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ABSTRACT OF THE DISSERTATION 

The Evolution of Transposable Elements as Cis-Regulatory Elements in Mammals 

for Arts & Sciences Graduate Students 

by 

Alan Du 

Doctor of Philosophy in Biology and Biomedical Sciences 

Molecular Genetics and Genomics 

Washington University in St. Louis, 2023 

Professor Ting Wang, Chair 

 Transposable elements (TEs) are mobile genetic elements that make up a large proportion 

of mammalian genomes. Although TEs are highly prevalent genomic sequences, they have been 

understudied as they were once labeled as “junk DNA.” Despite their initial status as simple 

genomic parasites, recent studies have implicated TEs as cis-regulatory elements, supplying 

promoters, enhancers, and boundary elements. Functional testing of regulatory activity, however, 

remains a significant bottleneck. Nonetheless, due to their repetitive nature, TEs provide a unique 

model to examine the evolution of cis-regulatory elements, which has traditionally been difficult 

to study due to lack of homology at the sequence level. In this thesis, I develop experimental and 

computational approaches that take advantage of TE repetitiveness to explore how they provide 

and evolve as cis-regulatory elements. 

 The first part of my thesis tests whether TEs have the regulatory capacity to be gene 

regulatory modules as hypothesized in the gene-battery model. Using LTR18A as a representative 

TE subfamily, I employ massively parallel reporter assay (MPRA) to systematically test TEs for 

regulatory activity. I show that sequence variation that arose through natural evolution can be used 
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to identify transcription factor binding motifs that drive cell-type specific enhancer activity. By 

functionally testing computationally reconstructed ancestral sequences, I demonstrate that 

enhancer activity generally decreases over the course of evolution, much of which can be directly 

attributed to the gain or loss of transcription factor motifs. Using present day primate genomes, I 

show that both motifs are conserved at rates higher than expected based on neutral evolution and 

that some elements are potential enhancers in human based on epigenomic marks. These results 

provide a model for the origin, evolution, and co-option of TE-derived regulatory elements and 

present a framework to study regulatory activity in any TE subfamily.  

 In the second part of my thesis, I investigate whether models in the field, which have 

focused on a single TE subfamily or a single cell/tissue type, generalize to TEs across the genome. 

Using ENCODE candidate cis-regulatory element (cCRE) annotations in human and mouse, I 

confirm that about a quarter of regulatory elements are associated with TEs, with a clear bias 

against proximity to known genes and preference for cell-type specific activity. I find that TEs 

contribute up to 2% of conserved cCREs and 8-36% of novel, lineage-specific cCREs in human 

and mouse. Based on principles from my LTR18A work, I develop an approach to examine the 

phylogenetic origins of transcription factor motifs that are associated with TEs providing cCREs. 

I explore the effects of TE insertion site on cCRE annotation and transcription factor binding. 

Altogether, this work sets the foundation for a holistic understanding of gene regulation that 

incorporates TEs and advances our knowledge for how simple genomic parasites took part in 

shaping the genomes of mammals, including us. 
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Chapter 1: Background and Introduction 

1.1 Gene regulation, as Important as the Genes Themselves 
What makes us human? This question has been asked by countless philosophers and scientists 

throughout human history. From a biological standpoint, one approach to discover what makes us 

uniquely human is to compare ourselves to our closest living primate relatives. Before the human 

genome was fully sequenced, King and Wilson found that human and chimpanzee proteins were 

remarkably similar (King and Wilson 1975). They concluded that mutations that change gene 

regulation, instead of the genes themselves, were largely responsible for the biological differences 

between humans and chimpanzees. Once the human genome was sequenced, the importance of 

gene regulation was further underscored by the apparent discrepancy between gene number and 

organismal complexity across several model organisms, which suggested a “N-value” or “G-

value” paradox (Claverie 2001; Hahn and Wray 2002). Thus, more comprehensive knowledge of 

gene regulation will be necessary to fully understand how we and other organisms utilize our 

genomes to produce such wide ranges of phenotypic diversity across life. 

1.1.1 Cis-regulatory elements in transcriptional regulation 

Gene regulation is the crucial process of controlling when, where, and how much a gene should 

be expressed. At the transcriptional level, the amount of gene transcript produced can be controlled 

by promoting or limiting RNA polymerase access to genes. A significant portion of transcription 

regulation is facilitated by the binding of transcription factors to cis-regulatory elements. The main 

types of cis-regulatory elements include promoters, enhancers, and silencers. Promoters are DNA 

sequences that promote the start of transcription by binding components of RNA polymerase. 

Enhancers increase expression of their target gene relative to the gene’s promoter alone, typically 
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in a distance and orientation independent manner. In contrast to enhancers, silencer elements 

decrease expression of their target gene.  

 Through many epigenomic studies, various features have been discovered to be associated 

with cis-regulatory elements and their regulatory states. In native chromatin, DNA is usually 

packaged into nucleosomes which can prevent transcription factors from accessing their 

underlying cognate binding site. Therefore, accessibility to DNA or open chromatin, usually 

measured by nuclease or transposase cleavage, is thought to be a prerequisite for active regulatory 

elements (Wu et al. 1979; Wu 1980). Next, several post-translational modifications to the histone 

proteins that compose nucleosomes have been associated with regulatory states. Tri-methylation 

of histone H3 at lysine 4 (H3K4me3) is often found at actively transcribing promoters while mono-

methylation (H3K4me1) has been associated with active enhancers (Bernstein et al. 2005; 

Heintzman et al. 2007; Hon et al. 2009). Acetylation at lysine 27 (H3K27ac) is associated with 

both active promoter and enhancer states (Creyghton et al. 2010; Wang et al. 2008). On the other 

hand, H3K27me3 and H3K9me3 are both associated with heterochromatin and a repressed state 

(Trojer and Reinberg 2007). Finally, DNA methylation, which generally occurs on cytosines and 

in the CpG dinucleotide context in mammals, is associated with repression when found at cis-

regulatory elements (Moore et al. 2013). 

 After the genomes of different species became available following initial genome 

sequencing efforts, comparative genomics studies started to reveal the abundance of cis-regulatory 

elements in the genome. Comparative genomics leverages genome alignments between different 

species to classify regions of the genome. Highly conserved regions of the genome are of particular 

interest for identifying potential functional elements. The idea is that if a genomic region is 

conserved across multiple species spanning millions of years of evolution, the region has been 
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under purifying selection, presumably due to some required function. This simple but powerful 

approach has revealed that, of the 5% conserved sequences in human, about two-thirds are non-

genic, meaning they do not produce functional coding or non-coding RNA (Chinwalla et al. 2002; 

Dermitzakis et al. 2005). Not only do they outnumber protein-coding genes, these non-genic 

sequences are also more conserved than many protein-coding genes (Dermitzakis et al. 2003). 

 Further advances in sequencing technology have led to an abundance of epigenomic 

datasets to identify putative regulatory elements genome-wide. In phase 3 of the Encyclopedia of 

DNA Elements (ENCODE), candidate cis-regulatory elements (cCREs) were identified based on 

four datasets: DNA accessibility from DNase hypersensitivity for open chromatin, H3K4me3 for 

promoters, H3K27ac for active promoter and enhancers, and CTCF for boundary elements (The 

ENCODE Project Consortium et al. 2020). In human, in which there is the most data, 839 

cell/tissue types yielded 926535 cCREs covering about 7.9% of the genome. In mouse, 157 

cell/tissue types yielded 339815 cCREs comprising about 3.4% of the genome was identified. By 

comparison, about 1.5% of human and mouse genomes are protein-coding (Lander et al. 2001; 

Chinwalla et al. 2002). In both human and mouse, the majority of cis-regulatory elements are 

enhancers that are distal from genes. While the amount of gene regulatory sequence differs across 

organisms, likely due to number of different cell types that were sampled, it has become clear that 

gene regulatory sequence is more abundant than protein-coding sequence in mammals. 

1.1.2 Key enhancer characteristics 

Since enhancers comprise the majority of cis-regulatory elements, many studies have sought to 

define what they are and better understand how they work. Several important characteristics have 

emerged. First, enhancers are modular regulatory elements that interact with promoters in mostly 

distance and orientation independent fashion. Second, enhancers function through the binding of 
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transcription factors (TFs) to their cognate sites. Third, because there are often multiple enhancers 

that modulate expression of a target gene, this can lead to enhancers with redundant activities, or 

shadow enhancers. 

 When the SV40 enhancer was first discovered by reporter assay, it was found that the 

enhancer strongly activated transcription independently from orientation and could do so from 

over 1kb away in either upstream or downstream locations from the transcription start site (Banerji 

et al. 1981; Moreau et al. 1981; Müller et al. 1988). A classic example that demonstrates the 

extreme distances at which enhancers can act is the zone of polarizing activity regulatory sequence 

(ZRS) that is responsible for spatiotemporal control of Shh during limb development (Lettice et al. 

2003). Deletion of the ZRS, located ~1Mb away from Shh within the intron of another gene, leads 

to sever developmental defects (Sagai et al. 2005). Although extremely long-distance interactions 

between enhancers and their target gene have been observed, most enhancers are likely to act in a 

more local manner. Gasperini et al. found that enhancers have a median 24.1kb distance from their 

associated gene’s transcription start site (Gasperini et al. 2019).  

 To be active as regulatory elements, enhancers require the binding of TFs to short, specific 

DNA sequences, or motifs. Since enhancers require TF binding to be active, enhancers are 

typically cell type specific due to expression of distinct sets of TFs depending on cell context 

(Atchison 1988). Enhancer activity can depend on motif composition, motif order, motif 

orientation, and spacing between motifs (Zeitlinger 2020). One of the early models for how TFs 

act in concert at enhancers is the “enhanceosome”. Based on the interferon-beta enhancer, this 

model requires a strict order of TF binding motifs in the correct orientation and at precise spacing 

(Panne 2008). Under the enhanceosome model, important enhancers should be highly conserved 

in sequence as many possible mutations can render the enhancer non-functional. However, most 
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studied enhancers did not adhere to the highly ordered enhanceosome model, and an alternative 

model called the “billboard” model was proposed (Kulkarni and Arnosti 2003). The billboard 

model allows for greater flexibility in the order, orientation, and spacing of TF motifs if enough 

TFs are present. Under the billboard model, individual TF binding motifs are not evolutionarily 

constrained as long as the enhancer as a whole maintains function. A third model, termed the TF 

collective model, posits that protein-protein interaction can also bring TFs to the enhancer, and the 

collective presence of TFs through the combination of direct and indirect binding drives enhancer 

activity (Spitz and Furlong 2012). Like the billboard model, individual TF motifs may not be under 

high selective pressure as long as the TF collective is maintained.  

 “Shadow enhancers” were first coined by Hong et al. after discovering that distal secondary 

enhancers for brinker and sog genes in Drosophila melanogaster have similar activities compared 

to the primary, more proximal enhancer (Hong et al. 2008a). Furthermore, the primary and 

secondary enhancers have the same TF binding, suggesting a similar regulatory logic. Although 

there is no functional distinction between primary and secondary enhancers as they were originally 

defined based on genomic distance, it is clear that redundancy in enhancers exists even in mammals 

(Barolo 2012; Cretekos et al. 2008; Kvon et al. 2021). Enhancer redundancy is thought to be a 

pervasive feature in genomes, allowing for phenotypic robustness in the case of mutation (Cannavò 

et al. 2016; Osterwalder et al. 2018). While some shadow enhancers may be fully redundant, there 

is also evidence that redundancy is only partial and that they fulfill other functions such as 

robustness in non-optimal growth conditions or suppressing TF noise (Cannavò et al. 2016; 

Frankel et al. 2010; Perry et al. 2010; Waymack et al. 2020). 
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1.1.3 Enhancer evolution 

The modular nature of enhancers makes them good substrates on which evolution can act. In 

contrast to genes where sequence changes can lead to pleiotropic effects, sequence changes in 

enhancers can affect a limited set of cell types at certain developmental timepoints without 

impacting other cell types that use the same gene. A striking example of this can be seen in the 

Pituitary homeobox transcription factor 1 (Pitx1) gene in stickleback fish. Homozygous deletion 

of Ptx1in mice causes neonatal lethality with a range of defects in hindlimb, pituitary gland, and 

mandible (Lanctôt et al. 1999; Szeto et al. 1999). In sticklebacks, morphological changes in pelvic 

structure are not caused by Pitx1 protein-coding changes. Instead, loss of an upstream enhancer 

Pel leads to loss of Pitx1 gene expression and subsequent pelvic reduction (Shapiro et al. 2004; 

Chan et al. 2010). Since multiple freshwater stickleback populations display partial or complete 

loss of pelvic structures, this suggests that Pitx1 expression change is specific to pelvis. Existing 

enhancers can also be built upon to expand their functions to other cell types. Two examples of 

novel gene regulatory functions that arose through changes in pre-existing enhancers are 

Neprilysin-1 gain of expression in optic lobe of Drosophila melanogaster and wingless gain of 

expression in pupal wing longitudinal vein tips of Drosophila guttifera (Rebeiz et al. 2011; 

Koshikawa et al. 2015). 

 Despite the importance of enhancers to gene regulation and organismal phenotype, 

enhancer evolution has been difficult to study partially due to their flexibility. Although sequence 

conservation is generally thought to be indicative of functional conservation, previous studies have 

demonstrated that conserved enhancer function can also be achieved with non-conserved 

sequences. A well-studied example is the even-skipped (eve) stripe 2 enhancer (S2E) in 

Drosophila. Despite strong evidence that eve expression is under high stabilizing selection, the 
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S2E has low sequence conservation, even at known TF binding sites, across Drosophila species 

(Ludwig et al. 1998). Based on chimeric enhancer and complementation experiments, it was shown 

that S2E in Drosophila melanogaster and Dosophila pseudoobscura genetically complement each 

other but constitute distinct units that cannot be mixed (Ludwig et al. 2000, 2005). These results 

can be explained by TF binding site turnover, in which loss of TF binding site is compensated by 

the gain of the same binding site elsewhere. The general trend that there are multiple ways to 

construct an enhancer has held true in different developmental systems and animals (Liberman and 

Stathopoulos 2009; Zinzen et al. 2009; Brown et al. 2007). Furthermore, different species may 

change TF motif strength and spacing to finetune enhancer activity (Farley et al. 2015, 2016).  

 Another challenge to studying enhancer evolution is that the evolutionary origins of 

enhancers are not always clear. Broadly, enhancers can arise from one of three mechanisms (Long 

et al. 2016). First, mutations over time in non-regulatory DNA can create new enhancers. Villar et 

al. estimated that 52-77% of species-specific enhancers in liver are derived from ancestral DNA 

sequences which have present for over 100 million years (Villar et al. 2015). Second, genomic 

duplications can create copies of pre-existing enhancers such as the hepatic control regions at the 

human apoE gene locus (Allan et al. 1995). The duplicated enhancers can then be tweaked to take 

on new regulatory functions. Third, transposable elements can deposit new cis-regulatory sequence 

throughout the genome as a consequence of their transposition. 

1.2  Transposable Elements 
Transposable elements (TEs) were first discovered by Barbara McClintock in her seminal work 

studying mutable loci in maize (McClintock 1950). Also known as "jumping genes," TEs are now 

defined as mobile genetic elements that have the ability to move within the genome independent 

of its host. This autonomous, self-interested behavior has led to many describing them as genomic 
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parasites or selfish genes (Doolittle and Sapienza 1980; Orgel and Crick 1980). TEs can be split 

into two main groups based on their mechanism of transposition and can be classified as 

autonomous or non-autonomous based on whether they can facilitate their own transposition. Class 

1 elements, or retrotransposons, move through a “copy-and-paste” mechanism during which an 

RNA intermediate is produced and then reverse transcribed before being inserted into the genome 

(Boeke et al. 1985). In mammals, retrotransposons can be further divided into three main types: 

long interspersed elements (LINEs), short interspersed elements (SINEs), and long terminal 

repeats (LTRs). LINEs are autonomous TEs that are approximately 6kb in length and encode the 

enzymatic machinery necessary for their transposition. Most LINEs, however, are truncated at the 

5’ end due to the propensity of LINE target primed reverse transcription to “fall off” of its template 

(Grimaldi et al. 1984; Cost et al. 2002). On the other hand, SINEs are only 150 to 500bp long and 

non-autonomous, relying on LINE machinery for transposition. Together, LINEs and SINEs are 

generally the most abundant TEs in animals (Piskurek and Jackson 2012). LTR retrotransposons, 

which include endogenous retroviruses (ERVs), are uniquely characterized by their 100 to 300bp 

direct terminal repeats (Platt II et al. 2018). These eponymous LTRs result from tRNA-primed 

template switching during mobilization and replication, which is similar to retroviral replication. 

Due to sequence homology of LTRs at the 5’ and 3’ ends of LTR retrotransposons, homologous 

recombination frequently removes the internal region, leaving a solitary or solo LTR (Smit 1993). 

Class 2 elements, or DNA transposons, move using a DNA intermediate and can be split into “cut-

and-paste” and rolling-circle transposons. Due to this replication mechanism and the overall lack 

of autonomous elements, DNA transposons are present at low copy numbers in mammals (Pace 

and Feschotte 2007; Platt II et al. 2018). 
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1.2.1 Transposable element control and abundance 

Since uncontrolled TE transposition is undesirable for genome integrity, hosts have developed 

many mechanisms to suppress TEs, including several that prevent TE transcription. One of the 

main mechanisms for TE silencing in mammals is DNA methylation (Xie et al. 2013; Smith et al. 

2014; Deniz et al. 2019). The classic example for DNA methylation mediated control of TE 

expression is the IAP element upstream of the Agouti gene in mouse which can even lead to 

transgenerational inheritance of silencing (Dickies 1962; Michaud et al. 1994; Morgan et al. 1999). 

Another way that TEs can be silenced is through repressive histone modifications. Krüppel-

associated box (KRAB) zinc-finger proteins (KZFPs) bind to specific sequences within TEs to 

recruit TRIM28 (also known as KAP1) and SETDB1 for H3K9me3 silencing (Imbeault et al. 

2017). Additionally, the human silencing hub (HUSH) complex and MORC2 were found to 

interact with TRIM28 to repress retrotransposons (Liu et al. 2017; Robbez-Masson et al. 2018). 

The struggle between TE silencing and escape has been described as an arms race, although it has 

also been proposed that these epigenetic mechanisms to control TE expression might have led to 

the tolerance of TEs in the first place (Fedoroff 2012).  

 Since their discovery, TEs have been found in the genomes of nearly all organisms. In 

mammals, TEs make up 1/3 to 1/2 of genomic sequence, though this is likely an underestimate 

due to difficulties in TE detection limitations (Platt II et al. 2018; de Koning et al. 2011). The 

abundance of TEs in genomes raises the question of whether TEs have provided any function for 

their hosts. If TEs are non-functional "junk DNA" as initially thought, TE content in a genome 

should correlate with genome size. Indeed, across a number of mammalian genomes, TE content 

correlates with genome size, seemingly solving the "C-value paradox" which finds that genome 

size does not appear to correlate with organism complexity (Kidwell 2002; Elliott and Gregory 
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2015). Furthermore, it was clear that TEs were highly mutagenic agents starting with P elements 

in Drosophila causing hybrid dysgenesis (Kidwell 1983; Engels 1992). Later, TE insertions were 

found to cause disease in human as well with the discovery of LINE insertions causing 

Haemophilia A (Kazazian et al. 1988). These observations support the idea that TEs are merely 

genomic parasites that selfishly reproduce in their hosts and occasionally cause problems due to 

their intrinsically mutagenic nature. However, this does not explain why genomes have retained 

so much TE sequence over millions of years of evolution.  

1.2.2 Molecular domestication of transposable elements 

One possibility for why genomes tolerate the presence of TEs is that they allow for increased rates 

of evolution. By providing additional sequence for the evolution of novel functions, TEs can be 

eventually co-opted by their host. This can be achieved though different mechanisms. First, TEs 

can supply extra genes that can be tweaked for novel functions. Second, TEs can provide 

alternative promoter, splicing and poly-adenylation [poly(A)] sites to modify gene structure. Third, 

TEs can distribute cis-regulatory elements throughout the genome.  

 Several notable examples of genes originated from TEs and their transposition activity. 

The RAG1 and V(D)J recombination signal sequences that are foundational to the adaptive 

immune system are likely derived from Transib DNA transposons (Kapitonov and Jurka 2005). 

Telomerase, which is required for the maintenance of chromosomal ends, is thought to be derived 

from TEs or closely related to TEs (Eickbush 1997; Gladyshev and Arkhipova 2007; Kordyukova 

et al. 2018). Perhaps the most striking example of genes co-opted from TEs comes from the 

syncytins, which are necessary for the creation of the placental barrier between maternal and fetal 

blood. Syncytin-1 and -2 in primates and syncytin-A and -B in rodents are derived from lineage-

specific ERVs, indicating convergent evolution of these ERV genes in the placenta (Sha et al. 
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2000; Blaise et al. 2003; Dupressoir et al. 2005). In addition to these examples in which the TE 

genes themselves were exapted, or acquired function to serve their host, LINE reverse transcriptase 

has the ability to reverse transcribe mRNA of protein-coding genes and insert intronless 

retropseudogenes (Esnault et al. 2000; Lahn and Page 1999; Vinckenbosch et al. 2006). It has been 

proposed that the intronless genes across prokaryotes and eukaryotes have mostly been products 

of retrotransposition events (Brosius 1991).  

 TEs have also been responsible for the creation of new transcript structures through 

alternative promoters, splicing sites, and poly(A) sites. A classic example of a TE-derived 

alternative promoter is the IAP ERV that drives expression of the Agouti gene in mouse (Michaud 

et al. 1994). Similar to syncytin, N-terminally truncated Cdk2ap1 is independently derived from 

different TEs that are co-opted in different mammalian lineages (Modzelewski et al. 2021). TEs 

also drive widespread expression of oncogenes as alternative promoters in cancer (Jang et al. 

2019). Next, L1 LINEs and Alu SINEs have been major contributors to novel splice sites (Li et al. 

2001; Nekrutenko and Li 2001). Alu elements in particular can provide both splice acceptor and 

donor sites for novel exons, leading to alternative splicing and transcript diversity (Lev-Maor et 

al. 2003; Sela et al. 2007; Sorek et al. 2002). Lastly, poly(A) sites from TEs are mostly non-

conserved, indicating that TEs help to create species-specific poly(A) sites (Lee et al. 2008).  

 Growing evidence has pointed to TEs as a substantial source of cis-regulatory elements in 

mammals. Overall, it has been estimated that about 25% of human regulatory genome has been 

contributed by TEs (Jordan et al. 2003; Pehrsson et al. 2019). As promoters, retrotransposons 

provide transcription starts sites for up to 16% of mouse and human RNA transcripts depending 

on cell type (Faulkner et al. 2009). TEs have also been investigated for their potential roles as 

enhancers (Fueyo et al. 2022). They have been implicated to control transcription as ancient TEs, 
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like the LF-SINE enhancer for the neuro-developmental ISL1 gene, and young lineage-specific 

TEs like, in primate liver enhancers (Bejerano et al. 2006; Trizzino et al. 2017). Finally, TEs 

have spread CTCF binding sites to remodel mammalian genome organization (Schmidt et al. 

2012; Zhang et al. 2019; Choudhary et al. 2020, 2023). 

1.2.3 Evolutionary models for transposable elements as regulatory elements 

Britten and Davidson first postulated the “gene-battery” model for how repetitive elements could 

aid the evolution of gene regulatory networks (Britten and Davidson 1969, 1971). In this 

theoretical model, Britten and Davidson described five types of “genes” that each fulfill a specific 

function: producer genes which yield cellular products such as enzymes, receptor genes (or 

sequences) which control the activity of producer genes through interaction with diffusible 

regulatory molecules, activator RNAs which carry out the role of regulatory molecules either 

directly or through translated protein, integrator genes which coordinate the production of activator 

RNAs, and sensor genes (or sequences) which serve as binding sites for specifying patterns of 

activity in the genome. The “battery” of genes is the set of producer genes which are activated 

when its sensor activates its integrator genes, and a collection of gene batteries would compose 

any given cell state. Britten and Davidson further describe redundancy in the model that can occur 

in receptor and integrator genes. Redundancy in receptor genes allow for a single activator RNA 

to regulate multiple producer genes. On the other hand, redundancy in integrator genes allows for 

activator RNAs to be grouped in different combinations, creating new batteries that each require a 

different set of activating signals.  

 Since the gene-battery model was proposed, TEs have been found to fit many 

characteristics of receptor and integrator genes. TFs can be considered the active form of activator 

RNAs, with their cognate binding sites behaving as receptor sequence. In mammalian genomes, 



13 

 

TEs have made substantial contributions to the collection of TF binding sites  (Wang et al. 2007; 

Bourque et al. 2008; Kunarso et al. 2010; Schmidt et al. 2012; Sundaram et al. 2014). These 

binding sites are often enriched within certain TE subfamilies, groups of similar TE sequences that 

are derived from a single ancestral origin. Furthermore, it has been shown that individual TE copies 

can be co-opted into gene regulatory networks such as in pregnancy and innate immunity (Lynch 

et al. 2011; Chuong et al. 2016). These observations are consistent with the idea that TEs distribute 

TF binding sites throughout the genome to provide redundancy in receptor sequences, allowing 

the TFs to control expression of genes in the same biological pathway. Additionally, TEs can act 

as platforms for spreading regulatory modules throughout the genome. By providing multiple TF 

binding sites together in a single mobile unit, TEs can integrate different TF signals together 

without requiring coordinated evolution of the binding sites, as seen with pluripotency factors 

(Sundaram et al. 2017). This feature of TEs is consistent with the gene-battery model’s redundancy 

in integrator genes.  

 While there is considerable evidence for the integration of TEs as regulatory elements, the 

question of where regulatory activity or TF binding sites originated from in TEs has yet to be 

resolved. A significant challenge in answer this question is that each TE subfamily has its own 

unique origin and evolutionary trajectory. In some cases, the TF binding motif is likely to have 

been found in the ancestral state, or the first TE copy in the subfamily, such as the STAT1 motif 

in MER41B or the p53 motif in LTR10 and MER61 (Chuong et al. 2016; Wang et al. 2007). In 

other cases, the ancestral state did not have the TF motif and instead gained it through mutation, 

such as the 10bp deletion in ISX relative to ISY in D. miranda that recruits the Male Specific 

Lethal complex or the circadian rhythm binding motif in RSINE1 in mouse (Ellison and Bachtrog 

2013; Judd et al. 2021). An additional limitation from previous studies is that regulatory activity 
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of ancestral sequences is not directly measured. Instead, activity of the ancestral state is inferred 

based on activity of present-day TE copies.  

1.3  Massively Parallel Reporter Assay (MPRA) 
Although many epigenomic features like DNA hypomethylation, open chromatin, and active 

histone post-translational modifications are associated with active regulatory elements, validation 

of cis-regulatory activity requires an experimental assay. Generally, enhancer and promoter 

activity are measured by a reporter assay. To test a sequence for promoter activity, the candidate 

sequence is placed upstream of a reporter gene. Then, reporter gene expression is measured after 

introduction to cell lines or organisms to quantify the strength of the candidate promoter and 

compared to known promoters. Testing for enhancer activity is performed in a similar fashion 

except with the addition of a minimal promoter added between the candidate enhancer and the 

reporter gene. Most reporter assays are performed using episomal plasmids which maintain 

separated from the cell’s genome, but some can integrate the candidate sequence and reporter gene 

into the genome through viral integration or other related means. In “classic” reporter assays, 

candidate cis-regulatory elements are tested one at a time, greatly limiting the number of 

candidates that can be evaluated. 

 Massively parallel reporter assay (MPRA) is a high-throughput version of the reporter 

assay that takes advantage of advances in sequencing technology. The major innovation in 

MPRA is the addition of barcode sequences, oligonucleotide sequences that could be uniquely 

assigned to a single candidate sequence. When the barcode is added into the 3’ UTR of the 

reporter gene, reporter gene expression can be measured by counting the number times the 

barcode is sequenced. Regulatory activity can subsequently be assigned to each candidate 
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sequence based on the abundance of its barcodes in produced RNA relative to its abundance in 

the cells’ DNA.  

1.3.1  Studying cis-regulatory elements with MPRA 
The development of MPRAs has greatly accelerated our understanding of enhancers by facilitating 

simultaneous testing of thousands of DNA sequences (Patwardhan et al. 2009, 2012; Melnikov et 

al. 2012; Kwasnieski et al. 2012). MPRAs have been used to probe the enhancer potential of 

sequences underlying various epigenetic marks (Kwasnieski et al. 2014), dissect enhancer logic 

through tiling and mutagenesis (Melnikov et al. 2012; Ernst et al. 2016; Chaudhari and Cohen 

2018), and decipher the effects of naturally occurring sequence variants (Patwardhan et al. 2012; 

Vockley et al. 2015; Tewhey et al. 2016; Ulirsch et al. 2016). Several studies have also employed 

MPRA to understand the evolution of fly and primate enhancers, revealing widespread enhancer 

turnover (Arnold et al. 2014; Klein et al. 2018). In particular, Klein et al. took advantage of 

oligonucleotide synthesis to design and test computationally reconstructed ancestral primate liver 

enhancers, displaying the power of MPRA for evolutionary studies (Klein et al. 2018). 

 One key feature of MPRA for the study of TE regulatory activity is the transient, out-of-

genomic context nature of the experiment. Previous studies that have tested sequences in episomal 

and genomic integrated contexts using MPRA found that enhancer activity is well correlated 

between the two contexts, suggesting that MPRA measures the regulatory activity of the 

underlying sequence without regard for chromatin context (Maricque et al. 2018; Klein et al. 

2020). Furthermore, MPRA is usually performed with transient transfection of the reporter 

construct, and cell harvesting occurs within a couple days, likely leading to little or no effect from 

chromatin (Riu et al. 2007). Since TEs are often epigenetically silenced by their hosts, TEs that 

have the sequence potential to act as regulatory elements may not have the epigenetic features of 
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active elements. However, the potential for regulatory activity may manifest under favorable 

conditions like after global hypomethylation in cancer (Jang et al. 2019). TEs that have the 

potential to behave as regulatory elements may also escape epigenetic silencing and become co-

opted over the course of evolution. Therefore, it can be important to understand which TEs are 

capable of being cis-regulatory elements at the sequence level outside of epigenetic control.   

1.4  Summary of Aims and Motivation 
The overarching goal of my work was to better understand how TEs evolve as cis-regulatory 

elements. I primarily focused on TE functions as enhancers as most regulatory elements are distal 

to genes. A driving question derives from Britten and Davidson’s gene-battery model. If TEs have 

the characteristics to act as important components for the development of gene batteries, where do 

enhancer activity and relevant TF binding sites come from and how does evolution change them 

over time? 

 In chapter two, I aimed to model the evolution of enhancer activity in a TE subfamily using 

functional assays to quantify the effects of sequence changes over time. In essence, it is the 

combination of studying sequence variation and evolution. By taking a series of evolutionary 

snapshots, we can evaluate how different regulatory elements take varying mutational paths to 

result in their present-day end points. Simultaneously, I sought to establish an experimental 

framework to systematically study any TE subfamily for regulatory activity. The hope is that this 

framework will jumpstart the use of functional assays to test TEs for regulatory function rather 

than rely on association based on epigenomic marks. 

 In chapter three, I aimed to extend prior models of TE evolution to assess how TEs broadly 

behave. This was motivated by the intent to learn whether previous studies had come to incorrect 
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conclusions based on single TE subfamily or single cell/tissue type study designs. Thus, I sought 

to generalize tests for transcription factor motif origin, insertion site bias, and transcription factor 

binding turnover. 

 My dissertation was ultimately motivated by the desire to learn about the evolutionary 

forces that give rise to species, particularly in mammals. Through the lens of TEs, I hoped to gain 

a unique perspective of how genomes evolve their regulatory programs.  
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Chapter 2: Functional characterization of 

enhancer activity during a long terminal 

repeat’s evolution 
 

This chapter corresponds to a manuscript that was published in the journal Genome Research in 

October 2022. 

Alan Y. Du, Xiaoyu Zhuo, Vasavi Sundaram, Nicholas O. Jensen, Hemangi G. Chaudhari, Nancy 

L. Saccone, Barak A. Cohen, and Ting Wang. Functional characterization of enhancer activity 

during a long terminal repeat’s evolution. Genome Research 32, 1840-1851 (2022). 

2.1 Abstract 
Many transposable elements (TEs) contain transcription factor binding sites and are implicated as 

potential regulatory elements. However, TEs are rarely functionally tested for regulatory activity, which 

in turn limits our understanding of how TE regulatory activity has evolved. We systematically tested the 

human LTR18A subfamily for regulatory activity using massively parallel reporter assay (MPRA) and 

found AP-1 and C/EBP-related binding motifs as drivers of enhancer activity. Functional analysis of 

evolutionarily reconstructed ancestral sequences revealed that LTR18A elements have generally lost 

regulatory activity over time through sequence changes, with the largest effects occurring due to 

mutations in the AP-1 and C/EBP motifs. We observed that the two motifs are conserved at higher rates 

than expected based on neutral evolution. Finally, we identified LTR18A elements as potential enhancers 

in the human genome, primarily in epithelial cells. Together, our results provide a model for the origin, 

evolution, and co-option of TE-derived regulatory elements. 
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2.2 Introduction 
Changes in gene regulation have long been implicated as crucial drivers in evolution (King and Wilson 

1975). Since the discovery of the SV40 enhancer element, enhancers have emerged as one of the major 

classes of cis-regulatory sequences that can modulate gene expression (Banerji et al. 1981; Moreau et al. 

1981). Due to several unique properties, enhancers have emerged as excellent candidates upon which 

evolution can act. Enhancers are often active depending on cellular context like cell type or response to 

stimuli. This modularity can minimize functional trade-offs and allows selection to act more efficiently 

(Wray 2007). Furthermore, redundant enhancers, or “shadow” enhancers, provide robustness in gene 

regulatory networks and may allow for greater freedom to develop new functions (Hong et al. 2008b; 

Cannavò et al. 2016).  

 The development of massively parallel reporter assays (MPRAs) has greatly accelerated our 

understanding of enhancers by facilitating simultaneous testing of thousands of DNA sequences 

(Patwardhan et al. 2009, 2012; Melnikov et al. 2012; Kwasnieski et al. 2012). MPRAs have been used to 

probe the enhancer potential of sequences underlying various epigenetic marks (Kwasnieski et al. 2014), 

dissect enhancer logic through tiling and mutagenesis (Melnikov et al. 2012; Ernst et al. 2016; Chaudhari 

and Cohen 2018), and decipher the effects of naturally occurring sequence variants (Patwardhan et al. 2012; 

Vockley et al. 2015; Tewhey et al. 2016; Ulirsch et al. 2016). Several studies have also employed MPRA 

to understand the evolution of fly and primate enhancers, revealing widespread enhancer turnover (Arnold 

et al. 2014; Klein et al. 2018).  

 Transposable elements (TEs) are repetitive DNA elements that represent a rich source of genetic 

material for regulatory innovation (Feschotte 2008). In mammalian genomes, TEs have made substantial 

contributions to the collection of transcription factor binding sites (Wang et al. 2007; Bourque et al. 2008; 

Kunarso et al. 2010; Schmidt et al. 2012; Sundaram et al. 2014). These binding sites are often enriched 

within certain TE subfamilies, groups of similar TE sequences that are derived from a single ancestral 

origin. Individual copies of TE subfamilies can then be co-opted into gene regulatory networks such as in 
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pregnancy and innate immunity (Lynch et al. 2011; Chuong et al. 2016). Overall, TEs make up a quarter of 

the regulatory epigenome in human (Pehrsson et al. 2019), and by some estimates, the majority of primate-

specific regulatory sequences are derived from TEs (Jacques et al. 2013; Trizzino et al. 2017). Despite these 

advances in the field, there remains a gap in knowledge of how TEs obtain regulatory activity and how this 

activity changes over the course of evolution. 

 As repetitive sequences, TEs offer a unique perspective into the evolution of cis-regulatory 

elements. One intrinsic limitation for evolutionary studies is that each enhancer has one ortholog per species 

barring duplication or deletion, which constrains the sample size for analysis. Within a TE subfamily, each 

TE is descended from a common ancestor, with each copy evolving mostly independently. This provides a 

large sample size to draw upon within even a single genome. To serve as a representative subfamily, we 

selected LTR18A which we previously identified to be enriched for MAF BZIP Transcription Factor K 

(MAFK) transcription factor binding peaks and motifs (Sundaram et al. 2014).  

 Here, we aim to investigate the evolution of regulatory potential in the LTR18A subfamily using 

MPRA. By using present day LTR18A sequences found across seven primate species, we computationally 

reconstruct ancestral sequences during LTR18A evolution across a span of roughly 75 million years. We 

apply tiling and motif-focused approaches to test reconstructed and present day LTR18A sequences for 

enhancer activity. Using natural sequence variations between LTR18A elements, we identify transcription 

factor binding sites that drive LTR18A enhancer activity and validate them through mutagenesis. By 

annotating enhancer activity for the root and intermediate ancestral LTR18A elements in our reconstructed 

phylogenetic tree, we investigate the origin of enhancer activity for the LTR18A family as well as key 

mutations that have led to changes in activity over time. Finally, we explore the influence of selection on 

LTR18A and the possibility of co-option in the human epigenome. 
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2.3 Results 

2.3.1  Reconstruction of the LTR18A phylogenetic tree 
In order to reconstruct the evolutionary history of the LTR18A subfamily, we first identified high 

confidence LTR18A elements in human and their orthologous elements in six other primate 

species. The LTR18A subfamily is found in the Simiiformes taxa (Storer et al. 2021). From the 

Simiiformes, we obtained RepeatMasker annotations for human (hg19), chimpanzee (panTro4), 

gorilla (gorGor3), gibbon (nomLeu3), baboon (papAnu2), rhesus macaque (rheMac3), and 

marmoset (calJac3) genomes. LTR18A elements between hg19 and GRCh38 differ by only one 

base pair. Due to the similarity of the LTR18A, LTR18B, and LTR18C consensus sequences, we 

performed manual curation of hg19 LTR18A to select for LTR18A elements that are confidently 

assigned to the subfamily. Briefly, we filtered out LTR18A elements that could be aligned to either 

the LTR18B or LTR18C consensus, and we removed LTR18A elements that might be 

misannotated using paired LTRs (Supplemental Methods). Following these criteria, 181 out of 198 

LTR18A elements annotated by RepeatMasker are retained (Supplemental Table S1). Next, we 

found primate orthologs for each hg19 LTR18A element by using synteny (Kuhn et al. 2013). 

Each hg19 LTR18A element with its primate orthologs were considered an ortholog set. We 

further selected for LTR18A pairs that have orthologs in chimpanzee, gorilla, and at least two of 

the four other primates. In the end, 46 (consisting of 23 pairs) LTR18A ortholog sets were chosen 

for ancestral reconstruction. 

 From our set of manually curated human LTR18A elements and their orthologs, we 

computationally reconstructed the LTR18A phylogenetic tree using a two-step process. Based on 

the unique characteristic of TEs to multiply by transposition and the presence of orthologous 

copies in different primate genomes, we split our reconstruction of LTR18A evolution into two 
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phases corresponding to transposition and speciation (Figure 1A). For each of the 46 sets of 

LTR18A orthologs, we aligned orthologs using MAFFT and then reconstructed ortholog ancestor 

and intermediate sequences using PRANK (Katoh et al. 2002; Löytynoja 2014). Then, using the 

ancestor sequences for the 46 LTR18A orthologs, we aligned and reconstructed the LTR18A 

subfamily ancestor as well as intermediates predating speciation (Methods). PRANK was chosen 

for ancestral sequence and phylogenetic tree reconstruction due to its ability to model insertions 

and deletions. However, PRANK tends to be biased towards insertions in our reconstruction. Thus, 

we manually curated sequences following PRANK reconstruction for both ortholog ancestors and 

subfamily ancestors (Supplemental Methods).  

 Next, we evaluated our reconstructed LTR18A sequences to see if they are consistent with 

those derived from other methods. TE consensus sequences are often used as a representation of 

the ancestral state of the subfamily. Excluding insertions and deletions, our reconstructed LTR18A 

subfamily ancestor has ~5.9% substitution rate relative to the LTR18A consensus sequence, which 

is lower than the 16.1% subfamily average. This suggests that although we start from different 

elements and use different methodologies, both our reconstruction and the Repbase consensus are 

approaching each other. In addition to substitutions, our reconstructed ancestor also has ~8.0% 

insertions compared to the consensus. The insertions appear to be caused by the consensus 

dropping bases if the majority of elements do not have the base in the alignment, as well as 

PRANK’s tendency to include insertions when alignable sequence is present in more than one 

element. The MAFK motif enriched in LTR18A was present in both our reconstructed subfamily 

ancestor and the Repbase consensus. Overall, the topology of our reconstructed phylogenetic tree 

resembles the tree generated from all hg19 LTR18A elements (Supplemental Figure S1). One 

feature of note occurs in node 43, two nodes from the root of the tree (Figure 1B). 
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Figure 2.1: LTR18A ancestral reconstruction. A) Model of LTR18A evolution split into 

transposition and speciation phases. Computational reconstruction was performed for ortholog 

ancestors and transposition intermediates using PRANK. B) Phylogenetic tree for reconstructed 

transposition intermediates and ortholog ancestors at leaves. Ancestral node 43 (Anc43) is labeled 

in red, as well as the edges to ortholog ancestors that contain the 27bp insert. The subfamily 

ancestor at ancestral node 45 (Anc45) is labeled by the purple dot. C) Alignment of Repbase 

consensus (top), ancestral node 45 (#45#, middle), and ancestral node 43 (#43#, bottom). Motifs 

in the sequences are boxed. DBP is shown to represent C/EBP-related motifs. 
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Relative to the subfamily consensus sequence and our most ancestral reconstructed sequence at 

node 45, node 43 has a 27bp insertion that contains a motif for one of the CCAAT-enhancer-

binding protein (C/EBP)-related factors, D-box binding PAR bZIP transcription factor (DBP) 

(Figure 1C). When we examined ortholog ancestor reconstructions for this insertion, three ortholog 

ancestors have an alignable 27bp insert, and the insertion is present in all present-day primate 

orthologs (Supplemental Figure S2). In hg19, 13/181 elements contain the insert. The insert-

containing elements are spread throughout most of the hg19 LTR18A phylogenetic tree, which is 

consistent with a deep ancestral origin for the insert and occurrence in node 43 of our 

reconstruction. Additionally, we found that the C/EBP motif is in the LTR18A consensus and 

enriched in the subfamily relative to genomic background (DBP log odds ratio 6.5). If the C/EBP 

motif is functionally important, the insertion of a second C/EBP motif could be an ancestral gain 

of function mutation. In conclusion, our reconstruction is able to generate a subfamily ancestor 

similar to the Repbase consensus and reveals evolutionary events that would otherwise be missed. 

2.3.2  Identification of important TFBS motifs in LTR18A enhancers 
We designed our LTR18A MPRA library to assay elements at two resolutions for a total of 5664 

tested LTR18A fragments (Methods) (Figure 2). In one half, we synthesized motif-focused regions 

for 1225 LTR18A elements found across seven primate genomes, 280 ancestral reconstruction 

elements, and the Repbase consensus (Figure 2A). Specifically, we took the sequence of each 

element aligning to the first 160bp of our reconstructed ancestral node 43 (Methods). 

ancestors and transposition intermediates using PRANK. B) Phylogenetic tree for reconstructed 

transposition intermediates and ortholog ancestors at leaves. Ancestral node 43 (Anc43) is labeled 

in red, as well as the edges to ortholog ancestors that contain the 27bp insert. The subfamily 

ancestor at ancestral node 45 (Anc45) is labeled by the purple dot. C) Alignment of Repbase 

consensus (top), ancestral node 45 (#45#, middle), and ancestral node 43 (#43#, bottom). Motifs 

in the sequences are boxed. DBP is shown to represent C/EBP-related motifs. 
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This allowed us to focus on the effects of sequence variation for both the MAFK motif and the 

C/EBP motif. In the other half of the library, we synthesized 160bp tiles at 10bp intervals focused 

on testing all pre-speciation ancestral reconstruction elements, ortholog ancestors, and present-day 

LTR18A
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Figure 2.2: Schematic of MPRA. A) Sequence alignment of motif-focused regions to test primate 

and ancestral reconstructed LTR18A elements. MAFK and DBP motif regions are boxed. B) Tiling 

of ancestral and hg19 genomic LTR18A elements in reconstructed phylogenetic tree. All elements 

were tiled with 160bp tiles at 10bp intervals. C) Plasmid construct and enrichment score 

calculation. Each LTR18A fragment was integrated upstream of a minimal promoter (minP) and 

tagged with 10 unique barcodes (BC) during library synthesis. The MPRA library was transfected 

into HepG2 and K562 cells. Enrichment scores are log2 ratios of RNA/DNA normalized to Basal. 
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hg19 elements from our reconstructed phylogenetic tree (Figure 2B). We cloned LTR18A motif-

focused regions and tiles upstream of a pGL4 vector with the hsp68 promoter and then transfected 

the library of MPRA plasmids into cell lines to study the episomal enhancer effects of the LTR18A 

sequences, as is typical in classic reporter assays (Supplemental Methods) (Figure 2C).  

 To understand cell type effects, we tested LTR18A for enhancer activity in HepG2 and 

K562 cell lines. We calculated enrichment scores for each element by taking the log2 of the RNA 

over DNA ratio followed by normalization to the basal hsp68 promoter. Normalizing to the basal 

promoter allowed us to have the same reference point between cell lines. Active elements were 

defined as those with enrichment scores greater than 1, representing elements that increase 

transcription by greater than twofold. When we compare the distribution of enrichment scores for 

HepG2 and K562, we find that LTR18A elements are generally more active in HepG2 than K562, 

which is consistent with cell type specific activity commonly seen in enhancers (Figure 3A). Out 

of 1506 motif-focused sequences tested, 1004 were classified as active in HepG2 while only 52 

were classified as active in K562. For genomic LTR18A, 786 (123 from hg19) were active in 

HepG2 and 31 (4 from hg19) were active in K562. Enrichment scores are positively but poorly 

correlated between HepG2 and K562 despite high correlations between biological replicates 

(p<2.2x10-16, Figure 3B, Supplemental Figure S3), implying differential sequence features 

required for enhancer activity between cell lines. 

 To identify important sequence features for enhancer activity, we took advantage of the 

natural sequence variation within LTR18A elements. Using AME motif enrichment analysis 

(McLeay and Bailey 2010), we asked if active elements were enriched for motifs compared to the 

rest of elements as background. Overall, 34.5% (20/58) motifs were enriched in active elements in 

both HepG2 and K562 (Figure 3C). Of the shared motifs, activating protein 1 (AP-1) 
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related motifs from the JUN, FOS, and activating transcription factor/cyclic AMP-responsive 

element-binding (ATF/CREB) families were in the top 10 most enriched for both cell lines. Top 

10 most enriched motifs that were cell line specific include the C/EBP family motifs and BATF3 

for HepG2 and NRF1 in K562. As an orthologous method, we investigated if individual nucleotide 

positions are associated with enhancer activity. As this is analogous to genome-wide association 

studies (GWAS) but focused on sequence variation within a TE subfamily, which we term TE-

WAS, we adapted the GWAS tool PLINK to find significant nucleotides (Purcell et al. 2007; 

Chang et al. 2015). In HepG2, 6/11 JUN (AP-1 family) motif bases and 8/11 DBP (C/EBP family) 

motif bases are significantly associated with increased enhancer activity (Figure 3D). In K562, 

after we adjusted our cutoff for active elements to be an enrichment score of at least 0.5 to increase 

the number of active elements from 52 to 239, 4/11 JUN motif bases and 0/11 DBP motif bases 

are significantly associated with increased enhancer activity. In summary, both motif enrichment 

and TE-WAS approaches implicate AP-1 motifs as important to both HepG2 and K562 LTR18A 

enhancer activity while C/EBP-related motifs are HepG2-specific.  

 To validate the importance of C/EBP and AP-1 motifs to enhancer activity, we created 

targeted mutations in the motif regions of LTR18A elements. We chose DBP to represent the 

C/EBP family and JUN to represent the AP-1 family. We selected pairs of LTR18A orthologs of 

Figure 2.3: AP-1 motifs drive enhancer activity in HepG2 and K562 while C/EBP motifs are 

HepG2 specific. A) Distribution of enrichment scores of LTR18A motif focused regions in HepG2 

and K562. B) Correlation of enrichment scores between HepG2 and K562. C) Overlap of motifs 

significantly associated with active LTR18A. The top 10 transcription factor motifs in each cell 

line are displayed, with their placement in the Venn diagram determined by if the motif was found 

to be significant in one or both cell lines. AP-1 and C/EBP-related transcription factors are 

grouped. D) TEWAS significant nucleotides associated with active LTR18A. JUN and DBP motifs 

representing AP-1 and C/EBP-related motifs are boxed. Significant positions (p<5x10-5, above 

dotted line) within the two motifs that are associated with active elements are highlighted.  E) DBP 

mutagenesis effects on enhancer activity. F) JUN mutagenesis effects on enhancer activity. P 

values were derived from two-tailed Mann-Whitney U tests. 
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which one has the motif and the other does not by FIMO motif scanning (Grant et al. 2011). For 

elements with the motif, we mutated the motif bases to low information nucleotides based on the 

PWM. For elements without the motif, we changed the motif aligned region to the consensus motif 

bases. To quantify the effect of motif mutations on enhancer activity, we took the log2 ratio of each 

motif mutated LTR18A sequence to its native sequence (Figure 3E, 3F). On average, DBP 

mutation gain and loss lead to a 2.07-fold increase and 2.36-fold decrease in enhancer activity 

respectively in HepG2. In contrast, the same DBP mutations have little effect in K562. JUN gain 

and loss lead to 1.49-fold increase and 1.68-fold decrease in HepG2 enhancer activity and 1.17-

fold increase and 1.2-fold decrease in K562 enhancer activity. Both DBP and JUN mutagenesis 

results are consistent with our previous findings based on motif association.  

2.3.3  Evolution of LTR18A enhancer activity linked to sequence evolution 
One of our primary goals was to understand how enhancer activity of LTR18A as a subfamily 

changed over time. To address this question, we synthesized 160bp tiles at 10bp intervals across 

each LTR18A ancestral sequence, ortholog ancestor, and hg19 element used in reconstruction 

(Figure 2B). After obtaining enrichment scores, we estimated nucleotide activity scores across 

each element to infer their relative effects on enhancer activity using the SHARPR software for 

MPRA tiling designs (Ernst et al. 2016). Due to overall low activity in K562, we focus on HepG2 

for evolutionary analysis. When examining nucleotide activity scores across the length of our 

reconstructed LTR18A subfamily ancestor, we observe regions of increased activity over basal. 

The C/EBP and AP-1 motifs that we previously identified to be important for enhancer activity 

are embedded within the largest active region located near the start of the sequence (Supplemental 

Figure S6). Across LTR18A elements of our reconstructed phylogenetic tree, we were able to 

confirm that regions of increased SHARPR nucleotide activity were enriched for C/EBP and AP-
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1 motifs (Supplemental Table S5). As SHARPR nucleotide activity scores could discover the same 

biologically meaningful sequences as our previous analyses, we took the sum of activity scores 

across each LTR18A element and annotated them in our tree (Figure 4A). From a broad 

perspective, we were able to make several observations. First, the most divergent (leftmost) lineage 

on the tree loses enhancer activity early, and enhancer activity throughout the lineage remains low 

to the present day (Figure 4C). This low activity lineage contrasts with the rest of the tree where 

evolutionary intermediates exhibit relatively high activity followed by less active elements at 

ortholog ancestor and present-day elements. Indeed, the overall trend appears to be that enhancer 

activity decreases over time, as shown by the decrease in SHARPR sum with increasing divergence 

from the LTR18A subfamily ancestor (Figure 4B). On the other hand, there is an increase in 

activity in the middle lineages, some of which persists to the ortholog ancestors and present-day 

elements (Figure 4D). Finally, enhancer activity of present day hg19 LTR18A elements and their 

corresponding ortholog ancestors are positively correlated with mostly small differences in 

activity, implying that post-speciation evolution has had small effects on regulatory potential 

overall (Supplementary Figure 7).  

 To further investigate why enhancer activity changes in our LTR18A tree, we looked at 

differences in C/EBP and AP-1 motif presence using DBP and JUN as representatives. When 

elements are categorized by the number of DBP and JUN motifs, the number of motifs is positively 

correlated with SHARPR sum (Figure 4E). Furthermore, DBP or JUN loss correlates with a 

decrease in SHARPR sum, with rare motif gains generally corresponding to increased SHARPR 

sums (Figure 4F). Due to the significance of the DBP motif, we evaluated ancestral node 43 as the 

sole evolutionary intermediate that gained a second motif through an insertion event (Figure 1B). 

The motif gain leads to an increase in SHARPR sum of ~39%, which is similar to the average 
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effect size of the DBP motif (~38%). This effect is validated by mutagenesis of our LTR18A 

subfamily ancestor and consensus to have the same 27bp insertion (34% and 32% increase 

respectively) as well as ablation of the second DBP motif in ancestral node 43 (41% decrease). In 

summary, sequence evolution, especially at the C/EBP and AP-1 motifs, directly affects the ability 

of LTR18A to act as regulatory elements, and most mutations have led to a decrease in regulatory 

potential.  

2.3.4  Evidence of purifying selection for enhancer associated C/EBP and   

AP-1 motifs 

Given that LTR18A has regulatory potential in certain cellular contexts like HepG2, we explored 

the possibility of host exaptation through the lens of selection. We first asked if LTR18A elements 

in chimpanzee, gorilla, gibbon, baboon, rhesus macaque, and marmoset have increased 

substitution rates compared to their human orthologs with respect to the distance between 

genomes. On average, LTR18A orthologs have slightly elevated substitution rates (12-32%) than 

the corresponding genomes (Supplemental Table S2). The increased substitution rate holds true 

even when only considering masked regions of the genome. Although it is possible that the 

genomic background rate includes regions under selection, the LTR18A substitution rates across 

primate species are overall inconsistent with purifying selection for the subfamily. Furthermore, 

both phyloP and phastCons scores at LTR18A elements provide no evidence of selection at the 

Figure 2.4: Evolution of regulatory activity in LTR18A in HepG2. A) Phylogenetic tree of 

reconstructed ancestral LTR18A annotated at each node/element with the sum of SHARPR 

nucleotide activity scores. B) Correlation of SHARPR sum and distance (substitution rate) from 

subfamily ancestor for each LTR18A in the phylogenetic tree. C) Example of regulatory activity 

evolution along the blue path in A. Motif changes are labeled in red (D = DBP, J = JUN). D) Same 

as C, but for the orange path in A. E) Distribution of SHARPR sums for phylogenetic tree elements 

separated by DBP and JUN motif content. F) Motif associated changes in SHARPR sum. Each 

motif change in the phylogenetic tree is shown with the before and after motif change SHARPR 

sums connected by a line. 
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subfamily level across 30 mammals, including 27 primates (Siepel et al. 2005; Pollard et al. 2010) 

(Supplemental Figure S8).  

 

Figure 2.5: DBP and JUN motifs are more conserved than expected. A) Motifs that are fully 

encompassed within shared, conserved 10bp sliding windows across seven primate species. Motif 

locations in red are relative to the LTR18A Repbase consensus sequence. B) Distribution of 

expected neutral DBP and JUN motif conservation rates from the consensus motif across primate 

species. 1000 simulations are displayed for each species. The observed conservation rate is shown 

by the red point. C) Same as B, but for conservation rates from the hg19 ortholog as reference. 
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 While there is no evidence that LTR18A as a whole is under purifying selection, it is 

possible that certain regions within LTR18A are. We aligned LTR18A elements in each of our 

seven primate species to the LTR18A consensus and tested sliding 10bp windows for increased 

conservation compared to the average window. Overall, 29% (707/2429) of all 10bp windows are 

significantly more conserved than the average window. The majority (84%) of conserved 10bp 

sliding windows are shared across all seven primates for a total of 24.5% (85/347) possible 10bp 

windows covering 58% of the LTR18A consensus (208/357bp) being classified as conserved. 

Shared, conserved regions defined by our sliding window analysis contain transcription factor 

motifs, including AP-1 and C/EBP (Figure 5A). 

 Since C/EBP and AP-1 motifs are critical for enhancer activity, we hypothesized that the 

motifs provided by LTR18A have been under purifying selection and consequently exhibit higher 

conservation than expected under a neutral model of evolution. To obtain the background motif 

conservation rates, we adapted a method previously used in yeast (Doniger et al. 2005). Briefly, 

we take the sum of probabilities for all sequences that match a motif PWM, with each sequence 

probability calculated starting from the LTR18A consensus and the observed transition and 

transversion rate of the LTR18A subfamily. As in previous analyses, we chose DBP and JUN to 

represent C/EBP and AP-1. Expected conservation rates for DBP and JUN are consistent across 

species, ranging from 38.7% in marmoset to 44.8% in human for DBP and 34.1% in marmoset to 

39.3% in human for JUN (Table 1). Meanwhile, observed DBP and JUN conservation rates are on 

average 69.3% and 59.3%, respectively, which is 26.4% and 21.6% higher than expected. This 

indicates that C/EBP and AP-1 motifs from the ancestral LTR18A sequence are being retained and 

may be under selection. Measuring conservation from the LTR18A consensus includes the 

transposition phase of TE evolution, which could select for C/EBP and AP-1 motifs due to 
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enhancing transcription of the ERV. To address conservation specifically during primate 

evolution, we recalculated conservation rates by comparing human LTR18A elements to their 

primate orthologs. Generally, DBP and JUN motifs are significantly more conserved than expected 

(Table 2). The one exception is JUN for the human-chimpanzee comparison, which might be due 

to low human-chimpanzee divergence. We also confirmed higher motif conservation rates during 

transposition+speciation and speciation phases using simulations based on observed transition and 

transversion rates (Figure 5B, 5C). Together, our analysis suggests that C/EBP and AP-1 motifs 

contributed by LTR18A have been under purifying selection in primates both before and after 

speciation.  

 

Motif: DBP_HUMAN.H11MO.0.B 

Species 

Total 

possible 

elements 

Expected 

conserved 

probability 

Expected 

conserved 

number 

Observed 

conserved 

number 

Observed 

conserved 

proportion 

p-value 

hg19 149 44.77% 66.71 109 73.15% 1.61 x 10-12 

panTro4 154 43.70% 67.30 108 70.13% 1.89 x 10-11 

gorGor3 148 43.85% 64.90 106 71.62% 4.96 x 10-12 

nomLeu3 146 44.10% 64.39 103 70.55% 6.12 x 10-11 

papAnu2 147 42.94% 63.12 100 68.03% 3.97 x 10-10 

rheMac3 149 42.17% 62.84 101 67.79% 1.22 x 10-10 

calJac3 129 38.71% 49.93 82 63.57% 3.39 x 10-9 

Motif: JUN_HUMAN.H11MO.0.A 

Species 

Total 

possible 

elements 

Expected 

conserved 

probability 

Expected 

conserved 

number 

Observed 

conserved 

number 

Observed 

conserved 

proportion 

p-value 

hg19 169 39.34% 66.49 105 62.13% 6.63x10-10 

panTro4 182 38.54% 70.14 110 60.44% 6.33x10-10 

gorGor3 176 38.65% 68.02 110 62.50% 4.05x10-11 

nomLeu3 161 38.61% 62.16 99 61.49% 1.23x10-9 

papAnu2 171 37.58% 64.27 100 58.48% 8.41x10-9 

rheMac3 170 37.01% 62.92 96 56.47% 7.43x10-8 

calJac3 136 34.07% 46.33 73 53.68% 7.01x10-7 
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2.3.1  Human LTR18A has epigenetic signatures of active regulatory elements 
Our MPRA reveals that LTR18A elements have the sequence features to be activating regulatory 

elements depending on cellular context. To explore the relationship between regulatory potential 

from MPRA and enhancer function in the genome, we examined epigenetic marks in HepG2 and 

K562 using ENCODE data (The ENCODE Project Consortium et al. 2020). We first profiled 

LTR18A elements overlapping ATAC peaks for open chromatin, which is a common epigenetic 

feature for active regulatory elements. In HepG2, LTR18A is not enriched for ATAC peaks, with 

only 5 LTR18A elements overlapping with peaks. On the other hand, K562 has 11 overlapping 

LTR18A elements. This contrasts with the high MPRA activity in HepG2 relative to K562. 

Motif: DBP_HUMAN.H11MO.0.B 

Species 

Total 

possible 

elements 

Expected 

conserved 

probability 

Expected 

conserved 

number 

Observed 

conserved 

number 

Observed 

conserved 

proportion 

p-value 

panTro4 114 92.33% 105.26 110 96.49% 4.76 x 10-2 

gorGor3 111 89.42% 99.25 107 96.40% 8.42 x 10-3 

nomLeu3 97 76.83% 74.53 88 90.72% 5.92 x 10-4 

papAnu2 94 65.84% 61.89 75 79.79% 2.17 x 10-3 

rheMac3 91 64.71% 58.89 75 82.42% 2.04 x 10-4 

calJac3 48 47.71% 22.90 33 68.75% 1.76 x 10-3 

Motif: JUN_HUMAN.H11MO.0.A 

Species 

Total 

possible 

elements 

Expected 

conserved 

probability 

Expected 

conserved 

number 

Observed 

conserved 

number 

Observed 

conserved 

proportion 

p-value 

panTro4 108 91.08% 98.37 103 95.37% 5.90 x 10-2 

gorGor3 107 87.70% 93.84 101 94.39% 1.75 x 10-2 

nomLeu3 92 73.86% 67.95 85 92.39% 2.62 x 10-5 

papAnu2 86 62.02% 53.33 75 87.21% 7.41 x 10-7 

rheMac3 85 60.87% 51.74 71 83.53% 9.29 x 10-6 

calJac3 48 44.93% 21.57 37 77.08% 3.77 x 10-6 

Table 2.1: DBP and JUN motif conservation from Repbase consensus (ancestral), neutral 

evolution expectation vs. observed 

 

Table 2.2: DBP and JUN motif conservation from hg19 ortholog as reference, neutral 

evolution expectation vs. observed 
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Additionally, H3K27ac and H3K4me1, histone marks commonly associated with active 

enhancers, are also low across LTR18A in HepG2 and K562 (Supplemental Figure S9). 

Altogether, the overall lack of active epigenetic marks at LTR18A in HepG2 and K562 imply that 

they are largely inactive as regulatory elements in the two cell lines, despite many exhibiting 

enhancer activities in reporter gene assays. We hypothesized that epigenetic repression of LTR18A 

may be the cause for the lack of active enhancer marks in HepG2. Consistent with this hypothesis, 

repressive histone mark H3K9me3 is enriched over LTR18A compared to the surrounding 

genomic region, with the peak in signal possibly indicating that LTR18A is targeted for silencing 

(Supplemental Figure S9). These results suggest that although LTR18A elements possess the 

sequence features necessary for enhancer activity, they can be epigenetically silenced.  

 While most of the LTR18A subfamily is unlikely to be active in HepG2 and K562, we 

sought to ascertain the contribution of LTR18A to the regulatory genome across human cell types 

and tissues. To get a global perspective, we overlapped LTR18A elements with candidate cis-

regulatory elements (cCREs) as defined by ENCODE Registry V2 across 839 cell/tissue types 

(The ENCODE Project Consortium et al. 2020). Despite the limited number of cell/tissue types 

(25) that have full classification of cCREs, 69 of 198 (34.8%) LTR18A elements overlap with a 

cCRE, most of which (87%) have enhancer-like signatures (ELS) in at least one cell/tissue type. 

This represents 29.3% of all LTR18A bases which is about 3.1x enriched over the genomic 

background (p<3.5x10-10, BEDTools fisher). Among fully classified cell/tissue types, 

keratinocytes have the highest number of LTR18A elements associated with ELS, followed by 

PC-3 and PC-9 cell lines (Figure 6A). LTR18A is not restricted to a single cell/tissue type, as some 
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Figure 2.6: LTR18A elements are associated with enhancer epigenetic marks in human. A) 

Overlap of LTR18A with ENCODE cCREs across 25 full classification cell/tissue types (dELS, 

distal enhancer-like signature; pELS, proximal enhancer-like signature; PLS, promoter-like 

signature). The number of elements that overlap with cCREs are shown as well as their -log10 

adjusted p-value by BEDTools fisher. B) Distribution of LTR18A elements overlapping cCREs 

across multiple full classification cell/tissue types. C) Distribution of cell/tissue types overlapping 

LTR18A elements. The top cell/tissue types are displayed with the number of LTR18A elements 

that overlap with a cCRE. D) Motifs associated with the cCRE-overlapping LTR18A elements 

from the top cell/tissue types in C. Grey indicates non-significance at adjusted p-value threshold 

of 0.05. PWMs for JUN (AP-1 related factors) and NFIC are shown. 
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LTR18A elements are associated with cCREs in multiple cell/tissue types (Figure 6B). Across all 

839 cell/tissue types, cell types with the most LTR18As overlapping cCREs largely consist of 

epithelial cells, such as MCF10A, mammary epithelial cells, esophagus epithelial cells, and 

foreskin keratinocytes (Figure 6C). To corroborate cCRE results which are based on DNase 

hypersensitivity, H3K27ac, H3K4me3, and CTCF ChIP-seq, LTR18A elements were intersected 

with ENCODE ATAC-seq peaks across 46 cell/tissue types. Similar to cCREs, LTR18A is 

especially enriched for ATAC peaks in epithelial cells/tissues foreskin keratinocytes and 

esophagus mucosa (11.4x and 16.1x enrichment over background respectively, BEDTools fisher). 

While certainly not comprehensive, the available epigenetic data supports an active enhancer-like 

state for LTR18A with the highest enrichment in epithelial cells. 

 As LTR18A enhancer potential is influenced by sequence variation especially at 

transcription factor binding sites, we sought to understand whether transcription factor motifs are 

associated with active epigenetic states. Without considering cell/tissue type, we found only the 

AP-1 related FOSL1 and FOSL2 transcription factor motifs to be significantly associated with 

LTR18A overlapping cCREs relative to other LTR18A. Due to the cell type specific nature of 

most enhancers, we further examined motifs enriched in cCRE associated LTR18A in the top 

cell/tissue types (Figure 6D). Many of the most common motifs are of AP-1 transcription factors. 

Another common motif is NFIC, which is consistent with an activating role previously described 

in cancer and could serve a similar role in activating LTR18A elements (Fane et al. 2017). Of note, 

the C/EBP-related factor HLF is enriched only in the MCF10A cell line. Using ATAC data, we 

across multiple full classification cell/tissue types. C) Distribution of cell/tissue types overlapping 

LTR18A elements. The top cell/tissue types are displayed with the number of LTR18A elements 

that overlap with a cCRE. D) Motifs associated with the cCRE-overlapping LTR18A elements 

from the top cell/tissue types in C. Grey indicates non-significance at adjusted p-value threshold 

of 0.05. PWMs for JUN (AP-1 related factors) and NFIC are shown. 
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confirmed AP-1 and NFIC motifs as enriched in LTR18A elements associated with active 

epigenetic states in foreskin keratinocytes and esophagus mucosa. Altogether, these results suggest 

that LTR18A elements become epigenetically activated in epithelial cells primarily through AP-1 

transcription factors and NFIC.  

2.4 Discussion  
Since Britten and Davidson first hypothesized how repetitive elements could influence the 

development of gene regulatory networks, a growing number of studies have shown the 

contribution of TEs as regulatory modules (Britten and Davidson 1971). Using LTR18A as a 

representative subfamily, we performed the first systematic functional testing of regulatory 

potential for a TE subfamily using MPRA. By taking advantage of the natural sequence variation 

across elements, we identify AP-1 and C/EBP-related motifs as important drivers of LTR18A 

regulatory activity. This regulatory activity is highly dependent on cell context, with LTR18A 

displaying much higher activity in HepG2 than in K562. However, the sequence potential for 

regulatory activity does not necessarily reflect activity in the genome, as shown by LTR18A 

elements rarely associating with active epigenetic marks in HepG2. Due to general repression of 

TEs, we believe that similarly silenced TEs with the potential for enhancer activity may be 

common. These inactive TEs may be latent under epigenetic control, but there remains the 

possibility that a changing epigenome such as during tumorigenesis can reactivate them (Jang et 

al. 2019). 

 Another unique aspect of this study is leveraging the phylogenetic relationship between 

LTR18A elements within human and across primate species to investigate the origin and evolution 

of regulatory activity in the subfamily. Previous research has implicated two evolutionary paths 

through which TE sequence can contribute to the spread of regulatory modules. The first case is 
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when the ancestral TE originally possesses the driving regulatory features, such as the TP53 

binding site in LTR10 and MER61 or the STAT1 binding site in MER41B (Chuong et al. 2016; 

Wang et al. 2007). A second possibility exists where the ancestral TE gains the regulatory module 

in one lineage through mutation before amplification, such as the 10bp deletion in ISX relative to 

ISY in D. miranda that recruits the Male Specific Lethal complex (Ellison and Bachtrog 2013). In 

the LTR18A family, we observe both scenarios. Both C/EBP and AP-1 motifs are found in the 

LTR18A consensus and our reconstructed subfamily ancestor, and many elements retain the motifs 

to the present day. Divergence from the ancestor over time, especially at the two motifs, is 

correlated with a decrease in regulatory activity. In addition to the two consensus motifs, a second 

C/EBP motif is gained through an insertion at an early evolutionary timepoint. This second C/EBP 

motif further increases the regulatory potential of LTR18A. Ultimately, however, few present-day 

elements have maintained the second motif. This could be explained by negative selection or a 

deletion bias from the sequence similarity of the insertion with the upstream sequence. It is also 

plausible that our evolutionary reconstruction makes an incorrect assumption about the timing of 

the second C/EBP motif, and each one occurred independently rather than through a common 

ancestor. Under this scenario, a potential mechanism for the recurrent insertions is that the region 

is prone to replication slippage during replication or transposition, resulting in multiple 

independent duplications of the C/EBP motif.  

 An intriguing possibility is the relationship between TE regulatory potential and genomic 

expansion. In our reconstructed LTR18A phylogenetic tree, we observe loss of enhancer activity 

in the leftmost lineage going as far back as its lineage ancestor. This low enhancer activity lineage 

corresponds to the earliest diverging branch in the human LTR18A subfamily phylogenetic tree 

and composes only ~1/6 (27/181) of all elements. On the other hand, the major lineage of LTR18A 
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has enhancer activity throughout transposition. The stark contrast between the two lineages in 

enhancer activity and abundance leads us to speculate that the regulatory potential of LTR18A was 

directly related to its ability to expand in the genome, a hypothesis with which our data is consistent 

(Supplemental Figure S10). This is perhaps unsurprising, as transcription is typically the first step 

of transposition and provides the substrate for integration of retrotransposons. However, one 

important consequence is that transcription factor binding sites that contribute to TE regulatory 

potential could be enriched within a subfamily due to biased lineage amplification. This appears 

to have been the case for the recently reclassified LTR7 subfamilies, each of which possess a 

unique set of transcription factor motifs and underwent a wave of genomic expansion to fill 

different early embryonic niches (Carter et al. 2022). It will be important for future studies to 

distinguish between selection and passive enrichment of transcription factor binding sites through 

lineage amplification. 

 To compare ancestral and present day LTR18A elements, we tested all elements within the 

same cell line using MPRA. This assumes that HepG2 and K562 cells provide the same trans 

environment as the equivalent primate and ancestral cell types. Previous studies suggest that 

transcription factor binding and subsequent activation of transcription are deeply conserved from 

humans to flies (Nitta et al. 2015; Stampfel et al. 2015). Klein et al. make a similar assumption in 

their study of liver enhancer evolution in primates and find the same general trend that present-

day elements have lost enhancer activity relative to the ancestral state (Klein et al. 2018). Another 

potential caveat is the episomal nature of the MPRA design, which takes LTR18A out of its native 

chromatin context. MPRA studies comparing the regulatory effects at different genomic loci and 

comparing episomal and lentiviral integration contexts have generally shown that the relative 

enhancer activities seen on episomal plasmids are similarly reflected compared to those integrated 
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into the genome (Maricque et al. 2018; Klein et al. 2020). However, this remains to be confirmed 

for TEs, which could be subject to regulatory restraints targeting repetitive elements. 

 Most TEs are thought be under neutral evolution and do not significantly impact 

phenotype. We find that LTR18A elements as a whole have higher mutation rates than genomic 

average and do not exhibit signs of selection based on phyloP and phastCons scores. Despite the 

lack of evidence for selection at the element level, AP-1 and C/EBP binding motifs found within 

LTR18A are more conserved than expected under the neutral model of evolution. This suggests 

that selection does not need to apply to entire TEs and instead acts on functional units found within 

each element. Indeed, we find that at least a third of LTR18A elements have enhancer associated 

epigenetic marks, and in some cell/tissue types, the active elements are enriched for the conserved 

AP-1 motif. Although the C/EBP motif is not significantly enriched with active elements outside 

of MCF10A, we suspect that the motif is important in other cell/tissue types that have yet to be 

profiled. 

2.5 Methods 
LTR18A ancestral reconstruction 

To find LTR18A ortholog sets for ancestral reconstruction, we searched for LTR18A element pairs 

that fulfilled several requirements. First, the hg19 LTR18A elements must have orthologs in 

chimpanzee and gorilla. Second, elements must have orthologs in at least two of the other primate 

species: gibbon, baboon, rhesus macaque, and marmoset. Third, hg19 LTR18A elements must 

be >250bp (>70% of consensus) in length. Finally, both elements of a pair need to pass all 

requirements to be selected for ancestral reconstruction. Orthologs were defined using the chain 

files from UCSC to find LTR18A elements within the same syntenic blocks (Kuhn et al. 2013).  
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LTR18A elements that correspond with multiple orthologs in the same genome, or vice versa, were 

excluded. 

 Ancestral reconstruction of both ortholog ancestors and subfamily ancestors used MAFFT 

and PRANK followed by manual curation (Katoh et al. 2002; Löytynoja 2014). To generate 

ortholog ancestors, we aligned ortholog sets (e.g. human, chimpanzee, gorilla, gibbon, baboon 

orthologs) using MAFFT multiple sequence alignment. We used the alignments to produce 

ancestral and intermediate sequences as well as the phylogenetic tree using PRANK. The PRANK 

phylogenetic trees typically reflected the expected evolutionary relationship between the seven 

primate species. Next, we manually adjusted ortholog ancestors to remove unlikely insertions 

(Supplemental Methods). After manual curation of ortholog ancestors, we used MAFFT and 

PRANK to reconstruct the phylogenetic tree and sequences of LTR18A subfamily ancestral 

sequences.  

LTR18A MPRA library design 

The MPRA library was designed to consist of a motif-focused half and a tiling half. To design the 

motif-focused half of our MPRA library, we took advantage of the relatedness of TEs within the 

same subfamily. Similar to RepeatMasker, we can align all LTR18A elements to a reference 

sequence. Instead of using the subfamily consensus sequence, we used our reconstructed ancestral 

node 43 to perform pairwise global alignments to all present-day and reconstructed elements. 

Then, we took the sequence of each element aligned to the first 160bp of ancestral node 43. We 

filtered out elements that have fewer than 70bp due to deletions and elements that have more than 

160bp due to insertions. We also removed elements that contain a restriction site that we used for 

cloning. In total, 1225/1387 RepeatMasker annotated LTR18A elements across seven primate 

genomes, all 280 reconstructed elements, and the Repbase consensus sequence were included. For 
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the tiling half of the library, we selected all pre-speciation ancestral reconstruction elements, 

ortholog ancestors and their present-day hg19 elements, eleven additional hg19 elements, and the 

LTR18A consensus. We then synthesized 160bp tiles at 10bp intervals spanning each selected 

element for a total of 3236 fragments. In addition to motif-focused and tiled sequences, we selected 

456 elements for reverse complements (Supplemental Figure S4), 37 pairs of elements for JUN 

mutagenesis, and 46 pairs of elements for DBP mutagenesis. Elements for mutagenesis were 

chosen based on the closest primate ortholog with/without the motif. JUN motifs were mutated to 

TCACCAATGGT and DBP motifs were mutated to TCCCACAGCAT. Non-motif containing 

elements were mutated to GCTGAGTCATG for JUN and ATTATGTAACC for DBP. We also 

made DBP and JUN mutations in ancestral node 45 and 43 and the Repbase consensus, resulting 

in seven additional mutated motif-focused and 168 tiled sequences. For positive and negative 

controls, we selected 223 regions from a previous study by Ernst et al. (Supplemental Figure S5) 

(Ernst et al. 2016). 30 dinucleotide shuffled LTR18A Repbase consensus sequences were included 

as a second set of negative controls (Bailey et al. 2015). Each sequence was tagged with 10 unique 

barcodes during synthesis. To control for differences in overall library activity between cell lines, 

we included a set of sequences that would leave only the basal hsp68 promoter tagged with 300 

barcodes. In total, 5918 elements were synthesized using 59470 unique barcodes.  

LTR18A MPRA enrichment score calculation 

For each tested element, we added up read counts for all of its barcodes and filtered out those with 

fewer than 5 total counts in any of three transfection replicates or DNA input. Reads were then 

normalized to counts per million (CPM). Expression of an element was calculated as RNA 

CPM/DNA CPM. Expression was normalized to the average of Basal construct transfection 
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replicates. Finally, enrichment score was calculated as the log2 of normalized expression. 

Enrichment scores of elements are provided in Supplemental Data S1. 

Transcription factor motif enrichment 

LTR18A sequences were separated into active and inactive groups depending on enrichment score 

in HepG2 and K562. AME motif enrichment was performed to find motifs enriched in active 

LTR18A over inactive LTR18A using an E-value threshold of 0.05 (Kulakovskiy et al. 2018; 

McLeay and Bailey 2010). All motifs that were enriched are listed in Supplemental Table S4. 

TE-WAS analysis of nucleotides and motifs 

LTR18A sequences were globally aligned pairwise to the ancestral node 43 sequence as reference. 

Pairwise alignments were then combined based on the common reference. Positions that had bases 

(not gaps) in less than 20% of all LTR18A sequences were removed. This filter retained all 

consensus base positions.  

 GWAS analysis tool PLINK was used to identify nucleotides significantly associated with 

the phenotype, such as MPRA activity/inactivity or ATAC peak (Chang et al. 2015). We limited 

tested nucleotides at each position to the most common nucleotide at the position across LTR18A 

sequences to give us greater confidence based on sample size. We ran PLINK association analysis 

using the above-described alignment and MPRA active/inactive annotations for each element 

based on enrichment score. Nucleotides were deemed significant if p-value < 5x10-5.  

 From the list of significant nucleotides in TE-WAS, we identified transcription factor 

motifs from the core human HOCOMOCOv11 database that are overrepresented based on 

information content (Kulakovskiy et al. 2018). Information content at each significant nucleotide 

was calculated from each motif’s position frequency matrix with the background nucleotide 

frequencies of 0.25. The information content of significant nucleotides within each motif was then 
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compared to a background expectation derived from 1000 random shuffles of significant 

nucleotides for the phenotype. Motifs were identified if they had higher information content from 

significant nucleotides than background using t-test and more than significant nucleotides within 

the motif.  

Evolutionary analysis using SHARPR 

From tiled MPRA, we calculated regulatory activity for full length elements using SHARPR with 

a few adjustments (Ernst et al. 2016). For each tile of an element, the previously calculated 

enrichment score was used as input for SHARPR infer with the default varpriors of 1 and 50. Each 

inferred 10bp step was then normalized to the mean inferred value for randomly shuffled Basal 

elements as background. SHARPR combine and interpolate commands were used to generate the 

SHARPR nucleotide activity scores. Finally, full length element activities were calculated as the 

sum of nucleotide scores across each element.  

 To validate the SHARPR approach, we identified motifs that were enriched in peaks, or 

regions of high nucleotide activity. Peaks were defined as regions with nucleotide activity scores 

greater than three standard deviations above the Basal mean. Enriched motifs were then identified 

in peak regions using AME using shuffled sequence as background (McLeay and Bailey 2010).  

Transcription factor motif conservation 

For sliding window conservation analysis, we aligned all present-day genomic LTR18A elements 

to the Repbase consensus sequence using the previously defined method. Conservation, defined as 

percent match to the consensus, was calculated for each 10bp window for each element in each 

species. Windows with gaps or degenerate bases in at least half of the total window length (>=5) 

were excluded. The mean conservation was then calculated for each 10bp window separately for 

each species. Windows were determined to be significantly conserved using t-test comparing 
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conservation across elements in the window against conservation across all windows, with a p-

value threshold of 0.05 after Bonferroni correction. Only windows that were conserved in all seven 

primate species were kept for further analysis. Motif scanning by FIMO was performed to find 

transcription factor motifs fully within conserved windows (Grant et al. 2011).  

 For JUN and DBP transcription factor motif conservation analysis, transition and 

transversion rates in the LTR18A subfamily were calculated for each species. The neutral 

expectation for motif conservation was calculated as previously described (Doniger et al. 2005). 

We identified all k-mers of the motif length which are found by FIMO (Grant et al. 2011). The 

total motif conservation probability was calculated as the sum of the probabilities for each motif 

k-mer. We used the Repbase consensus sequence as the ancestral LTR18A state. To represent post-

speciation conservation, we used hg19 orthologs as the reference to compare to other primate 

LTR18A elements. The observed motif conservation rate was calculated for each species based on 

the percentage of elements that retain the motif. Elements with gaps in the alignment to its 

reference were excluded. Statistical significance was determined by one sample test of proportions 

and a p-value threshold of 0.05. We also simulated transcription factor motif conservation rates 

for each primate species. Each simulation consisted of randomly mutating nucleotides in the motif 

region of each LTR18A element based on the observed transition and transversion rates. 1000 

simulations were performed for each motif.  

 

Overlap of LTR18A with genomic annotations 

The cCRE genome annotations and various epigenetic datasets such as ATAC-seq, histone ChIP-

seq, and WGBS were downloaded from ENCODE at https://www.encodeproject.org/ (ENCODE 

Project Consortium et al. 2020). The phyloP and phastCons scores were downloaded from UCSC 

https://www.encodeproject.org/
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and converted to bedGraph (Kuhn et al. 2013). Overlaps with LTR18A elements were obtained by 

BEDTools intersect with the criteria of at least 50% LTR18A length overlapping with a cCRE or 

epigenetic mark peak (Quinlan and Hall 2010). Enrichment of LTR18A in cCREs and ATAC 

peaks was obtained by BEDTools fisher using the same criteria. Heatmaps at and around LTR18A 

were generated using deepTools (Ramírez et al. 2016). Accession codes for publicly available 

datasets used in this study are listed in Supplemental Data S2. 

Identification of motifs associated with cCRE overlapping LTR18A 

Fisher’s exact test was used to determine if transcription factor binding motifs in LTR18A 

elements are associated with cCRE overlap. Motifs that had p-values below 0.05 after correcting 

for number of motifs tested were considered significant. The top six cell/tissue types were selected 

for analysis as they provided the greatest number of LTR18A elements overlapping cCREs.  
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Chapter 3: Evolutionary Principles of 

Transposable Element-derived Cis-

Regulatory Elements  
 

In this chapter, I profile TE contribution to regulatory elements defined by ENCODE and utilize 

those annotations to learn general evolutionary principles for TEs. This work is part of a 

manuscript that is in preparation.  

Alan Y. Du, Jason D. Chobirko, Xiaoyu Zhuo, Cedric Feschotte, and Ting Wang. Transposable 

Elements in the Encyclopedia of DNA Elements. In preparation 

3.1 Abstract 
Transposable elements (TEs) make up about half of the human genome and many have the 

biochemical hallmarks of tissue or cell type-specific active regulatory elements. While some TEs 

have been rigorously documented to contribute directly to host gene regulation, we still have a 

very partial view of their role in gene regulation. Leveraging Phase 4 ENCODE data, we carried 

out the most comprehensive study to date of TE contributions to the regulatory genome. We 

profiled the overlap of TEs with candidate cis-regulatory elements (cCREs), showing that ~25% 

of all cCREs are derived from TEs in human. Comparing between human and mouse, we observed 

that TE-derived cCREs are predominantly linage-specific, accounting for 8-36% lineage-specific 

cCREs. Next, we found that transcription factor (TF) binding motifs that are enriched in cCRE-

associated TEs generally originated from the TE’s ancestral sequence in all TE classes except for 

SINEs. Using both cCRE and TF binding data, we observed that TEs are closer in genomic distance 

to cCREs and TF binding sites when they have the feature themselves, supporting the idea that TE 

insertion site influences later ability to act as regulatory elements. Finally, we characterized 
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putative TF binding site turnover events between human and mouse across 30 TFs, finding 2-55% 

of turnover events to be facilitated by TE-derived binding sites. Overall, our results substantiate 

the notion that TEs have played an important role in shaping the regulatory genome. 

3.2 Introduction 
Transposable elements (TEs) were first discovered by Barbara McClintock as controlling elements 

for their ability to control nearby gene expression (McClintock 1950). In the ensuing decades, it 

became clear that a large fraction of multicellular organisms’ genomes is repetitive and primarily 

consisting of TEs. Of mammalian genomes, the human genome has a normal amount of TE 

sequence; out of the ~3GB haplotype genome, about 45% is derived from TEs (Lander et al. 2001). 

Most TEs in the human genome can be classified into LINE, SINE, LTR and DNA transposon 

classes. LINEs are retrotransposons that use target primed reverse transcription to insert into the 

genome. SINEs are short, non-autonomous elements that rely on LINE machinery to mobilize. 

LTR elements in the human genome are remnants of endogenous retroviruses (ERVs) and share 

their replication mechanism with other retroviruses. Unlike the other three classes which all use 

RNA intermediate during transposition, DNA transposons directly cut their DNA sequence out of 

chromosomes and insert at a new location within the genome, a transposition mechanism 

sometimes referred to as “cut-and-paste”. 

 Although TEs were first described as controlling elements, it has been accepted that the 

vast majority of TEs in the human genome are evolving neutrally and do not have function. Despite 

early designations as purely selfish elements (Doolittle and Sapienza 1980; Orgel and Crick 1980), 

TE contribution to regulatory function was uncovered before genomics area. It was found that 

amylase promoters were derived from retrotransposons and are responsible for tissue-specific 

expression of different amylase genes in different species (Samuelson et al. 1990; Ting et al. 1992; 
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Meisler and Ting 1993; Pajic et al. 2019). LTR retrotransposons were also found to be used as 

promoter of the Apol, EBR and Mid1 genes (Medstrand et al. 2001; Landry et al. 2002). The 

publication of the initial human genome greatly facilitated the identification of putative TE-derived 

promoter. In an early study, ~25% of sequence from experimentally validated promoters in human 

came from TE sequence (Jordan et al. 2003).   

 With the development of functional genomic assays, it became possible to systematically 

study and identify putative regulatory elements in the genome. It quickly became apparent that 

TEs provide binding sites for various transcription factors (TFs) (Wang et al. 2007; Bourque et al. 

2008). Systematic analysis of TF binding sites (TFBSs) has revealed that ~20% TF binding sites 

have been contributed by TEs in human and mouse genomes (Sundaram et al. 2014). Other studies 

have found TEs to add to gene regulatory networks. In mammalian placenta development, different 

TEs were independently co-opted as prolactin promoters in separate mammalian lineages (Lynch 

et al. 2011; Emera and Wagner 2012a, 2012b; Emera et al. 2012). TEs have also provided 

enhancers in the interferon response regulatory network in innate immunity (Chuong et al. 2016). 

In addition to novel functions and adaptive evolution, TEs have contributed to regulatory element 

turnover. It has been shown that TE contributed to lineage-specific TAD domains with or without 

providing CTCF binding sites (Schmidt et al. 2012; Choudhary et al. 2020; Zhang et al. 2019; 

Choudhary et al. 2023).  

 How do TEs evolve from selfish elements in the genome to cellular regulatory elements? 

One model states that the ancestral state of TEs had TFBSs and regulatory activity which the host 

can eventually co-opt for its own uses. Many known examples of TEs that have regulatory activity 

are consistent with this ancestral origin model (Wang et al. 2007; Chuong et al. 2016; Sundaram 

et al. 2017; Du et al. 2022). Another model is that TEs develop TF binding sites and regulatory 
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activity post-insertion through mutation over time. This has been observed for circadian rhythm 

TF binding sites in mouse RSINE1 elements, in which imperfect binding motifs matured into 

canonical binding motifs (Judd et al. 2021).  

 The ENCODE and Roadmap projects have sought to characterize the landscape of cis-

regulatory elements in the human genome, providing invaluable resources for scientists all over 

the world (The ENCODE Project Consortium et al. 2020; Roadmap Epigenomics Consortium et 

al. 2015). Data from these projects have facilitated systematic investigation of TE contributions to 

regulatory functions in the genome (Trizzino et al. 2018; Pehrsson et al. 2019). In ENCODE phase 

3, genome-wide annotations of candidate cis-regulatory elements (cCREs) were created in both 

human and mouse genomes (The ENCODE Project Consortium et al. 2020). Based on four 

epigenomic assays, cCREs were classified into promoter-like sequence (PLS), proximal enhancer-

like sequence (pELS), distal enhancer-like sequence (dELS), high-H3K4me3 elements (DNase-

H3K4me3), and potential boundary elements (CTCF-only). Regions with enhancer signal were 

separated into pELS and dELS based on their distance to annotated transcription state sites (TSSs). 

DNase-H3K4me3 cCREs represent regions with promoter signal without a nearby annotated TSS. 

CTCF-only cCREs represent regions that could be genome folding anchor or related structural 

sites. Altogether, cCREs comprise 7.9% and 3.4% of human and mouse genome, respectively. In 

the latest ENCODE phase 4, functional assays such as massively parallel reporter assay (MPRA) 

have been included to validate regulatory element predictions.  

 Here we sought to profile TE contributions to the regulatory genome using cCREs and 

develop general principles for how TEs become regulatory elements. We quantified TE-derived 

cCREs in the human genome and TE contribution to lineage-specific and human-mouse shared 

cCREs. To broadly understand the origins of regulatory activity in TEs, we explored the origin of 



54 

 

TF binding motifs that are associated with TE-derived cCREs. We investigated whether TE 

insertion site might affect their ability to provide cCREs or TF binding sites. We also quantified 

TE contribution to TF binding site turnover between human and mouse. To test if TE-derived 

cCREs are functionally distinct from non-TE cCREs, we asked if TE sequences differ from non-

TE sequences in MPRA. Finally, we select high confidence TE-derived regulatory elements in 

K562 based on results from our analyses. 

3.3 Results 

3.3.1  TE-derived cCREs in human 
To broadly characterize the contribution of TEs to the human regulatory genome, we overlapped 

TEs with cCREs from the version 2 of the registry of cCREs (The ENCODE Project Consortium 

et al. 2020). As a conservative estimate, we considered cCREs that have at least 50% of their 

sequences coming from a single TE to be TE-derived. Using this criterion, we found that TEs 

supply ~25% of all human cCREs (Figure 1A). When cCREs are separated by annotation group, 

TE contribution ranges from 4.6% of PLS to 38.2% of CTCF-only cCREs. Compared to their 

genomic proportion, TEs are generally underrepresented in all types of cCREs and particularly in 

PLS (Supplemental Figure 1). Notably, TEs are most depleted in PLS, possibly due to a 

combination of purifying selection against TE insertion in promoters and assignment of TE 

promoters to DNase-H3K4me3 cCREs. The exception to TE-cCRE underrepresentation is LTR 

retrotransposons for H3K4me3-DNase and CTCF-only cCREs (log2 enrichments of 0.42 and 0.46, 

respectively). This suggests that LTR retrotransposons have been a rich source of non-canonical 

promoters and CTCF binding sites and is consistent with previous reports (Brocks et al. 2017; 

Schmidt et al. 2012; Choudhary et al. 2020, 2023). 
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Figure 3.1: Overlap of TEs with human cCREs. A) Proportion of genome and cCREs that are 

TE-derived. B) Number of elements per TE subfamily, grouped by TE class, that are associated 

with a cCRE. C) Enrichment of TE subfamily overlap with cCREs relative to their abundance in 

the genome, grouped by TE class. D) Proportion of cCREs that are TE-derived across 25 fully 

classified cell/tissue types. E) Percentage of cCREs that are TE-derived for cell/tissue specific 

cCREs to ubiquitously used cCREs. The x-axis is the number of fully classified cell/tissue types 

in which the cCRE is found.  
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 As TEs can be variable across subfamilies even within the same class, we examined TE 

contributions to the human regulatory genome at the subfamily level. In terms of absolute numbers 

of cCRE-associated TEs, LINE and SINE classes contribute the most cCREs per subfamily on 

average (Figure 1B). On the other hand, after normalizing to genomic abundance, the LTR 

retrotransposon class is the most enriched per subfamily on average for cCREs (Figure 1C). Our 

observation suggests LTR retrotransposons are more likely to become cCREs in the human 

genome. However, the majority of TE-derived cCREs come from SINEs and LINEs due to their 

sheer number in the genome. However, it is important to note that there is substantial variability 

in cCRE contributions across TE subfamilies even within the same class, indicating that each 

subfamily has a unique evolutionary trajectory. 

  Next, given that regulatory elements can be active in a cell type specific manner, we 

considered the contribution of TEs to each of the 25 fully classified ENCODE cell/tissue types. 

By number, TEs make up between 9-19% of cCREs across fully classified cell/tissue types (Figure 

1D). The proportion of TE classes contributing to cCREs stays relatively stable across cell/tissue 

types (Supplemental Figure 1). Since regulatory elements are often cell type specific, we asked if 

TE-derived cCREs are more or less likely to be cell type specific compared to non-TE cCREs. We 

grouped all cCREs by the number of cell types that share them. As cCREs become more 

ubiquitously used across the 25 fully profiled cell/tissue types, the percentage of cCREs that are 

TE-derived decreases (Figure 1E), indicating that cCREs contributed by TEs are more likely to be 

cell type specific. This observation is consistent with previous reports that find TEs to contribute 

cell type specific regulatory elements (Simonti et al. 2017; Trizzino et al. 2018; Diehl et al. 2020). 
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3.3.2  TEs in human-mouse conserved and lineage-specific cCREs 
Next, we investigated the contribution of TEs in the evolution of cCREs in the human and mouse 

lineages. Starting from 926535 human cCREs, we identified syntenic mouse regions using UCSC 

liftOver (Kuhn et al. 2013), finding 601136 syntenic regions corresponding to ~66% rate of 

synteny (Figure 2A, Supplemental Figure). This is significantly higher than ~40% rate of synteny 

expected based on whole genome comparison, which is expected as cCREs should be enriched for 

functional regulatory elements (p=1.5x10-323, binomial test) (Chinwalla et al. 2002). To define 

human-mouse orthologous TEs, we required that the human cCRE must be TE-associated and the 

corresponding mouse syntenic region contains a mouse TE of the same family. As expected, 

orthologous TEs are primarily composed of old TE subfamilies that exist in both human and mouse 

(Supplemental Figure 2). In total, 18010 (1.9%) human cCREs are TE-associated and have mouse 

orthology. We performed the same analysis in mouse and found a similar proportion (1.7%, 

5900/339815) to be TE-associated and have human orthology. 

 Anchoring on cCREs, we first searched for shared TEs that have potentially conserved 

regulatory function in both species. Of 98278 human cCREs with the same syntenic mouse cCRE, 

1575 (1.6%) are derived from orthologous TEs. This is similar to the percentage of human cCREs 

that are TE-associated and have a mouse TE ortholog. We next asked whether orthologous TEs 

contribute to same cCREs, shared but different cCREs, or lineage-specific cCREs between human 

and mouse compared to non-TE syntenic sequences. Regardless of cCRE type, orthologous TEs 

contributing cCREs in human are significantly different compared to non-TE sequences (Figure 

2B). Contrary to the null expectation where the proportions are the same between TEs and non-

TEs, orthologous TEs that contribute cCREs are more lineage-specific than the non-TE syntenic 

background, ranging from 7.9% difference for dELS to 41.2% difference for PLS in human (Exact 

multinomial tests, p<0.001). We performed the same analyses starting from mouse cCREs and 
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found the same result, with differences ranging from 8.7% for DNase-H3K4me3 to 36% for PLS 

(Supplemental Figure 2, exact multinomial tests, p<0.001). This suggests that even among shared 

TEs, TEs are more likely to provide lineage-specific function compared to non-TE sequences.  

Figure 3.2: TE-derived conserved and lineage-specific cCREs in human and mouse. A) 

Classification of shared and lineage-specific cCREs for human to mouse comparison. For 

orthologous TE-cCREs, syntenic cCRE in mouse is not required but can be present. B) Percentage 

of cCREs that are shared or lineage-specific for orthologous TE and syntenic non-TE human 

anchored cCRE regions. Shared cCREs are split into “same” and “different” categories depending 

on the syntenic human and mouse cCRE types. Grouping by cCRE type is done using the anchored 

human cCRE. C) 100-way vertebrate phastCons score distributions for orthologous TEs and non-

orthologous TEs associated with human cCREs. D) 100-way vertebrate phastCons score 

distributions for orthologous TEs that have cCRE in both human and mouse vs. human only. E) 

Percentage of conserved and novel (lineage-specific) cCREs that are TE-derived, split up by cCRE 

type. Percentages for human and mouse are shown by red and blue dots, respectively. Bars 

represent the mean percentage between human and mouse. *** p < 0.001 
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 Sequence conservation is generally a good indicator for conserved function. Since we can 

be confident that orthologous TEs in human and mouse share the same phylogenetic origin, we 

tested whether sequence conservation as measured by phastCons score is correlated with shared 

cCRE annotation for TEs during human and mouse evolution. Considering only TE subfamilies 

that are found in both human and mouse, we confirmed that orthologous TE sites have higher 

phastCons scores than non-orthologous TEs (Figure 2C). Next, we compared orthologous TEs 

with cCRE annotation in both human and mouse, presumably providing a shared function, to 

orthologous TEs with cCRE annotation only in human. As expected, orthologous TEs with shared 

cCRE annotation in both species have higher phastCons scores compared to orthologous TEs with 

lineage-specific cCRE annotation. 

 Given that most human TE-cCREs are not found in mouse and vice versa, we sought to 

quantify TE contribution to lineage-specific cCREs. In human, 85% (788108/926535) of cCREs 

were identified as clearly lineage-specific due to either lack of syntenic sequence in mouse or 

synteny with no mouse cCRE. Of human lineage cCREs, 29% (228670/788108) could be 

attributed to TEs. In mouse, 61.6% (209338/339815) of cCREs were identified as lineage-specific, 

of which 18.5% (38815) were TE-associated. Separated by cCRE type, we found that TEs have 

contributed between 6-38% of lineage-specific cCREs, with the lowest in promoter-like sequences 

and highest in CTCF binding sites (Figure 2E). Despite more data being available for human 

compared to mouse, we observed a similar trend in human and mouse in which TEs supplied 10-

40% of human lineage cCREs and 6-33% of mouse lineage cCREs (Figure 2E). Overall, we 

provide evidence for the long-standing hypothesis that TEs have a substantial impact on regulatory 

innovation. 
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3.3.3  Origin of cCRE-associated transcription factor motifs in TEs 
As TFBSs are a major component in driving cis-regulatory activity of a sequence, we looked for 

TF motifs that are associated with cCRE activity in TEs. For each TE subfamily defined by 

RepeatMasker, we looked for TF motifs that are enriched in cCRE-associated elements of the 

subfamily over non-cCRE elements of subfamily using AME motif enrichment analysis (Figure 

3A, Methods). For any TE subfamilies with a difference in length distribution between cCRE and 

non-cCRE elements, we randomly selected non-cCRE elements to keep the overall length 

distribution similar to that of cCRE elements. By using elements of the same subfamily as 

background sequence, we minimize the influence of TF motifs that are enriched in the TE 

subfamily compared to the rest of the genome. We also grouped similar motifs of the 

HOCOMOCOv11 database of human TF motifs based on motif archetype (Vierstra et al. 2020). 

To further increase specificity, we rescanned TEs from each subfamily for the top significantly 

enriched TF motif from AME using FIMO to confirm motif enrichment using Fisher’s exact test. 

In total, we found that 55% (650/1180) of TE subfamilies have at least one cCRE enriched TF 

motif. However, even after controlling for non-cCRE element length to match cCRE elements, 

LINE class cCRE elements consistently cover the 5’ end of their consensus sequence more than 

non-cCRE elements (Figure 3B). This suggests that the regulatory region of LINE is generally 

found in the 5’ end. To mitigate the effect of coverage bias on our cCRE enriched motif calls, we 

selected the top 5 most enriched motifs per TE subfamily for further analysis. 

  We next investigated whether cCRE enriched TF motifs likely originated from the 

ancestral TE or arose through mutations. To represent ancestral TE sequences, we used the 

consensus sequence of each TE subfamily. We first asked what percentage of cCRE enriched 

motifs are found in the TE’s consensus sequence. Overall, we observed that most TE subfamilies 

have over 50% of their motifs in their consensus sequence (Figure 3C). A notable exception is the 
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Figure 3.3: cCRE enriched TF motifs are mostly ancestral except in SINE. A) Analysis 

workflow for cCRE enriched motif identification and subsequent percent ancestral origin 

calculation. B) Consensus coverage enrichment of cCRE elements over non-cCRE elements. C) 

Percentage of cCRE enriched motifs that are found in consensus sequence. TE subfamilies are 

separated by TE class. The median TE subfamily percentage is indicated by a solid black line in 

the violin plot. D) cCRE enriched TF motif percent ancestral origin for each TE subfamily, 

separated by TE class. E) Correlation between TE subfamily Kimura divergence and cCRE 

enriched motif percent ancestral origin. R-squared and p-values for each linear regression is 

shown. ERV-int represents internal regions of ERVs. * p < 0.05, ** p < 0.01, *** p < 0.001 
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SINE class, in which most cCRE enriched motifs are not in their consensus. In order increase 

resolution and specificity, we extended our analysis to consider motif location. If a TF motif is 

truly obtained through vertical transmission, we expect the motif to be in the vicinity of the 

consensus motif after alignment. We inferred the ancestral origin of each TE’s motifs based on 

presence or absence of the motif within 10bp of a consensus motif (Figure 3A). Even by the more 

stringent definition, our previous observation that SINEs have lower rates of consensus derived 

TF motifs compared to other TE classes is upheld (Figure 3D).  

 Accumulated mutations over time should gradually decrease the percentage of TF motifs 

that are consensus derived. As expected, TE subfamily age, as measured by Kimura divergence, is 

negatively correlated with ancestral origin rate of cCRE enriched motifs (Figure 3E). For LINEs, 

ERV internal regions (ERV-int), and LTRs, there is a significant correlation, and DNA transposons 

are on the border of significance (p=0.066). Again, SINEs appear different from the other TE 

classes, with no difference in cCRE enriched motif percent ancestral origin between old and young 

TEs. This suggests that most TE subfamilies arrive in the genome already containing cis-regulatory 

sequence features. The exception is SINEs which appear to provide raw sequence for mutations to 

transform into regulatory sequence. It is important to note the considerable variation between 

different TE subfamilies, highlighting that each TE subfamily has its own unique evolutionary 

path. 

3.3.4  TE insertion site effects on cCREs and transcription factor binding 
As TEs are spread throughout the genome, we next sought to explore whether there is any 

relationship between the genomic loci of TE-derived cCREs and non-TE cCREs. Specifically, we 

quantified the relative distance from either TEs or cCRE-associated TEs to their nearest non-TE-

derived cCREs. If TEs randomly develop into cCREs regardless of their insertion location, we 
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should observe uniform distribution of cCRE-associated TEs relative to non-TE cCREs. As 

expected, TE insertions are uniformly distributed in the genome relative to cCREs (red line in 

Figure 4A). However, TEs associated with PLS, pELS, and DNase-H3K4me3 are significantly 

closer to other cCREs of the same type when using a cell agnostic approach by Kolmogorov-

Smirnov test (KS test) (blue line in Figure 4A). While not significantly closer when considering 

cell agnostic annotations of dELS, TEs associated with dELS are significantly closer to non-TE 

dELS sites after separating dELS by cell/tissue type (green line in Figure 4A). This suggests that, 

despite being uniformly distributed in the genome in general, TE insertions close to other 

promoters or enhancers are more likely to be co-opted into promoters or enhancers themselves. At 

the TE class level, LTR retrotransposons associated with cCREs are more likely to be distant from 

non-TE cCREs (Supplemental Figure 4), which could imply LTRs are more independent in 

acquiring regulatory activity compared to other TE classes. We performed the same analysis using 

mouse cCREs and TEs and found all trends in human to be consistent with mouse (Supplemental 

Figure 4). Lastly, we found that the distances from TEs associated with CTCF-only sites to non-

TE CTCF-only sites are more consistent with random distribution in both human and mouse, 

despite abundant B2-derived CTCF binding sites in the mouse genome (Choudhary et al. 2020).  

 In addition to distance from cCREs, we examined TE distance to TF binding sites. For each 

of 549 TFs with ChIP-seq datasets where at least 1 TE subfamily was bound at least 10 times, we 

quantified the distance of TF bound TEs to their nearest non-TE TF binding site and compared the 

distances to non-bound TEs. Across all factors, we found that bound TEs are ~10x closer to other 

TF binding sites compared to non-bound TEs of the same subfamily, regardless of TE class (Figure 

4B). These results using cCREs and TF binding sites suggest that TE function is related to their 

insertion location.  
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 Due to the tendency for TF bound TEs to be close to non-TE binding sites, we investigated 

the degree to which TEs participate in TFBS turnover in human and mouse lineages. We selected 

30 TFs with high quality ChIP-seq data in both human K562 and mouse MEL erythroleukemic 

cells. As seen previously, up to ~40% of TFBSs are contributed by TEs (Sundaram et al. 2014). 

To identify putative TFBS turnover events, we searched for lineage-specific TFBS within 5kb of 

a syntenic TFBS in the other lineage and inferred which TFBS was ancestral based on synteny and 

phastCons score (Supplemental Figure 5). Using this approach, we discovered a total of 6700 and 

9245 putative TFBS turnover events across 30 TFs in human and mouse, respectively 

(Supplemental Figure 5). TEs make up 2-55% of putative turnover events, with most derived from 

lineage-specific TE insertions (Figure 4D, 4E). The TFs with the highest TE-derived turnover rates 

are CTCF and RAD21 in mouse, which is in line with the abundance of TE-derived TFBS. These 

results are consistent with previous studies that have found TEs to participate in binding site 

turnover of certain transcription factors, like CTCF from B2 SINE in the mouse lineage 

(Choudhary et al. 2020, 2023).  Overall, our results provide support for the importance of TE 

insertion site location on subsequent regulatory evolution. 

Figure 3.4: Regulatory TEs cluster with non-TE regulatory elements and TEs provide TFBS 

turnover sites. A) Relative distance of all TEs to cell agnostic cCREs (red), cCRE associated TEs 

to cell agnostic cCREs (blue), and cCRE associated TEs to same cell/tissue type cCREs (green). 

B) Median distances for TF bound TEs and non-bound TEs across 549 TF ChIP-seq datasets. C) 

Percentage of TE-derived TF binding sites for 30 TFs with ChIP-seq in human K562 and mouse 

MEL cells. TE percentage is further divided into binding sites that are species-specific with no 

synteny, binding sites that are species-specific with synteny, and binding sites that are shared. D) 

Percentage of putative TFBS turnover events that come from TEs. Each percentage is split up by 

TE class contribution for the TF. E) Browser shot of USF2 binding site turnover in human 

facilitated by primate lineage insertion of MER5A. Underlying USF2 motif sequence alignment 

in human and mouse are shown (if available). *** p < 0.001 
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3.4 Discussion 
TEs make up a large portion of most mammalian genomes, and many studies have shown that TEs 

contribute to the regulatory landscape. However, the extent to which TEs supply different types of 

regulatory elements and the factors that allow them to evolve as regulatory elements are not well 

understood. In this study, we utilize cCREs to define TE contribution to the human regulatory 

space, finding that ~25% of all cCREs are TE-derived. This is remarkably similar to previous 

estimates by Pehrsson et al. who profiled TE overlap in active regulatory states in the RoadMap 

Epigenome Project (Pehrsson et al. 2019). We observed that TE contribution to the different types 

of cCREs is not equal, as TE-derived cCRE percentage decreases from gene-distal enhancers to 

gene-proximal enhancers to promoters. This depletion of TEs in transcription start site proximal 

regulatory elements is likely due to selection against TE insertions nearby genes (Medstrand et al. 

2002). Regardless of their cCRE type, we found that TE-derived cCREs are more likely to be 

restricted to one or a few cell/tissue types compared to non-TE cCREs. This suggests that TEs 

could be important for regulatory innovation by providing gene regulatory elements that are active 

in a limited number of cellular contexts. TE contributions to gene regulation in fast evolving 

systems such as innate immunity and placenta support this hypothesis (Chuong et al. 2016; Lynch 

et al. 2011). 

 Different TEs have invaded and expanded in genomes at various points during evolution, 

leading to some being shared between species and others being lineage-specific. We explored how 

TEs contribute to conserved and lineage-specific regulatory elements using cCREs in human and 

mouse. While TEs provide a small number of conserved cCREs between human and mouse, 

comprising up to 2% of conserved cCREs overall, the vast majority of TE-derived cCREs are 

lineage-specific and account for 8-36% of all lineage-specific cCREs. With fewer cCREs in 
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mouse, likely due to less comprehensive profiling in mouse compared to human, it is possible that 

we are underestimating the contribution of TEs to conserved elements. Additionally, we could be 

underestimating mouse lineage TE-derived cCREs while overestimating human lineage TE-

derived cCREs. We next showed that most TEs that exist in both human and mouse become cCREs 

in only one lineage, indicating either lineage-specific loss or, more likely, lineage-specific gain of 

regulatory activity. In addition to most non-orthologous, lineage-specific TE-cCREs coming from 

TE subfamilies that are old enough to be found in both human and mouse, our results suggest that 

it takes a significant amount of time before TEs become regulatory elements. This is consistent 

with a previous study by Villar et al. which found that evolutionarily young enhancers were 

primarily adapted from ancestral DNA sequences over 100 million years of age (Villar et al. 2015).  

 To broadly understand where cis-regulatory activity in TEs comes from, we investigated 

the evolutionary origins of cCRE-associated TF motifs. In LINEs, LTR retrotransposons, and 

DNA transposons, cCRE-associated TF motifs are mostly found in their consensus sequences, 

suggesting an ancestral source. As TEs age, they generally have fewer of their TF motifs in the 

consensus location as expected. However, SINEs show a completely trend compared to the other 

main TE classes. SINEs have the lowest proportion of cCRE-associated TF motifs found in their 

consensus sequence and the percentage of motifs that are consistent with ancestral origin does not 

change with subfamily age. These results suggest that SINEs mostly provide raw sequence 

material that can be mutated into useful sequence over time while other TE classes bring pre-

existing regulatory sequence. This is consistent with a model proposed by Su et al. that Alu 

elements are proto-enhancers waiting for the right conditions to evolve into functional enhancers 

(Su et al. 2014). 
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 When TEs insert themselves into the genome, the newly integrated copy and its progenitor 

are usually identical in sequence. The only difference between the two copies is genomic location. 

Recently, Judd et al. proposed that proximity of TEs to functional sequence like TFBS may push 

TEs toward evolving function of their own (Judd et al. 2021). Under this model, the prediction is 

that functional TEs have lower genomic distance to other functional sites compared to non-

functional TEs. Indeed, we demonstrate that TEs with either cCREs or TFBS are significantly 

closer to non-TE cCREs or TFBS compared other TEs. Another implication of the model is that 

TEs may promote regulatory element or TFBS turnover. Across 30 TFs in human and mouse 

leukemia cell lines, we found that TEs participate in TFBS turnover as predicted, contributing 

between 2-55% of all putative events depending on TF. While our analyses do not directly test the 

insertion proximity model, our results suggest that insertion site effects may be a general 

phenomenon for TEs.  

 Examining the consensus coverage of cCRE-associated LINEs compared to non-cCRE 

LINEs revealed an unexpected enrichment over the 5’ end of LINEs. This indicates that LINEs 

that contain the 5’ end disproportionately contribute to cCREs even after controlling for length. 

Given that the 5’ end of LINE is where the transcription start site is located, this result is perhaps 

unsurprising. However, it suggests that the 5’ end of LINEs may be similar to LTRs in providing 

regulatory sequence.  

 The technical limitations in identifying TEs, especially old TEs, could have impacted 

several of our analyses. As TEs accumulate mutations over time, their sequences diverge from the 

consensus sequence used to annotate them. This can lead to incorrect annotation or worse, missing 

annotation. In our human-mouse comparison, we observed that ~20% of TEs in syntenic regions 

were classified as belonging in the same repeat family but not assigned to the same subfamily. 
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Although a few are real instances where different TEs created independent insertions in the same 

syntenic region, most cases likely arise due to a combination of high sequence divergence from 

the consensus sequence and high similarity between subfamily consensus sequences. Incorrect 

annotation of TE subfamily elements could affect our analyses that compare TE copies within their 

subfamily, like for cCRE enriched TF motifs and their origins. Since highly conserved regulatory 

elements are old by definition, missing annotations of TEs may have led to underestimating the 

scale of TE contribution to conserved regulatory elements.  

3.5 Methods 
Annotation of TE-derived cCREs 

Genomic cCRE annotations in hg38 (cell agnostic and 25 fully classified ENCODE cell/tissue 

types) and mm10 were downloaded from (https://screen.wenglab.org/) and 

(https://www.encodeproject.org/) (The ENCODE Project Consortium et al. 2020). Genomic TE 

annotations in hg38 and mm10 were obtained from RepeatMasker (https://repeatmasker.org/). We 

used bedtools intersect (Quinlan and Hall 2010) to find cCREs that are associated with TEs, 

requiring at least 50% of the cCRE to overlap a single TE. 

Enrichment of TEs in cCREs 

We calculated the enrichment of TE subfamilies for cCREs as follows. 

log2
(number of TE-cCRE elements)/(total cCREs)

(total bp in TE subfamily)/(genome size)
 

For visualization, we included TE subfamilies with no overlap with cCREs as log2 enrichment of 

-10, which is lower than any subfamily with cCRE overlap. 

Enrichment of TEs in TF peaks 

https://www.encodeproject.org/
https://repeatmasker.org/
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A total of 587 IDR thresholded TF ChIP-seq peak files in K562 were downloaded from ENCODE 

after filtering those that contain “NOT_COMPLIANT” or “ERROR” audit labels. PLS cCREs 

from K562 cells were used to identify active K562 TSSs. For each TF, we intersected the peak 

interval summits against TEs in R using GRanges (Lawrence et al. 2013), counting an intersection 

if the TE overlaps the summit. For TFs with at least 10 TE-summit intersections, we randomly 

shuffled the genomic locations of all summits while keeping their chromosome and distance to the 

nearest TSS the same. After counting TE-summit intersections for each subfamily, we repeated 

this shuffle process 1000 times to calculate the average expected number of intersections. We then 

calculated both a permutation and binomial p-value for each subfamily using (1 + (number of 

permutations where observed intersections > 2 * expected intersections)) / 1001 and binom.test(), 

respectively. We used p.adjust() to make multiple testing corrections for the binomial p-values 

across all TFs tested. 

Enrichment of bound vs unbound TE distance to nearest TF peak 

For each TF in K562, individual TEs were classified as “bound” if they intersected the peak 

summit and “unbound” otherwise. We then calculated the linear distance from each TE to the 

nearest non-overlapping peak in R. For each TE subfamily with at least 10 “bound” individual 

TEs, we randomly sampled an equivalent amount of “unbound” individual TEs as those which 

were “bound” and ranked them in descending order of distance. After repeating this 1000 times, 

we averaged each of the ranks across all 1000 samples to get a distribution of average distances to 

the nearest non-overlapping peak for the “unbound” TEs. We then calculated a p-value using the 

wilcox.test() between “bound” and “unbound” TEs within each subfamily. We also calculated the 

Log10 ratio of average median distances to the nearest non-overlapping peak between “bound” 
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and “unbound” TEs: Log10(Average median distance to nearest non-overlapping peak for “bound” 

TEs / rank-averaged median distance to nearest non-overlapping peak for “unbound” TEs). 

Human-mouse cCRE comparison 

To characterize human and mouse cCREs as shared or lineage-specific, we first used liftOver with 

-minMatch option of 0.1 to identify syntenic regions in the other species. The syntenic region was 

determined to be a cCRE or TE-derived if at least 50% of the syntenic region overlaps with a cCRE 

or TE. Syntenic regions with cCREs were classified as “shared” if the cCRE type was the same in 

both species and “different” if the cCRE type was different. TEs in syntenic regions of human and 

mouse were counted as orthologous if both TEs are in the same TE family (e.g. SINE/Alu).  

This analysis was also performed on TF IDR-thresholded intervals from 30 TF whose ChIP-seq 

data were present in human K562 and mouse MEL from ENCODE. Specifically, the full peak 

interval was lifted over with the same parameter “-minMatch 0.1” between mouse and human. 

Peaks that reciprocally lifted over and contained at least 50% of their original interval were 

classified as syntenic. If a syntenic peak interval overlapped at least 50% of a peak interval in the 

other species, it was classified as “shared”. Otherwise, the peak was classified as “syntenic but 

specific” to indicate similar sequence but containing TF binding in one species. To identify 

putative examples of TF binding site turnover between mouse and human, we identified all nearby 

peak intervals within 5kb of peak intervals of the other species using bedtools and awk (Quinlan 

and Hall 2010). For each peak, mean phastCons score was assigned using 100-way vertebrate 

phastCons scores in human or 60-way vertebrate phastCons scores in mouse (Siepel et al. 2005). 

We calculated the median phastCons score for conserved TF binding peaks in human and mouse 

to set a threshold of ancestry inference. Then, for each pair of nearby, lineage-specific peaks, 

human-mouse ancestral peaks were inferred based on synteny and phastCons score. Pairs of 
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lineage-specific peaks were identified as putative TF binding turnover events if a single non-

ancestral TF binding peak was within 5kb of a syntenic ancestral TF binding peak. TE-derived 

peaks were classified using prior mentioned criteria of 50% overlap with the TF binding peak.  

Identification of cCRE-enriched TF motifs 

First, TEs in each subfamily were separated based on overlap with hg38 cCREs, with subfamilies 

that lacked cCRE overlap removed from analysis (n=116). Next, TE subfamilies were split into 

three groups depending on whether the length distributions of cCRE (foreground) and non-cCRE 

(background) elements were significantly different based on Kolmogorov-Smirnov (KS) test. 

Group 1 subfamilies (n=194) have no significant difference with all background elements 

included. For group 2 subfamilies (n=993) with significant difference in length distribution 

between foreground and background elements, background elements were binned and randomly 

selected to match the proportion of foreground elements found in each bin. Random selection of 

background elements in group 2 subfamilies was performed 10 times. TE subfamilies that could 

not achieve matched foreground/background length distributions were disregarded for further 

analysis (n=17).  

 To identify cCRE enriched motifs, we ran AME motif enrichment using the 

HOCOMOCOv11 human core transcription factor motif database (Kulakovskiy et al. 2018) for 

each TE subfamily, with cCRE elements as foreground and non-cCRE elements (all elements or 

random selection) as background/control. Enriched motifs were grouped according to motif 

archetypes (Vierstra et al. 2020). To confirm AME results, we scanned TE subfamily elements for 

the top enriched motif within each archetype and performed Fisher’s exact test, further filtering 

for motifs that have significant association with cCRE annotation, at least 10 elements having both 

the motif and cCRE annotation, and odds ratios of at least 2.  
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 In order to estimate the percentage of cCRE enriched motifs that were derived from an 

ancestral origin, we first derived consensus sequences for each TE subfamily from RepeatMasker 

and the RepBase-derived RepeatMasker Library 20170127. We could not obtain consensus 

sequences for four subfamilies (L2d, L2d2, and 2 others), which were excluded from further 

analysis. Next, we scanned each consensus sequence for all HOCOMOCOv11 human core motifs. 

For each motif found in a TE subfamily’s consensus sequence, we scanned all elements within the 

subfamily for the motif. The relative position of each motif to the consensus sequence was found 

by aligning each element to its consensus sequence using Needle pairwise alignment (Needleman 

and Wunsch 1970). Finally, the percent ancestral origin rate of a given motif was calculated as the 

percentage of motifs that were within 10bp of the consensus sequence motif. As we had grouped 

motifs based on motif archetype, we used the ancestral origin rate of the top enriched motif per 

archetype. In the case that the top motif was not found in the consensus sequence, we allowed for 

any other enriched motif in the archetype that was in the consensus to substitute. Any motif 

archetype that had no cCRE enriched motif in the consensus sequence was assigned an ancestral 

origin rate of 0. 
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Chapter 4: Conclusions and future directions 
Since Barbara McClintock’s foundational study describing mobile genetic elements in maize, 

researchers have found that TEs are almost universally found in eukaryotic genomes. The 

combination of abundance and gene regulatory activity parallels the repetitive elements that 

Britten and Davidson postulated to be important for the gene-battery model. Even though studies 

had previously found TEs to fit various aspects of the model, where cis-regulatory activity in TEs 

come from and how it changes over time had not been directly tested. To elucidate the evolutionary 

history of enhancer activity in TEs, we developed a system to computationally reconstruct the 

phylogenetic history of a TE subfamily and functionally assay both ancestral and present-day 

copies for enhancer activity. We also broadly described how TEs evolve as regulatory elements in 

the genome in addition to their overall contribution to the regulatory landscape. 

 One limitation in our study of TE enhancer activity is that we tested TEs in a transient, 

episomal setting. This was sufficient for our purpose of quantifying the potential for TEs to act as 

regulatory elements, but it raises the following question: if TEs are placed in the genome, are they 

still capable of being active gene regulatory elements? Additionally, TEs are normally repressed 

in the genome which could mean that, given enough time, TEs will eventually be silenced again. 

This is potentially important for developmental biology as the result could indicate whether TE 

silencing machinery is constitutively active or only active early in development after which 

maintenance mechanisms take over.  

 Our analysis of cCRE-associated TF motifs and their origins was based on the assumption 

that the consensus sequence of a TE subfamily is sufficient to estimate the ancestral state of the 

TE. While consistent with common practices in the field, this does not account for the possibility 
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that mutations can create new TF motifs during the early phases of TE expansion. An example of 

this is the second CEBP motif that we inferred to be inserted early in LTR18A evolution. A 

potential solution is to utilize phylogenetic relationship information. For instance, suppose a TF 

binding motif is found in a subset of copies in a TE subfamily, but the motif is not found in the 

consensus sequence. If the TF motif appeared through mutations, the expectation is that the 

evolutionary distance between TE copies with the motif are equal to the evolutionary distance of 

TE copies with the motif vs. those without the motif. On the other hand, if the TF motif was created 

early on and propagated during TE expansion, the expectation is that the TE copies with the motif 

have a higher relatedness, or lower evolutionary distance, compared to TE copies with the motif 

vs. those without the motif. The major bottleneck in implementing this solution is the size of the 

TE subfamily, which directly affects the number of comparisons and therefore speed. Some LINE 

and SINE subfamilies consist of tens of thousands of copies, translating to millions of possible 

pairwise comparisons.  

 We discovered that SINEs appeared to behave differently from other TE classes, as their 

cCRE-associated TF motifs were more consistent with being created by mutations over time than 

ancestrally derived. The implication is that SINEs, rather than providing pre-built modules of TF 

binding sites, distribute raw genetic material for mutations to craft into new cis-regulatory 

elements. While certainly an intriguing hypothesis that agrees with previous reports, there is no 

direct evidence for it. However, this hypothesis can be directly tested using the MPRA system. 

The expectation is that ancestral SINEs do not have enhancer activity and individual SINE copies 

gain enhancer activities through the independent acquisition of TF binding motifs. There are a 

couple of challenges that I anticipate will complicate design. First, building a phylogenetic tree of 

a TE subfamily is non-trivial, especially when the number of copies and the divergence between 
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copies is large. Second, computational tools for reconstruction of ancestral sequences are currently 

limited. We used the PRANK algorithm as it considers indels during reconstruction, but the output 

requires manual curation to adjust for unlikely insertion events. Manual curation was feasible with 

46 starting TE copies for LTR18A but would be difficult to manage for the large SINE subfamilies. 

 Due to the widespread adoption of TEs as regulatory elements, TEs could potentially be 

used as a model to study how sequence variation affects regulatory activity. Previous studies have 

found that promoters can behave as enhancers (Diao et al. 2017; Dao et al. 2017; Engreitz et al. 

2016). Conversely, some enhancers produce RNAs much like promoters (de Santa et al. 2010; 

Kim et al. 2010; Andersson et al. 2014). As we and others have shown, TEs can fulfill both cis-

regulatory functions. The advantages of using TEs are their repetitiveness, giving sample size, and 

their distinct boundaries, allowing identification of a regulatory unit. Evolutionarily speaking, in 

order for TEs to expand, they must be able to produce RNA transcript (i.e. be a promoter). 

Enhancer activity may also be included from the start. Thus, the model is that TEs integrate into 

the genome with promoter and potentially enhancer activity. Then, sequence variation accumulates 

to add or remove one or both regulatory activities. By testing different TE copies for regulatory 

activity, it may be possible to determine the sequence properties of promoters and enhancers as 

well as help answer the question of whether they are even different after all. 

 Due to increasing interest in TEs and their role in regulating the genome, I anticipate that 

our study using MPRA will provide a framework for future experiments. The system is simple and 

scalable for thousands, and eventually hundreds of thousands, of elements. Currently, one of the 

main limitations is length of candidate sequences. Massively parallel oligonucleotide synthesis is 

capable can produce custom sequences of a few hundred base pairs, but most TEs are longer than 

the current limits. As the technology improves, there is no doubt that synthesis of long sequences 
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will become available, allowing MPRAs to be designed for full length, 6kb long LINEs. In addition 

to measuring promoter and enhancer regulatory activity, MPRA are being adapted to probe the 

effects of variation in untranslated regions of genes and splicing (Rabani et al. 2017; Adamson et 

al. 2018; Rhine et al. 2022). It is easy to imagine that these same biological processes will be 

explored for TEs as well. 

 In recent years, relevance of TEs has also expanded to disease. This is likely due to 

epigenetic dysregulation that activates previously silenced TEs. Jang et al. showed that TEs are 

exapted as promoters to drive oncogenesis (Jang et al. 2019). While only TEs with promoter 

activity were identified, it is plausible that TEs also contribute to the altered regulatory network in 

cancer. Due to TEs being more numerous as enhancers compared to promoters, I expect that TEs 

have large contribution to the regulatory landscape in cancer. In addition to cancer, TEs have been 

linked to inflammatory and neurological disease (Saleh et al. 2019).  

4.1 Parting thoughts 
Ever since the publication of Darwin’s On the Origin of Species, one of the major interests and 

challenges in biology has been to explain how different species evolve. From early studies 

comparing the genomes of ourselves and chimpanzees, it became apparent that thorough 

understanding of gene regulation and the DNA elements that facilitate it would be required. Since 

then, the study of cis-regulatory elements has revealed that the gene regulatory landscape is 

immense and highly complex. More comprehensive understanding of cis-regulatory elements and 

the principles that drive their evolution will be needed to unravel the mystery of how species come 

to be. As they have been shown to contribute to both innovation and turnover of regulatory 

elements, the role of TEs cannot be ignored. 
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 I would like to revisit the C-value paradox, which is the observation that genome size does 

not seem to correlate with organism complexity. The central role of TEs in addressing the C-value 

paradox raises a question. Why do so many genomes tolerate the presence of TEs? Even though 

there are plenty of examples of TEs providing function, the default view of neutral evolution fits 

most known aspects of TEs. Importantly, most TEs are evolving neutrally and appear to be non-

functional in any given genome. The fact that TEs are DNA elements with the ability to self-

replicate may be sufficient to explain why they persist in genomes; TEs persist despite the hosts’ 

best efforts to remove them only because the hosts cannot remove them fast enough to keep up 

with the rate at which they multiply. This could be due to the lack of high selective pressure or 

slow rates of deletion. Additionally, epigenetic control of TEs, especially early in a TE’s life cycle, 

is not perfect, which can lead to waves of TE expansion as they evade host silencing. Over millions 

of years, this can lead to TEs littering the genome with “junk.” Mutations cause TEs to lose their 

transposition abilities and genetic drift leads to a fraction of them being fixed in the genome. From 

then on, hosts can co-opt the remnants of TEs for their own needs as new genes or gene regulatory 

elements. Under a selfish DNA paradigm and neutral theory of molecular evolution, TEs can still 

be figuratively transformed from junk into gold purely through mutation and genetic drift. 

 Although TEs are largely consistent with neutral theory of evolution, I would like to 

consider another idea for why TEs are prevalent within genomes: perhaps TEs increase adaptation 

rates. This is not a new idea by any means, as it was previously suggested that TEs could play a 

role in stress response (Capy et al. 2000). Consider TE contribution to gene regulatory elements 

as an example. Duque et al. estimated that it would take 0.5-10 million years to create a novel cis-

regulatory module from random sequence in Drosophila melanogaster (Duque and Sinha 2015). 

However, when given initial sequences that already share expression similar expression patterns, 
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the time required is greatly reduced. By providing pre-packaged modules of TF binding sites, TEs 

could drastically speed up the evolution of new regulatory elements. Alternatively, simple 

sequence characteristics of TE insertions such as high GC content could also accelerate the rate of 

regulatory element formation. In addition to gene regulatory sequences, TEs bring in transposases, 

which are the most abundant genes in nature, even over essential or housekeeping genes (Aziz et 

al. 2010). While it is possible that their abundance is a result of their nature as selfish genes, it has 

been suggested that they also offer a selective advantage to the organism.  

 Another fact that bears consideration is that TEs are found in almost all eukaryotes. This 

includes unicellular organisms like yeast which likely have the capability of removing TEs from 

their genomes given their short generation times. The only known exception so far is Plasmodium 

falciparum, an obligate parasite. The fact that it is possible for genomes to rid themselves of TEs 

yet most do not implies that there is an evolutionary benefit to keeping them around. 

 Instead of being genomic parasites which steal from their hosts without providing benefit, 

I speculate that TEs instead share a symbiotic relationship with their hosts. The possibility for TE-

host symbiosis could have originated with the development of epigenetic control mechanisms as 

proposed by Fedoroff (Fedoroff 2012). While the host genome provides shelter and “reproduction” 

space, TEs supply new DNA sequence with which the host can tinker over evolutionary timescales. 

Sometimes, the new DNA sequence has pre-existing modules like TF binding sites or a transposase 

gene that only require a little modification to become useful. Other times, the new sequence is 

simply a blank canvas that can be turned into anything given enough time. The end result is that 

the host is able to obtain new regulatory elements at a rate faster than they would without TEs. 

The tradeoff is increased energy costs associated with a larger genome and supporting the 

transcription and translation of TEs. It is important to note that under this model, most TEs do not 
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need to contribute to function, as is observed. TEs can even be deleterious to individuals. All that 

is required is that TEs provide an evolutionary advantage for species, or even clades, to survive 

and propagate. From this viewpoint, TEs could be crucial allies in the evolution of new traits and 

new species.  
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