL-MaLR MSTB1 NCRNA00168 chr10 1558824 1589184 uc001ign.2
chr10 4924610 4925046 ERVL-MaLR MLT1C AKR1C1 chr10 4924795 5010158 uc001iho.1
chr10 5049957 5050345 ERVL-MaLR MSTA AKR1C2 chr10 5021964 5050207 uc001ihs.1
chr10 90650673 90650988 ERVL-MaLR MLT1E1A STAMBPL1 chr10 90650811 90673224 uc001kfl.1
chr10 75424428 75424991 ERVL-MaLR MLT1E3 VCL chr10 75424956 75549920 uc009xrr.1
chr10 90295042 90295401 ERVL-MaLR THE1B C10orf59 chr10 90034695 90295259 uc009xtj.1
chr11 5483291 5483650 ERVL-MaLR THE1B HBE1 chr11 5246155 5483458 uc001mam.1
chr12 2816008 2816465 ERVL-MaLR MLT1C BC141948 chr12 2816237 2837745 uc009zdz.1
chr12 124155293 124155710 ERVL-MaLR MSTB AACS chr12 124155649 124193824 uc009zyi.1
chr13 47898909 47899305 ERVL-MaLR MSTB P2RY5 chr13 47883182 47899044 uc001vce.1
chr14 51253636 51254033 ERVL-MaLR MSTD FRMD6 chr14 51253750 51267194 uc001wzg.1
chr14 94672841 94673055 ERVL-MaLR MLT1L DICER1 chr14 94622317 94672900 uc001ydv.2
chr14 80954182 80954532 ERVL-MaLR THE1B STON2 chr14 80931046 80954350 uc010atc.1
chr15 43710442 43710796 ERVL-MaLR THE1A SQRDL chr15 43710637 43770771 uc001zvt.1
chr15 64661362 64661714 ERVL-MaLR THE1A BC016970 chr15 64661581 64765188 uc002aqe.2
chr15 74941157 74941537 ERVL-MaLR THE1C KIAA1454 chr15 74427591 74941340 uc002bbx.1
chr16 27345653 27346080 ERVL-MaLR MLT1K IL21R chr16 27346079 27369616 uc002dos.1
chr16 70763683 70763990 ERVL-MaLR MLT1I DKFZp434G131 chr16 70710498 70763850 uc002fcf.1
chr20 15851800 15852152 ERVL-MaLR THE1A LOC613266 chr20 15820980 15851959 uc002wpc.2
chr20 44746361 44746723 ERVL-MaLR THE1C SLC13A3 chr20 44619869 44746514 uc002xsg.1
chr21 42509092 42509450 ERVL-MaLR THE1B ABCG1 chr21 42509255 42590423 uc002zao.1
chr21 42683442 42683624 ERVL-MaLR MLT1C TMPRSS3 chr21 42665067 42683596 uc002zba.1
chr22 44951233 44951391 ERVL-MaLR MLT1A0 PPARA chr22 44951313 44995205 uc003bha.2
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Figure C.2.  Illustration of hematopoeisis showing the myeloid and lymphoid 
lineages.  K562 and GM12878 are committed precursors derived from the myeloid and 
lymphoid lineages respectively. 

GM12878K562
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APPENDIX D 

SUPPLEMENTARY INFORMATION FOR CHAPTER 7  

 

 
Figure D.1. Control 1: Non-relevant histone modifications.  Epigenetic histone 
modifications at 157 p300 binding sites in K562 cell line are shown.  First five 
modifications were used to build the training set (H3K4me1, H4K4me2, H3K4me3, 
H3K9ac, H3K27ac) whereas other modification that show no specific pattern over p300 
binding sites were excluded (H3K9me1, H3K27me3, H3K36me3, H4K20me1) 
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Figure D.2. Control 2: Histone modifications at random genomic loci.  Epigenetic 
histone modifications at 157 p300 binding sites as well as 157 random genomic loci in 
K562 cell line are shown.  Random genomic loci do not show any pattern of histone 
modification enrichment observed at p300 binding sites 
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Table D.1.  1,750 TE-derived enhancers in GM12878 cell line 

chr1 1156307 chr1 1175847 chr1 1829034 chr1 3572078 chr1 3572659
chr1 6608622 chr1 6844619 chr1 8516008 chr1 8586749 chr1 8746570
chr1 8747219 chr1 9019507 chr1 9610064 chr1 10969175 chr1 11210379
chr1 11987770 chr1 12132124 chr1 16163385 chr1 16165121 chr1 16174476
chr1 16437106 chr1 16750625 chr1 17209554 chr1 17340818 chr1 18540780
chr1 19149512 chr1 19591274 chr1 20325121 chr1 21164238 chr1 21534044
chr1 21542808 chr1 24388718 chr1 24893731 chr1 26487920 chr1 26516764
chr1 27333443 chr1 27888810 chr1 28074411 chr1 28398650 chr1 28718212
chr1 31787785 chr1 31788117 chr1 32127676 chr1 32531062 chr1 35537217
chr1 36261649 chr1 36327588 chr1 36327969 chr1 38411926 chr1 38765796
chr1 39836597 chr1 40333665 chr1 40551256 chr1 41034157 chr1 41877772
chr1 41965403 chr1 45250115 chr1 45632783 chr1 46906131 chr1 51473644
chr1 52642092 chr1 53531333 chr1 54954688 chr1 59054004 chr1 59284244
chr1 67452658 chr1 70650449 chr1 75050755 chr1 78008877 chr1 78381482
chr1 83725839 chr1 83726323 chr1 83738337 chr1 84510158 chr1 84811519
chr1 92776876 chr1 99988367 chr1 1.02E+08 chr1 1.1E+08 chr1 1.11E+08
chr1 1.11E+08 chr1 1.11E+08 chr1 1.11E+08 chr1 1.16E+08 chr1 1.17E+08
chr1 1.17E+08 chr1 1.18E+08 chr1 1.18E+08 chr1 1.2E+08 chr1 1.2E+08
chr1 1.21E+08 chr1 1.45E+08 chr1 1.45E+08 chr1 1.47E+08 chr1 1.49E+08
chr1 1.49E+08 chr1 1.49E+08 chr1 1.52E+08 chr1 1.52E+08 chr1 1.52E+08
chr1 1.52E+08 chr1 1.52E+08 chr1 1.52E+08 chr1 1.53E+08 chr1 1.54E+08
chr1 1.54E+08 chr1 1.54E+08 chr1 1.56E+08 chr1 1.58E+08 chr1 1.58E+08
chr1 1.59E+08 chr1 1.61E+08 chr1 1.64E+08 chr1 1.66E+08 chr1 1.73E+08
chr1 1.8E+08 chr1 1.81E+08 chr1 1.82E+08 chr1 1.82E+08 chr1 1.84E+08
chr1 1.89E+08 chr1 1.97E+08 chr1 1.99E+08 chr1 2E+08 chr1 2.01E+08
chr1 2.01E+08 chr1 2.02E+08 chr1 2.03E+08 chr1 2.06E+08 chr1 2.06E+08
chr1 2.07E+08 chr1 2.13E+08 chr1 2.23E+08 chr1 2.23E+08 chr1 2.24E+08
chr1 2.25E+08 chr1 2.28E+08 chr1 2.28E+08 chr1 2.28E+08 chr1 2.31E+08
chr1 2.33E+08 chr1 2.34E+08 chr1 2.34E+08 chr1 2.34E+08 chr1 2.45E+08
chr1 2.45E+08 chr1 2.47E+08 chr1 2.47E+08 chr2 3134744 chr2 3237518
chr2 6411250 chr2 8370746 chr2 9713900 chr2 10803235 chr2 12056613
chr2 12329056 chr2 13581293 chr2 20429073 chr2 20713847 chr2 23927137
chr2 24392129 chr2 24654042 chr2 24663606 chr2 26375896 chr2 27127593
chr2 30703623 chr2 33863833 chr2 37277859 chr2 37716441 chr2 37973590
chr2 38519521 chr2 38916992 chr2 42034409 chr2 42647944 chr2 42680644
chr2 42988156 chr2 43187427 chr2 43374798 chr2 43483389 chr2 44272492
chr2 47382142 chr2 47770010 chr2 47833082 chr2 47833692 chr2 55599772
chr2 57989492 chr2 60528284 chr2 61856762 chr2 62180465 chr2 62443650
chr2 64364353 chr2 64900444 chr2 64920895 chr2 64941566 chr2 64941877
chr2 64942284 chr2 64995910 chr2 65686969 chr2 68505027 chr2 69870141
chr2 69870554 chr2 69870764 chr2 70213736 chr2 71058357 chr2 74044792
chr2 74200635 chr2 74280051 chr2 74546255 chr2 74665017 chr2 74666127
chr2 75136697 chr2 75137008 chr2 75512442 chr2 84969488 chr2 85785643
chr2 95092303 chr2 95092595 chr2 96039877 chr2 96186780 chr2 96254719
chr2 98010420 chr2 98010552 chr2 1E+08 chr2 1.01E+08 chr2 1.05E+08
chr2 1.08E+08 chr2 1.09E+08 chr2 1.09E+08 chr2 1.1E+08 chr2 1.13E+08
chr2 1.14E+08 chr2 1.19E+08 chr2 1.2E+08 chr2 1.28E+08 chr2 1.31E+08
chr2 1.34E+08 chr2 1.34E+08 chr2 1.35E+08 chr2 1.35E+08 chr2 1.35E+08
chr2 1.35E+08 chr2 1.43E+08 chr2 1.45E+08 chr2 1.48E+08 chr2 1.53E+08



 195 
 

Table D.1  Continued 

chr2 1.6E+08 chr2 1.6E+08 chr2 1.62E+08 chr2 1.82E+08 chr2 1.96E+08
chr2 2.02E+08 chr2 2.04E+08 chr2 2.09E+08 chr2 2.16E+08 chr2 2.16E+08
chr2 2.17E+08 chr2 2.17E+08 chr2 2.19E+08 chr2 2.19E+08 chr2 2.19E+08
chr2 2.2E+08 chr2 2.3E+08 chr2 2.32E+08 chr2 2.32E+08 chr2 2.34E+08
chr2 2.35E+08 chr2 2.35E+08 chr2 2.38E+08 chr2 2.38E+08 chr2 2.39E+08
chr2 2.42E+08 chr2 2.42E+08 chr2 2.43E+08 chr3 4491487 chr3 4491880
chr3 10003751 chr3 10003907 chr3 11862554 chr3 12501495 chr3 13063060
chr3 14421219 chr3 14735349 chr3 15362382 chr3 15401626 chr3 15654204
chr3 17590086 chr3 20071662 chr3 23178550 chr3 23778712 chr3 25806953
chr3 34073771 chr3 39273184 chr3 40987937 chr3 44456570 chr3 44526595
chr3 45629558 chr3 46316160 chr3 46376980 chr3 47242489 chr3 47748918
chr3 48129218 chr3 48932171 chr3 52902020 chr3 52992216 chr3 52993087
chr3 53199594 chr3 57632559 chr3 58176033 chr3 59207812 chr3 66520025
chr3 72296056 chr3 72308709 chr3 73616671 chr3 75774609 chr3 81956157
chr3 95264961 chr3 99814788 chr3 1.01E+08 chr3 1.03E+08 chr3 1.06E+08
chr3 1.09E+08 chr3 1.14E+08 chr3 1.14E+08 chr3 1.16E+08 chr3 1.16E+08
chr3 1.16E+08 chr3 1.23E+08 chr3 1.24E+08 chr3 1.24E+08 chr3 1.26E+08
chr3 1.26E+08 chr3 1.29E+08 chr3 1.29E+08 chr3 1.3E+08 chr3 1.35E+08
chr3 1.36E+08 chr3 1.39E+08 chr3 1.39E+08 chr3 1.54E+08 chr3 1.6E+08
chr3 1.61E+08 chr3 1.62E+08 chr3 1.71E+08 chr3 1.71E+08 chr3 1.74E+08
chr3 1.8E+08 chr3 1.8E+08 chr3 1.81E+08 chr3 1.84E+08 chr3 1.84E+08
chr3 1.84E+08 chr3 1.84E+08 chr3 1.85E+08 chr3 1.85E+08 chr3 1.86E+08
chr3 1.87E+08 chr3 1.87E+08 chr3 1.88E+08 chr3 1.88E+08 chr3 1.95E+08
chr3 1.95E+08 chr3 1.96E+08 chr3 1.96E+08 chr3 1.97E+08 chr3 1.98E+08
chr4 322131 chr4 905892 chr4 906669 chr4 1168102 chr4 1185377
chr4 2570078 chr4 2742446 chr4 3174080 chr4 3174490 chr4 4300503
chr4 7824263 chr4 8253474 chr4 8586878 chr4 9581536 chr4 17225691
chr4 24771781 chr4 24921445 chr4 37353901 chr4 37856656 chr4 37997491
chr4 39302566 chr4 40687800 chr4 42351572 chr4 56508717 chr4 56509065
chr4 56509485 chr4 71763245 chr4 76064422 chr4 76065231 chr4 76842957
chr4 81369860 chr4 86696705 chr4 86697414 chr4 1.01E+08 chr4 1.04E+08
chr4 1.09E+08 chr4 1.14E+08 chr4 1.2E+08 chr4 1.23E+08 chr4 1.24E+08
chr4 1.29E+08 chr4 1.33E+08 chr4 1.39E+08 chr4 1.45E+08 chr4 1.47E+08
chr4 1.47E+08 chr4 1.48E+08 chr4 1.54E+08 chr4 1.54E+08 chr4 1.54E+08
chr4 1.55E+08 chr4 1.65E+08 chr4 1.7E+08 chr4 1.71E+08 chr4 1.79E+08
chr4 1.85E+08 chr4 1.86E+08 chr5 1589295 chr5 1845765 chr5 5806339
chr5 6882611 chr5 14160879 chr5 33712354 chr5 33926613 chr5 40521424
chr5 50043310 chr5 55660679 chr5 55661239 chr5 69381753 chr5 73963597
chr5 74898332 chr5 77051563 chr5 77737537 chr5 77905299 chr5 78237475
chr5 79457051 chr5 80632931 chr5 89346366 chr5 94107563 chr5 94449445
chr5 96065096 chr5 96178179 chr5 96232185 chr5 96319678 chr5 96554506
chr5 96717664 chr5 1.06E+08 chr5 1.08E+08 chr5 1.08E+08 chr5 1.12E+08
chr5 1.15E+08 chr5 1.16E+08 chr5 1.16E+08 chr5 1.18E+08 chr5 1.22E+08
chr5 1.23E+08 chr5 1.24E+08 chr5 1.24E+08 chr5 1.24E+08 chr5 1.26E+08
chr5 1.31E+08 chr5 1.31E+08 chr5 1.32E+08 chr5 1.33E+08 chr5 1.33E+08
chr5 1.37E+08 chr5 1.38E+08 chr5 1.38E+08 chr5 1.42E+08 chr5 1.43E+08
chr5 1.48E+08 chr5 1.49E+08 chr5 1.49E+08 chr5 1.5E+08 chr5 1.5E+08
chr5 1.5E+08 chr5 1.5E+08 chr5 1.51E+08 chr5 1.51E+08 chr5 1.53E+08
chr5 1.54E+08 chr5 1.56E+08 chr5 1.57E+08 chr5 1.57E+08 chr5 1.57E+08
chr5 1.59E+08 chr5 1.6E+08 chr5 1.6E+08 chr5 1.61E+08 chr5 1.62E+08
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Table D.1  Continued

chr5 1.69E+08 chr5 1.69E+08 chr5 1.71E+08 chr5 1.72E+08 chr5 1.72E+08
chr5 1.73E+08 chr5 1.73E+08 chr5 1.74E+08 chr5 1.75E+08 chr5 1.76E+08
chr5 1.77E+08 chr5 1.77E+08 chr5 1.77E+08 chr5 1.77E+08 chr5 1.78E+08
chr5 1.79E+08 chr6 323398 chr6 1684644 chr6 4734508 chr6 5512112
chr6 6555467 chr6 6588726 chr6 6630204 chr6 7031513 chr6 7099982
chr6 7223325 chr6 7335628 chr6 8009953 chr6 8010859 chr6 10829313
chr6 11433132 chr6 11567558 chr6 11893916 chr6 11960495 chr6 12221671
chr6 13369722 chr6 20797268 chr6 21546517 chr6 24852033 chr6 26153306
chr6 26379892 chr6 27796388 chr6 28156052 chr6 28619045 chr6 28971658
chr6 32549745 chr6 32942860 chr6 33584351 chr6 34391862 chr6 34747923
chr6 34749477 chr6 35324007 chr6 36802321 chr6 38559384 chr6 41332044
chr6 52269763 chr6 52270203 chr6 52464351 chr6 52519436 chr6 52968633
chr6 70661644 chr6 74238359 chr6 75364827 chr6 80930668 chr6 80931655
chr6 83853580 chr6 89260377 chr6 90064831 chr6 90065194 chr6 1E+08
chr6 1.08E+08 chr6 1.09E+08 chr6 1.12E+08 chr6 1.12E+08 chr6 1.17E+08
chr6 1.17E+08 chr6 1.26E+08 chr6 1.26E+08 chr6 1.28E+08 chr6 1.28E+08
chr6 1.3E+08 chr6 1.3E+08 chr6 1.3E+08 chr6 1.35E+08 chr6 1.38E+08
chr6 1.38E+08 chr6 1.39E+08 chr6 1.4E+08 chr6 1.44E+08 chr6 1.44E+08
chr6 1.46E+08 chr6 1.49E+08 chr6 1.5E+08 chr6 1.51E+08 chr6 1.55E+08
chr6 1.59E+08 chr6 1.59E+08 chr6 1.59E+08 chr6 1.59E+08 chr6 1.59E+08
chr6 1.6E+08 chr6 1.61E+08 chr6 1.61E+08 chr6 1.62E+08 chr6 1.67E+08
chr6 1.67E+08 chr6 1.67E+08 chr6 1.67E+08 chr7 609673 chr7 1030038
chr7 2118342 chr7 2764770 chr7 2870271 chr7 5224549 chr7 5225351
chr7 5686605 chr7 21351847 chr7 21352629 chr7 22828222 chr7 23240818
chr7 24722331 chr7 24827333 chr7 25900525 chr7 30231079 chr7 43790980
chr7 43931989 chr7 43998922 chr7 44052921 chr7 44087463 chr7 47676008
chr7 47676858 chr7 47943681 chr7 50079529 chr7 50387498 chr7 55402024
chr7 55583516 chr7 56140833 chr7 63404947 chr7 64912051 chr7 64912650
chr7 65755983 chr7 65784018 chr7 65989669 chr7 66273660 chr7 66288146
chr7 71786197 chr7 72273836 chr7 72360124 chr7 73307172 chr7 73702362
chr7 73817088 chr7 75129975 chr7 75786663 chr7 75953887 chr7 76075151
chr7 76411349 chr7 76411737 chr7 86416544 chr7 90204684 chr7 91743965
chr7 94968835 chr7 97438682 chr7 97669653 chr7 97686725 chr7 98232027
chr7 99801541 chr7 1.02E+08 chr7 1.02E+08 chr7 1.02E+08 chr7 1.02E+08
chr7 1.02E+08 chr7 1.02E+08 chr7 1.02E+08 chr7 1.04E+08 chr7 1.05E+08
chr7 1.06E+08 chr7 1.08E+08 chr7 1.14E+08 chr7 1.21E+08 chr7 1.28E+08
chr7 1.29E+08 chr7 1.29E+08 chr7 1.3E+08 chr7 1.34E+08 chr7 1.38E+08
chr7 1.4E+08 chr7 1.41E+08 chr7 1.44E+08 chr7 1.48E+08 chr7 1.48E+08
chr7 1.49E+08 chr7 1.49E+08 chr7 1.5E+08 chr7 1.51E+08 chr7 1.51E+08
chr7 1.51E+08 chr7 1.51E+08 chr7 1.54E+08 chr7 1.58E+08 chr7 1.58E+08
chr8 603836 chr8 6271476 chr8 6509870 chr8 6535498 chr8 6623081
chr8 10406694 chr8 10701993 chr8 10733752 chr8 11792888 chr8 12668486
chr8 17985111 chr8 23132362 chr8 25297797 chr8 25298487 chr8 29142086
chr8 29555634 chr8 33489957 chr8 41640861 chr8 41692004 chr8 42727984
chr8 42778048 chr8 43137473 chr8 48977553 chr8 54837086 chr8 55087442
chr8 55146227 chr8 56919296 chr8 61778309 chr8 62711318 chr8 65770487
chr8 71088803 chr8 71090216 chr8 71615992 chr8 86289551 chr8 90916157
chr8 91709239 chr8 96351105 chr8 98678979 chr8 99152664 chr8 99446341
chr8 99447153 chr8 1.03E+08 chr8 1.04E+08 chr8 1.04E+08 chr8 1.04E+08
chr8 1.04E+08 chr8 1.05E+08 chr8 1.05E+08 chr8 1.08E+08 chr8 1.15E+08
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Table D.1  Continued

chr8 1.18E+08 chr8 1.18E+08 chr8 1.19E+08 chr8 1.2E+08 chr8 1.22E+08
chr8 1.24E+08 chr8 1.24E+08 chr8 1.25E+08 chr8 1.26E+08 chr8 1.27E+08
chr8 1.29E+08 chr8 1.32E+08 chr8 1.33E+08 chr8 1.35E+08 chr8 1.36E+08
chr8 1.36E+08 chr8 1.44E+08 chr8 1.45E+08 chr8 1.45E+08 chr8 1.46E+08
chr9 459131 chr9 1919802 chr9 1930051 chr9 4454825 chr9 4805033
chr9 5428846 chr9 6175421 chr9 6588239 chr9 6713589 chr9 7966328
chr9 15519951 chr9 18759510 chr9 19118283 chr9 27357213 chr9 27367553
chr9 33055455 chr9 36448440 chr9 36541881 chr9 37361011 chr9 38078871
chr9 44932248 chr9 45245911 chr9 45617116 chr9 46528087 chr9 67381372
chr9 70841524 chr9 74248153 chr9 74248603 chr9 87520601 chr9 87521321
chr9 91657024 chr9 94863939 chr9 96458699 chr9 96663701 chr9 97952492
chr9 98201386 chr9 98677518 chr9 99361032 chr9 99859377 chr9 1.01E+08
chr9 1.02E+08 chr9 1.07E+08 chr9 1.12E+08 chr9 1.14E+08 chr9 1.15E+08
chr9 1.15E+08 chr9 1.15E+08 chr9 1.15E+08 chr9 1.16E+08 chr9 1.23E+08
chr9 1.25E+08 chr9 1.25E+08 chr9 1.26E+08 chr9 1.27E+08 chr9 1.27E+08
chr9 1.27E+08 chr9 1.29E+08 chr9 1.3E+08 chr9 1.31E+08 chr9 1.31E+08
chr9 1.31E+08 chr9 1.31E+08 chr9 1.32E+08 chr9 1.33E+08 chr9 1.33E+08
chr9 1.33E+08 chr9 1.33E+08 chr9 1.33E+08 chr9 1.34E+08 chr9 1.34E+08
chr9 1.34E+08 chr9 1.34E+08 chr9 1.35E+08 chr9 1.36E+08 chr9 1.36E+08
chr9 1.36E+08 chr9 1.39E+08 chr9 1.39E+08 chr9 1.4E+08 chr9 1.4E+08
chrX 908069 chrX 1559957 chrX 3846619 chrX 6666798 chrX 7190305
chrX 12796129 chrX 13670935 chrX 15831331 chrX 16639787 chrX 24171242
chrX 24407978 chrX 37848529 chrX 38940485 chrX 40494148 chrX 40697454
chrX 42687875 chrX 46713604 chrX 47227752 chrX 48283647 chrX 53270230
chrX 53465316 chrX 53758483 chrX 56856182 chrX 64732456 chrX 75309480
chrX 1.03E+08 chrX 1.03E+08 chrX 1.03E+08 chrX 1.19E+08 chrX 1.54E+08
chrX 1.54E+08 chr10 3907798 chr10 11531281 chr10 11598509 chr10 11781100
chr10 12204367 chr10 12204627 chr10 12345860 chr10 12346843 chr10 13669760
chr10 15009166 chr10 22218046 chr10 23012382 chr10 24981829 chr10 26759746
chr10 27110336 chr10 27683924 chr10 30840239 chr10 31713084 chr10 35707767
chr10 35708146 chr10 38367537 chr10 42598845 chr10 43233924 chr10 43269065
chr10 43410932 chr10 43411230 chr10 45168888 chr10 49637156 chr10 51861938
chr10 63957503 chr10 63958229 chr10 70386541 chr10 70474293 chr10 71923686
chr10 72008034 chr10 73303298 chr10 73992015 chr10 76169099 chr10 76226032
chr10 80714997 chr10 80777581 chr10 82222394 chr10 82347923 chr10 85430130
chr10 88393053 chr10 88393550 chr10 88533037 chr10 91403277 chr10 93546817
chr10 93851422 chr10 94506725 chr10 94873863 chr10 94874350 chr10 96996325
chr10 1E+08 chr10 1.02E+08 chr10 1.02E+08 chr10 1.02E+08 chr10 1.03E+08
chr10 1.12E+08 chr10 1.12E+08 chr10 1.12E+08 chr10 1.13E+08 chr10 1.21E+08
chr10 1.21E+08 chr10 1.21E+08 chr10 1.21E+08 chr10 1.25E+08 chr10 1.32E+08
chr10 1.34E+08 chr10 1.34E+08 chr10 1.34E+08 chr10 1.35E+08 chr10 1.35E+08
chr11 259226 chr11 317620 chr11 619567 chr11 1500053 chr11 2599803
chr11 3014583 chr11 6582450 chr11 6723560 chr11 7649875 chr11 8510239
chr11 8510792 chr11 9695250 chr11 9724154 chr11 14249036 chr11 16880682
chr11 16881192 chr11 18224711 chr11 18258547 chr11 18747939 chr11 30321363
chr11 32084062 chr11 33018544 chr11 33899258 chr11 33918409 chr11 34131942
chr11 35369281 chr11 45895375 chr11 47385912 chr11 56998726 chr11 56999753
chr11 57090533 chr11 58049121 chr11 60157750 chr11 60208378 chr11 60288132
chr11 60566599 chr11 60567256 chr11 64965182 chr11 65452773 chr11 66069457
chr11 66117897 chr11 66119303 chr11 66570534 chr11 66915500 chr11 66915670
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chr11 67010006 chr11 67555243 chr11 68573957 chr11 68680869 chr11 68822407
chr11 69838613 chr11 70762072 chr11 70762401 chr11 70762924 chr11 70929015
chr11 70929545 chr11 72057884 chr11 72151967 chr11 72152195 chr11 72713537
chr11 72967768 chr11 74913195 chr11 75199513 chr11 75262353 chr11 75622962
chr11 77467850 chr11 82506154 chr11 84499077 chr11 85591575 chr11 87808556
chr11 93158016 chr11 95448516 chr11 95529690 chr11 1.03E+08 chr11 1.08E+08
chr11 1.09E+08 chr11 1.1E+08 chr11 1.11E+08 chr11 1.11E+08 chr11 1.12E+08
chr11 1.15E+08 chr11 1.15E+08 chr11 1.17E+08 chr11 1.2E+08 chr11 1.2E+08
chr11 1.21E+08 chr11 1.21E+08 chr11 1.21E+08 chr11 1.23E+08 chr11 1.23E+08
chr11 1.25E+08 chr11 1.26E+08 chr12 1402782 chr12 2228589 chr12 4302291
chr12 4923255 chr12 6473944 chr12 6924356 chr12 8653141 chr12 9408326
chr12 9992742 chr12 10408294 chr12 12054266 chr12 12069226 chr12 12690374
chr12 13517305 chr12 14284265 chr12 24216511 chr12 24883488 chr12 27223855
chr12 27265874 chr12 31144114 chr12 31144384 chr12 31766569 chr12 31941237
chr12 32317981 chr12 32725649 chr12 38873305 chr12 40979647 chr12 40979979
chr12 47840836 chr12 48261527 chr12 48492380 chr12 50037823 chr12 50704963
chr12 50798646 chr12 52896980 chr12 53240904 chr12 54396849 chr12 55056165
chr12 60931653 chr12 63836642 chr12 64727605 chr12 67177327 chr12 67292745
chr12 69148494 chr12 74160250 chr12 88775620 chr12 88798816 chr12 88878272
chr12 91103246 chr12 91126768 chr12 91350834 chr12 91363401 chr12 91363867
chr12 91511989 chr12 91891597 chr12 91978471 chr12 93323834 chr12 93539624
chr12 93594374 chr12 94021483 chr12 94777754 chr12 99118118 chr12 1.01E+08
chr12 1.01E+08 chr12 1.02E+08 chr12 1.04E+08 chr12 1.04E+08 chr12 1.04E+08
chr12 1.05E+08 chr12 1.07E+08 chr12 1.07E+08 chr12 1.08E+08 chr12 1.09E+08
chr12 1.09E+08 chr12 1.1E+08 chr12 1.12E+08 chr12 1.12E+08 chr12 1.14E+08
chr12 1.15E+08 chr12 1.15E+08 chr12 1.2E+08 chr12 1.2E+08 chr12 1.2E+08
chr12 1.21E+08 chr12 1.21E+08 chr12 1.22E+08 chr12 1.23E+08 chr12 1.24E+08
chr12 1.24E+08 chr12 1.24E+08 chr12 1.28E+08 chr12 1.3E+08 chr12 1.3E+08
chr12 1.3E+08 chr12 1.32E+08 chr12 1.32E+08 chr12 1.32E+08 chr12 1.32E+08
chr13 20908371 chr13 21634398 chr13 27741319 chr13 28130956 chr13 29630094
chr13 29867049 chr13 31899155 chr13 31944376 chr13 32209551 chr13 33151931
chr13 41970037 chr13 43773795 chr13 43995474 chr13 43995847 chr13 44446870
chr13 45543905 chr13 47964355 chr13 49162917 chr13 76811208 chr13 76901801
chr13 94632969 chr13 1E+08 chr13 1.02E+08 chr13 1.09E+08 chr13 1.13E+08
chr13 1.14E+08 chr14 19965643 chr14 20220480 chr14 20846449 chr14 22660346
chr14 23416296 chr14 33871213 chr14 34470004 chr14 50739647 chr14 52645632
chr14 58490755 chr14 59740822 chr14 63274411 chr14 63282859 chr14 63475585
chr14 64451500 chr14 66186342 chr14 66187118 chr14 67747154 chr14 68200220
chr14 68358936 chr14 71034438 chr14 71060862 chr14 71143594 chr14 72055459
chr14 72826800 chr14 73249536 chr14 74478164 chr14 74832068 chr14 75360769
chr14 75361171 chr14 75771807 chr14 76347333 chr14 76514503 chr14 76857946
chr14 77090410 chr14 80467292 chr14 80707004 chr14 88204547 chr14 88867568
chr14 88920484 chr14 89310028 chr14 90294977 chr14 90571953 chr14 90778246
chr14 91794958 chr14 91795930 chr14 92213024 chr14 92905828 chr14 93616668
chr14 94863407 chr14 95113327 chr14 95199105 chr14 95199555 chr14 99757953
chr14 1.02E+08 chr14 1.02E+08 chr14 1.03E+08 chr14 1.03E+08 chr14 1.04E+08
chr14 1.06E+08 chr15 28776475 chr15 32483099 chr15 32483630 chr15 32629237
chr15 32629804 chr15 33216183 chr15 38486774 chr15 38623234 chr15 38833665
chr15 38887396 chr15 40007233 chr15 40353399 chr15 41726497 chr15 41888976
chr15 42388187 chr15 42961714 chr15 42961922 chr15 43104348 chr15 43471604
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chr15 48524438 chr15 48987122 chr15 49157250 chr15 50544182 chr15 50545592
chr15 55379800 chr15 56597451 chr15 57331077 chr15 57562198 chr15 61960938
chr15 62089397 chr15 62223814 chr15 62972900 chr15 62973906 chr15 63009577
chr15 64551906 chr15 66378410 chr15 68115445 chr15 68115916 chr15 68116520
chr15 68583561 chr15 72045481 chr15 72046080 chr15 72463707 chr15 73088461
chr15 73232496 chr15 73281015 chr15 73718964 chr15 75617140 chr15 81216901
chr15 82415600 chr15 83079191 chr15 86966795 chr15 88126142 chr15 88376068
chr15 88443386 chr15 88733135 chr15 89197463 chr15 89267593 chr15 94319567
chr15 98075684 chr15 98165027 chr15 99622037 chr16 3139994 chr16 3778343
chr16 3788258 chr16 4297305 chr16 4505384 chr16 10299178 chr16 10965803
chr16 10966511 chr16 10983289 chr16 11079297 chr16 11328995 chr16 11784922
chr16 12034985 chr16 12036340 chr16 12751921 chr16 12803437 chr16 15592559
chr16 15899296 chr16 15900238 chr16 15962475 chr16 16008801 chr16 17303292
chr16 20594602 chr16 20659871 chr16 22126305 chr16 22274625 chr16 23242614
chr16 23253735 chr16 24949508 chr16 27293514 chr16 27293842 chr16 28060320
chr16 29321003 chr16 29563168 chr16 29649689 chr16 29650930 chr16 29673583
chr16 29881552 chr16 30390178 chr16 30391243 chr16 30454138 chr16 30914359
chr16 30915141 chr16 31098086 chr16 31620167 chr16 46084074 chr16 46084923
chr16 47957933 chr16 47958295 chr16 48658986 chr16 55503166 chr16 55931450
chr16 56835343 chr16 66073127 chr16 66710661 chr16 66856855 chr16 66875510
chr16 66876293 chr16 67009219 chr16 67349093 chr16 68586014 chr16 69068309
chr16 70156825 chr16 73971041 chr16 73971610 chr16 74078201 chr16 77554154
chr16 80072338 chr16 80306810 chr16 80307226 chr16 80307675 chr16 80388621
chr16 81244628 chr16 83097468 chr16 84347665 chr16 84538768 chr16 86315818
chr16 86400527 chr16 86401243 chr16 87397020 chr16 87397232 chr16 87810780
chr17 1048531 chr17 1118011 chr17 1324209 chr17 1534304 chr17 3544285
chr17 3844367 chr17 4225371 chr17 4225767 chr17 4861412 chr17 4875423
chr17 7982647 chr17 8651272 chr17 12275520 chr17 12659776 chr17 16131210
chr17 17436436 chr17 17594323 chr17 18247500 chr17 18745019 chr17 18765913
chr17 20375554 chr17 20384851 chr17 20896987 chr17 20985225 chr17 20986207
chr17 22568243 chr17 22690306 chr17 22690588 chr17 23159407 chr17 23835448
chr17 27479104 chr17 30800063 chr17 31161049 chr17 34063677 chr17 35098240
chr17 35139886 chr17 35941679 chr17 35972048 chr17 36057084 chr17 37693667
chr17 37983915 chr17 38756451 chr17 38917405 chr17 39619210 chr17 39780995
chr17 39850767 chr17 40842736 chr17 40862498 chr17 41554607 chr17 41555119
chr17 42532204 chr17 42662613 chr17 42719663 chr17 43274491 chr17 43873618
chr17 44625594 chr17 46261367 chr17 51009732 chr17 52437306 chr17 52788128
chr17 53335231 chr17 55521925 chr17 57217004 chr17 58892840 chr17 59649307
chr17 60412429 chr17 62132927 chr17 62462485 chr17 64006064 chr17 70196434
chr17 70521505 chr17 70758188 chr17 70803796 chr17 71403317 chr17 71404013
chr17 72036431 chr17 72696145 chr17 73621692 chr17 74347065 chr17 75689158
chr17 75734678 chr17 76369482 chr17 76378188 chr17 76498672 chr17 76499337
chr17 76500099 chr17 77138919 chr17 77289142 chr18 3576594 chr18 9700851
chr18 10941080 chr18 13127869 chr18 19285728 chr18 19322300 chr18 22586155
chr18 22812640 chr18 27334298 chr18 29534463 chr18 31643815 chr18 31983709
chr18 31984153 chr18 34775435 chr18 40743708 chr18 41661555 chr18 41708685
chr18 43460380 chr18 43682388 chr18 44594389 chr18 44949582 chr18 45179710
chr18 47733893 chr18 49928221 chr18 53439471 chr18 53449165 chr18 58324327
chr18 58924285 chr18 66012603 chr18 70647777 chr18 70647991 chr18 72216160
chr18 72318195 chr18 72805172 chr18 75018529 chr18 75824458 chr19 611831
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chr19 858628 chr19 989649 chr19 1855399 chr19 2099683 chr19 2345189
chr19 3577414 chr19 4780695 chr19 4781809 chr19 5081160 chr19 5669977
chr19 5990141 chr19 6208806 chr19 6440675 chr19 6592761 chr19 6612985
chr19 6620691 chr19 7021077 chr19 7358291 chr19 8165249 chr19 8166115
chr19 8240401 chr19 8444865 chr19 9593498 chr19 10191820 chr19 10201422
chr19 10566261 chr19 10567301 chr19 10575827 chr19 10711034 chr19 11018737
chr19 11151766 chr19 11500485 chr19 11710068 chr19 11739412 chr19 11821303
chr19 11972574 chr19 12372390 chr19 12412352 chr19 13925037 chr19 15436578
chr19 15972613 chr19 15973697 chr19 17483102 chr19 17692324 chr19 17748313
chr19 18016664 chr19 18275730 chr19 18530145 chr19 18560280 chr19 19004861
chr19 19418002 chr19 19569882 chr19 19748984 chr19 19838800 chr19 23248377
chr19 35019519 chr19 35020194 chr19 37641509 chr19 40389232 chr19 40895769
chr19 41600882 chr19 41954642 chr19 42033132 chr19 43187174 chr19 43242439
chr19 43557724 chr19 43609778 chr19 43739795 chr19 43917694 chr19 44189274
chr19 45027855 chr19 45168178 chr19 45362057 chr19 46506589 chr19 46524439
chr19 47396213 chr19 47397393 chr19 47693592 chr19 48897402 chr19 49199279
chr19 49932104 chr19 50211847 chr19 50809437 chr19 50911857 chr19 50924827
chr19 51057532 chr19 51544713 chr19 52679694 chr19 52680336 chr19 53813735
chr19 54032064 chr19 54070277 chr19 54523223 chr19 54647202 chr19 54836033
chr19 54836715 chr19 55219967 chr19 55655787 chr19 55656238 chr19 56767717
chr19 59309992 chr19 60680561 chr19 61022470 chr19 61023295 chr19 62484440
chr19 63509061 chr20 763321 chr20 1464837 chr20 1660831 chr20 1799755
chr20 2229998 chr20 3696026 chr20 4649173 chr20 14761404 chr20 15246342
chr20 15261762 chr20 17754633 chr20 17807659 chr20 17932813 chr20 20619909
chr20 25939525 chr20 29736894 chr20 29946893 chr20 30795129 chr20 31606537
chr20 32354012 chr20 32390081 chr20 32455466 chr20 32567601 chr20 33196923
chr20 33945409 chr20 34656250 chr20 34835162 chr20 34897990 chr20 34905488
chr20 35105572 chr20 35353647 chr20 35397652 chr20 36904748 chr20 36954819
chr20 36955206 chr20 37082121 chr20 41813767 chr20 42004329 chr20 42004717
chr20 42972488 chr20 44614158 chr20 46065252 chr20 46402096 chr20 46402766
chr20 46789191 chr20 47800829 chr20 47916227 chr20 48216390 chr20 48336074
chr20 48500978 chr20 49464599 chr20 49530704 chr20 50222857 chr20 51756981
chr20 54462199 chr20 55407977 chr20 55490184 chr20 55628129 chr20 55690078
chr20 55690838 chr20 56467193 chr20 60150468 chr20 61113695 chr20 62158045
chr21 15056981 chr21 15120881 chr21 25593119 chr21 29312115 chr21 33510078
chr21 33561307 chr21 33619821 chr21 33677365 chr21 39682117 chr21 42356234
chr21 42818558 chr21 43401536 chr21 43402218 chr21 43456326 chr21 43457929
chr21 43557754 chr21 43683832 chr21 43904570 chr21 44137748 chr21 44417510
chr21 46853195 chr22 16078284 chr22 16104387 chr22 16457837 chr22 16642148
chr22 16660898 chr22 17027444 chr22 17477260 chr22 21810469 chr22 22388400
chr22 22388912 chr22 22738273 chr22 23127158 chr22 27537790 chr22 27893313
chr22 28112268 chr22 28307281 chr22 28523783 chr22 28993660 chr22 29647279
chr22 31929774 chr22 32198490 chr22 32198811 chr22 32294033 chr22 32567867
chr22 33790341 chr22 35179367 chr22 35587598 chr22 35874504 chr22 35925722
chr22 36010662 chr22 36033975 chr22 36360299 chr22 36575839 chr22 36888823
chr22 36986390 chr22 37031770 chr22 37230750 chr22 37824268 chr22 37841300
chr22 37992348 chr22 38126193 chr22 38173367 chr22 39140498 chr22 39140733
chr22 39543892 chr22 40269721 chr22 40527961 chr22 40806234 chr22 41145855
chr22 41244638 chr22 41278132 chr22 41559298 chr22 41990100 chr22 42104215
chr22 44010669 chr22 44021604 chr22 45062462 chr22 45207877 chr22 46873367
chr22 48540399 chr22 48659714 chr22 48660389 chr22 48661085 chr22 49327009
chr22 49406715
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chr1 2446925 chr1 3700429 chr1 3936452 chr1 3937411 chr1 5900099
chr1 8104931 chr1 8105344 chr1 11864918 chr1 12201328 chr1 12511443
chr1 14635077 chr1 15742622 chr1 16151760 chr1 16344989 chr1 16886756
chr1 17687277 chr1 19108137 chr1 19668519 chr1 21460668 chr1 21653908
chr1 21831474 chr1 22104486 chr1 23368172 chr1 25432432 chr1 26132691
chr1 26234693 chr1 26433714 chr1 27226642 chr1 27227037 chr1 28718006
chr1 29083340 chr1 29356058 chr1 31014273 chr1 35082168 chr1 37928308
chr1 39813891 chr1 39950130 chr1 43055890 chr1 43161528 chr1 43889042
chr1 44770601 chr1 45058971 chr1 45789610 chr1 46041346 chr1 52852477
chr1 53421778 chr1 54954473 chr1 55123726 chr1 55278426 chr1 55513864
chr1 70914182 chr1 84341768 chr1 85947127 chr1 91944771 chr1 91970590
chr1 95407849 chr1 95417908 chr1 1E+08 chr1 1.1E+08 chr1 1.11E+08
chr1 1.13E+08 chr1 1.14E+08 chr1 1.17E+08 chr1 1.19E+08 chr1 1.2E+08
chr1 1.2E+08 chr1 1.43E+08 chr1 1.43E+08 chr1 1.46E+08 chr1 1.46E+08
chr1 1.46E+08 chr1 1.46E+08 chr1 1.47E+08 chr1 1.47E+08 chr1 1.47E+08
chr1 1.48E+08 chr1 1.52E+08 chr1 1.52E+08 chr1 1.52E+08 chr1 1.53E+08
chr1 1.53E+08 chr1 1.54E+08 chr1 1.54E+08 chr1 1.54E+08 chr1 1.56E+08
chr1 1.57E+08 chr1 1.6E+08 chr1 1.6E+08 chr1 1.6E+08 chr1 1.61E+08
chr1 1.65E+08 chr1 1.66E+08 chr1 1.72E+08 chr1 1.77E+08 chr1 1.84E+08
chr1 1.84E+08 chr1 1.91E+08 chr1 2E+08 chr1 2.01E+08 chr1 2.03E+08
chr1 2.03E+08 chr1 2.09E+08 chr1 2.1E+08 chr1 2.17E+08 chr1 2.26E+08
chr1 2.26E+08 chr1 2.35E+08 chr1 2.35E+08 chr1 2.35E+08 chr1 2.4E+08
chr1 2.43E+08 chr1 2.44E+08 chr2 10088122 chr2 11999008 chr2 12026099
chr2 12235975 chr2 15648859 chr2 17167833 chr2 19849608 chr2 37642602
chr2 43048585 chr2 46397285 chr2 48226810 chr2 55540530 chr2 60889018
chr2 62378383 chr2 65900075 chr2 68484285 chr2 74129720 chr2 81562893
chr2 98448532 chr2 1.01E+08 chr2 1.06E+08 chr2 1.09E+08 chr2 1.13E+08
chr2 1.14E+08 chr2 1.2E+08 chr2 1.22E+08 chr2 1.27E+08 chr2 1.32E+08
chr2 1.45E+08 chr2 1.62E+08 chr2 1.62E+08 chr2 1.7E+08 chr2 1.71E+08
chr2 1.72E+08 chr2 1.79E+08 chr2 1.96E+08 chr2 1.97E+08 chr2 2.01E+08
chr2 2.09E+08 chr2 2.19E+08 chr2 2.19E+08 chr2 2.24E+08 chr2 2.28E+08
chr2 2.34E+08 chr2 2.38E+08 chr2 2.39E+08 chr2 2.4E+08 chr2 2.4E+08
chr2 2.4E+08 chr2 2.41E+08 chr2 2.41E+08 chr3 4548437 chr3 4756847
chr3 5098924 chr3 5205437 chr3 10159008 chr3 13421596 chr3 13667429
chr3 13668371 chr3 14388638 chr3 20039708 chr3 24536907 chr3 33131312
chr3 33131778 chr3 38011136 chr3 40316582 chr3 45108947 chr3 45290216
chr3 45568539 chr3 49251395 chr3 52090286 chr3 52714018 chr3 53138675
chr3 58860518 chr3 70132165 chr3 72451447 chr3 75802467 chr3 1.24E+08
chr3 1.3E+08 chr3 1.3E+08 chr3 1.3E+08 chr3 1.31E+08 chr3 1.31E+08
chr3 1.32E+08 chr3 1.34E+08 chr3 1.4E+08 chr3 1.43E+08 chr3 1.48E+08
chr3 1.5E+08 chr3 1.54E+08 chr3 1.67E+08 chr3 1.72E+08 chr3 1.82E+08
chr3 1.85E+08 chr3 1.89E+08 chr3 1.93E+08 chr3 1.95E+08 chr3 1.95E+08
chr3 1.96E+08 chr3 1.96E+08 chr3 1.97E+08 chr3 1.98E+08 chr3 1.98E+08
chr4 711057 chr4 2907650 chr4 6804442 chr4 6970087 chr4 8600148
chr4 9784174 chr4 44374975 chr4 56291053 chr4 68262074 chr4 72942383
chr4 75700147 chr4 77374155 chr4 77441592 chr4 80350592 chr4 81393799
chr4 88530341 chr4 1.07E+08 chr4 1.1E+08 chr4 1.24E+08 chr4 1.33E+08
chr4 1.6E+08 chr4 1.85E+08 chr4 1.86E+08 chr4 1.88E+08 chr5 467634
chr5 468220 chr5 8065944 chr5 10348006 chr5 10372521 chr5 10642489
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chr5 10779527 chr5 36478399 chr5 60309773 chr5 60310664 chr5 61763927
chr5 70398956 chr5 85902225 chr5 95071928 chr5 1.12E+08 chr5 1.21E+08
chr5 1.26E+08 chr5 1.26E+08 chr5 1.32E+08 chr5 1.35E+08 chr5 1.39E+08
chr5 1.41E+08 chr5 1.48E+08 chr5 1.49E+08 chr5 1.49E+08 chr5 1.5E+08
chr5 1.5E+08 chr5 1.5E+08 chr5 1.6E+08 chr5 1.64E+08 chr5 1.72E+08
chr5 1.72E+08 chr5 1.76E+08 chr5 1.76E+08 chr5 1.76E+08 chr5 1.77E+08
chr5 1.77E+08 chr5 1.8E+08 chr5 1.8E+08 chr6 3140877 chr6 3283353
chr6 3338164 chr6 6632024 chr6 6657738 chr6 15126707 chr6 15677453
chr6 16004158 chr6 16139870 chr6 16217566 chr6 16323602 chr6 20411059
chr6 26404429 chr6 26405267 chr6 26661747 chr6 27408788 chr6 27451583
chr6 28411415 chr6 28998140 chr6 29056843 chr6 29081063 chr6 31273082
chr6 33786947 chr6 33916229 chr6 36938349 chr6 36950172 chr6 39264318
chr6 40214174 chr6 42273910 chr6 42702834 chr6 44117667 chr6 57289870
chr6 69734416 chr6 80292308 chr6 83660835 chr6 85557907 chr6 87449971
chr6 89186893 chr6 96073349 chr6 96073708 chr6 96073857 chr6 1.09E+08
chr6 1.1E+08 chr6 1.13E+08 chr6 1.13E+08 chr6 1.17E+08 chr6 1.2E+08
chr6 1.2E+08 chr6 1.26E+08 chr6 1.38E+08 chr6 1.4E+08 chr6 1.45E+08
chr6 1.48E+08 chr6 1.5E+08 chr6 1.5E+08 chr6 1.53E+08 chr6 1.58E+08
chr6 1.61E+08 chr6 1.64E+08 chr7 1575892 chr7 1860581 chr7 1861167
chr7 1861975 chr7 2248864 chr7 2962867 chr7 6454762 chr7 6584047
chr7 18183657 chr7 18184494 chr7 24801574 chr7 35010365 chr7 39728221
chr7 40140296 chr7 43763294 chr7 44129311 chr7 50570435 chr7 51411699
chr7 64097279 chr7 65083669 chr7 65083998 chr7 66098869 chr7 72113794
chr7 73702626 chr7 74826953 chr7 75248117 chr7 86607838 chr7 90767409
chr7 95703660 chr7 99129349 chr7 99270882 chr7 1E+08 chr7 1.01E+08
chr7 1.02E+08 chr7 1.06E+08 chr7 1.08E+08 chr7 1.26E+08 chr7 1.26E+08
chr7 1.28E+08 chr7 1.28E+08 chr7 1.28E+08 chr7 1.35E+08 chr7 1.38E+08
chr7 1.39E+08 chr7 1.4E+08 chr7 1.43E+08 chr7 1.43E+08 chr7 1.49E+08
chr7 1.49E+08 chr7 1.5E+08 chr7 1.54E+08 chr7 1.55E+08 chr7 1.56E+08
chr7 1.58E+08 chr7 1.58E+08 chr8 9066923 chr8 15484690 chr8 15538542
chr8 22141484 chr8 22963606 chr8 42764494 chr8 43068316 chr8 49035627
chr8 56832885 chr8 57014956 chr8 62128916 chr8 68440658 chr8 91661661
chr8 99850136 chr8 1E+08 chr8 1.01E+08 chr8 1.01E+08 chr8 1.02E+08
chr8 1.02E+08 chr8 1.24E+08 chr8 1.26E+08 chr8 1.29E+08 chr8 1.29E+08
chr8 1.31E+08 chr8 1.33E+08 chr8 1.44E+08 chr8 1.44E+08 chr8 1.46E+08
chr8 1.46E+08 chr9 6069716 chr9 31838680 chr9 38028495 chr9 44721626
chr9 46100586 chr9 67292629 chr9 70824841 chr9 89590071 chr9 93588645
chr9 94861868 chr9 94862847 chr9 99762990 chr9 99847765 chr9 1E+08
chr9 1E+08 chr9 1.01E+08 chr9 1.01E+08 chr9 1.01E+08 chr9 1.11E+08
chr9 1.12E+08 chr9 1.14E+08 chr9 1.22E+08 chr9 1.23E+08 chr9 1.23E+08
chr9 1.23E+08 chr9 1.24E+08 chr9 1.25E+08 chr9 1.3E+08 chr9 1.3E+08
chr9 1.31E+08 chr9 1.34E+08 chr9 1.34E+08 chr9 1.34E+08 chr9 1.35E+08
chr9 1.37E+08 chr9 1.37E+08 chr9 1.38E+08 chr9 1.38E+08 chr9 1.39E+08
chr9 1.4E+08 chr9 1.4E+08 chr9 1.4E+08 chrX 2247080 chrX 10094257
chrX 23812760 chrX 23881559 chrX 30211725 chrX 39561312 chrX 39876903
chrX 40754689 chrX 43997528 chrX 44088464 chrX 48892116 chrX 49052387
chrX 49241898 chrX 52966569 chrX 65062846 chrX 76669614 chrX 76669857
chrX 79566009 chrX 79654824 chrX 1.24E+08 chrX 1.34E+08 chrX 1.53E+08
chrX 1.53E+08 chrX 1.53E+08 chrX 1.53E+08 chrX 1.53E+08 chrX 1.54E+08
chrX 1.54E+08 chr10 4881915 chr10 5014000 chr10 5104057 chr10 6246901
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Table D.2  Continued

chr10 15035594 chr10 17469083 chr10 23841606 chr10 24898187 chr10 30882052
chr10 33300848 chr10 42182798 chr10 42469975 chr10 43233703 chr10 43270754
chr10 64534087 chr10 64753909 chr10 69957527 chr10 70747061 chr10 71988734
chr10 72123414 chr10 73290574 chr10 73750996 chr10 74796859 chr10 75360555
chr10 82216854 chr10 89052491 chr10 92853906 chr10 94722416 chr10 99539231
chr10 99590312 chr10 1.03E+08 chr10 1.03E+08 chr10 1.05E+08 chr10 1.05E+08
chr10 1.13E+08 chr10 1.25E+08 chr10 1.35E+08 chr11 258830 chr11 495079
chr11 2718183 chr11 3239872 chr11 3285706 chr11 4636735 chr11 6367349
chr11 6533068 chr11 6903723 chr11 9363770 chr11 13648248 chr11 20437591
chr11 43725695 chr11 43930747 chr11 43931065 chr11 44045567 chr11 44509258
chr11 56920249 chr11 58295140 chr11 60429668 chr11 61317236 chr11 62069090
chr11 62330067 chr11 63270413 chr11 64023900 chr11 64522313 chr11 65047247
chr11 65161802 chr11 65176251 chr11 65486361 chr11 67008457 chr11 68906636
chr11 69472701 chr11 69473844 chr11 69921661 chr11 71132426 chr11 72125167
chr11 74062223 chr11 74420658 chr11 74738689 chr11 74923565 chr11 76091121
chr11 85523522 chr11 86320487 chr11 91165883 chr11 94916050 chr11 95107103
chr11 97340112 chr11 1.02E+08 chr11 1.11E+08 chr11 1.14E+08 chr11 1.17E+08
chr11 1.25E+08 chr12 622957 chr12 624994 chr12 1284080 chr12 6473080
chr12 9717800 chr12 9729432 chr12 9783880 chr12 10407559 chr12 12830892
chr12 28287299 chr12 33632544 chr12 34171387 chr12 34392434 chr12 41122579
chr12 41123293 chr12 44559330 chr12 44946743 chr12 47032427 chr12 48927562
chr12 50069422 chr12 55118056 chr12 60930928 chr12 69916450 chr12 81934330
chr12 90551814 chr12 91938665 chr12 95825919 chr12 1.05E+08 chr12 1.07E+08
chr12 1.08E+08 chr12 1.1E+08 chr12 1.12E+08 chr12 1.16E+08 chr12 1.16E+08
chr12 1.16E+08 chr12 1.16E+08 chr12 1.19E+08 chr12 1.2E+08 chr12 1.21E+08
chr12 1.21E+08 chr12 1.21E+08 chr12 1.21E+08 chr12 1.21E+08 chr12 1.23E+08
chr12 1.23E+08 chr12 1.26E+08 chr12 1.3E+08 chr12 1.31E+08 chr12 1.32E+08
chr13 21075335 chr13 22399867 chr13 26597732 chr13 29835499 chr13 33290522
chr13 46583329 chr13 48967916 chr13 1E+08 chr13 1.07E+08 chr13 1.08E+08
chr13 1.1E+08 chr13 1.14E+08 chr14 19715469 chr14 20221302 chr14 20846929
chr14 23233946 chr14 23917533 chr14 29835977 chr14 30361360 chr14 53934749
chr14 64579878 chr14 69774570 chr14 72784285 chr14 74979156 chr14 76346950
chr14 77428685 chr14 77428940 chr14 99604568 chr14 1E+08 chr14 1.03E+08
chr14 1.03E+08 chr14 1.06E+08 chr15 26213553 chr15 32304082 chr15 34529135
chr15 37596724 chr15 37778531 chr15 37862586 chr15 38241034 chr15 49118292
chr15 54323931 chr15 64741401 chr15 65333662 chr15 67063514 chr15 67063581
chr15 72469475 chr15 72969065 chr15 76228372 chr15 83294792 chr15 83368464
chr15 88406100 chr15 88487224 chr15 88487348 chr15 88993130 chr15 89061855
chr15 89299936 chr15 94736866 chr15 99365537 chr15 99365962 chr16 43317
chr16 1463388 chr16 1601283 chr16 2971420 chr16 4758502 chr16 5024158
chr16 11799040 chr16 12038809 chr16 15592294 chr16 16024159 chr16 16501555
chr16 17014636 chr16 19406751 chr16 23514726 chr16 25472924 chr16 25473175
chr16 28700977 chr16 29845663 chr16 29862605 chr16 29862801 chr16 30477814
chr16 30724970 chr16 30813342 chr16 31099828 chr16 31099991 chr16 46216868
chr16 65421830 chr16 67903565 chr16 68122002 chr16 69338391 chr16 80072851
chr16 82730433 chr16 86055430 chr16 87364291 chr16 87451568 chr16 88411443
chr17 1172481 chr17 1413180 chr17 1413893 chr17 3993414 chr17 6757858
chr17 8092360 chr17 11752703 chr17 13366063 chr17 13383038 chr17 17595788
chr17 18660718 chr17 22880473 chr17 23618825 chr17 24193283 chr17 34112437
chr17 34412518 chr17 34412847 chr17 34744835 chr17 35059948 chr17 36237945
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Table D.2  Continued
chr17 36909677 chr17 37076223 chr17 37339973 chr17 38820538 chr17 42197380
chr17 42721094 chr17 44624915 chr17 46094313 chr17 50883640 chr17 51009126
chr17 54722771 chr17 55027922 chr17 55567268 chr17 57602782 chr17 59280953
chr17 59437076 chr17 64555425 chr17 68485159 chr17 69803749 chr17 69804272
chr17 70381934 chr17 72630227 chr17 73590398 chr17 73654272 chr17 73822375
chr17 73823115 chr17 74494508 chr17 77054129 chr17 77243208 chr17 77896554
chr17 78304494 chr18 831918 chr18 2293036 chr18 2315666 chr18 9839650
chr18 19362895 chr18 41874241 chr18 42930144 chr19 412569 chr19 439096
chr19 742045 chr19 1698866 chr19 1834803 chr19 2188187 chr19 2279027
chr19 3650843 chr19 3713156 chr19 4326334 chr19 4406860 chr19 5116012
chr19 5905334 chr19 5919812 chr19 8004421 chr19 8484436 chr19 8497115
chr19 10850808 chr19 11787217 chr19 13720683 chr19 15800889 chr19 17046022
chr19 18388561 chr19 18389300 chr19 19459897 chr19 21103739 chr19 34788510
chr19 40388192 chr19 40563615 chr19 40824936 chr19 41954939 chr19 45631436
chr19 45642717 chr19 45862644 chr19 46031183 chr19 46062338 chr19 50438313
chr19 50600523 chr19 51058676 chr19 52909259 chr19 52940314 chr19 53087405
chr19 53948881 chr19 53949276 chr19 54094173 chr19 54094929 chr19 54557778
chr19 55277425 chr19 55580301 chr19 56419610 chr19 56546321 chr19 56636541
chr19 56636809 chr19 56790364 chr19 56885375 chr19 57385980 chr19 57860950
chr19 58131399 chr19 58353933 chr19 59063192 chr19 59354711 chr19 60784400
chr19 63692615 chr19 63702190 chr20 581251 chr20 1194141 chr20 3088157
chr20 4011971 chr20 16400905 chr20 22838187 chr20 22980397 chr20 29727691
chr20 30589629 chr20 31452399 chr20 31453401 chr20 32137395 chr20 35351826
chr20 36405199 chr20 36419821 chr20 42973480 chr20 46937335 chr20 47966389
chr20 48064156 chr20 48491024 chr20 60192128 chr20 60976356 chr20 60976953
chr21 20552824 chr21 24216529 chr21 31954550 chr21 32573619 chr21 32840332
chr21 34777867 chr21 38406550 chr21 42696427 chr21 44838742 chr21 45837941
chr21 46538159 chr21 46538984 chr22 17272218 chr22 17476970 chr22 18183181
chr22 18310292 chr22 18377444 chr22 18426552 chr22 18486163 chr22 19603236
chr22 20181884 chr22 20350710 chr22 21204256 chr22 23454910 chr22 25219420
chr22 25344359 chr22 27878706 chr22 27993422 chr22 29608422 chr22 30016489
chr22 30216415 chr22 30353531 chr22 31607989 chr22 34964874 chr22 35205224
chr22 36473135 chr22 37511779 chr22 37739256 chr22 37747254 chr22 38009139
chr22 40106971 chr22 41170712 chr22 41245150 chr22 41306842 chr22 41910030
chr22 42696755 chr22 42697346 chr22 44861323 chr22 45378790 chr22 45379165
chr22 45670668 chr22 48587737 chr22 48899155
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Table D.3.  147 TE-derived enhancers shared between GM12878 and K562 cell lines 

chr1 884032 chr6 31939256 chr14 73389052
chr1 10995898 chr6 33786842 chr14 76857715
chr1 11963510 chr6 43504090 chr15 73838357
chr1 16713283 chr6 1.26E+08 chr15 1E+08
chr1 16866433 chr7 63764524 chr16 43200
chr1 17103777 chr7 65947763 chr16 2214269
chr1 24024140 chr7 66231401 chr16 30454487
chr1 25749329 chr7 1.5E+08 chr16 65774899
chr1 28528400 chr8 22518951 chr16 79627848
chr1 35222885 chr8 31012031 chr16 82777666
chr1 45249847 chr8 82795338 chr16 87256569
chr1 52603601 chr8 1.02E+08 chr17 17124526
chr1 54438867 chr8 1.26E+08 chr17 39758058
chr1 55002376 chr8 1.26E+08 chr17 39758166
chr1 1.48E+08 chr8 1.42E+08 chr17 43263546
chr1 1.53E+08 chr9 6671884 chr17 45805078
chr1 1.54E+08 chr9 36563155 chr18 31331185
chr1 1.54E+08 chr9 45618948 chr19 613151
chr1 1.55E+08 chr9 1.01E+08 chr19 4132336
chr1 1.81E+08 chr9 1.24E+08 chr19 6718075
chr2 3361045 chr9 1.39E+08 chr19 10243297
chr2 27848550 chrX 13662250 chr19 13089016
chr2 69517569 chrX 13957597 chr19 13737012
chr2 71074995 chrX 16639608 chr19 17994475
chr2 99319651 chrX 40389227 chr19 18346065
chr2 1.52E+08 chrX 53465424 chr19 40145480
chr2 1.62E+08 chr10 27483585 chr19 50374269
chr2 2.04E+08 chr10 38340267 chr19 51980203
chr2 2.11E+08 chr10 92621995 chr19 55579933
chr2 2.39E+08 chr10 94342590 chr19 58157435
chr3 28258609 chr10 95246602 chr19 59298658
chr3 47529691 chr10 99150560 chr19 59651663
chr3 48317451 chr11 900080 chr19 63119333
chr3 49868599 chr11 44045028 chr20 1254746
chr3 58267509 chr11 61648803 chr20 18436857
chr3 58267981 chr11 62145617 chr20 32567386
chr3 1.02E+08 chr11 63463549 chr20 35241527
chr3 1.3E+08 chr11 65792108 chr20 44033146
chr3 1.58E+08 chr11 69727904 chr20 60897009
chr4 970468 chr11 82289789 chr20 61966403
chr4 25525260 chr12 8004553 chr21 34670204
chr4 49208759 chr12 31793847 chr21 45184903
chr4 56948593 chr12 1.12E+08 chr21 46702312
chr4 1.2E+08 chr12 1.12E+08 chr22 17511504
chr4 1.52E+08 chr13 31788343 chr22 29808914
chr5 1.37E+08 chr13 44390339 chr22 40816198
chr5 1.48E+08 chr13 76464935 chr22 41307163
chr6 3205144 chr14 20220628 chr22 41307163
chr6 27264190 chr14 23810961
chr6 28343293 chr14 73249902
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Table D.4.  χ2 statistics for over and under represented TE families in contributing 
enhancers. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure D.3. Over and under represented TE families in contributing enhancers.  
Log ratios are calculated using the relative genomic abundance of TE families. 
 
 
 
 
 
 
 
 
 
 
 
 

χ 2 p χ 2 p
Alu 27.67714 1.43E-07 44.08529 3.14E-11
L1 215.5128 8.61E-49 203.0156 4.59E-46

LTR 6.004943 0.014266 132.2128 1.34E-30
DNA 15.82198 6.96E-05 0.024756 0.874978
L2 103.9686 2.06E-24 94.63382 2.29E-22

MIR 691.74 1.9E-152 271.6426 4.98E-61
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Figure D.4.  Average expression of genes in domains delineated by CTCF binding.  
Domains are classified as being devoid of TE-derived enhancers of carrying one or 
more TE-derived enhancers. 
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