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AN ABSTRACT OF THE THESIS OF 
 

 

 
Sawsan Sami Wehbi           for                 Master of Science 

                                                                  Major: Biology 

 

 

Title: Evolution of the Retrotransposition Activity of LINE-1 in the Human Genome. 

 

LINE-1 (Long Interspersed Nuclear Elements, L1) retrotransposons are the only 

autonomously active transposable elements in the human genome. Elevated 

retrotransposition activity of L1s are generally thought to be detrimental to the host.  This 

study performed several analyses to investigate the evolution of the retrotransposition 

capacity among full-length human L1s. The first analysis showed that the rates at which 

new L1s emerge are positively correlated with retrotransposition activity values reported 

for cell-culture based assays, indicating that the retrotransposition activity values 

measured in cell culture can be considered as valid proxies for human germline 

retrotransposition capacity. An analysis that estimated the evolution of retrotransposition 

activity along the phylogenetic tree by sampling over various ancestral state 

configurations, revealed an evolutionary trend towards lower activity states. A penalized 

regression model was constructed to identify L1 sequence positions that might directly 

alter retrotransposition activity, yet the identified positions were not associated with any 

known biological L1 features. Analysis of sequence variation within L1 loci uncovered 

single nucleotide polymorphism (SNP) depletion within L1 transcription factor binding 

(TFB) sites, indicating evolutionary conservation of these sites by the host. Previous 

studies have shown that some of these TFB sites are essential for successful 

retrotransposition of human L1s. Together, these findings point towards the potentially 

ambivalent, yet balanced nature of the host-transposon relation. 
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CHAPTER I 

INTRODUCTION 

 
Transposable elements (TEs) are mobile DNA segments that comprise more 

than half of the human genome (Burns & Boeke, 2013). They are classified as short 

interspersed elements (SINEs), long interspersed elements (LINEs) or long terminal 

repeat elements (LTR elements). L1s are a class of LINEs and are the only active 

autonomous retrotransposons in humans. These transposable elements use a “copy” and 

“paste” mechanism to create new insertions (Burns & Boeke, 2013). This 

retrotransposition mechanism depends on transcription to produce mRNA-like 

intermediates that are then reverse transcribed and inserted in the genome within 15~16 

bp to a target sequence containing TTAAAA sense hexanucleotides (Jurka, 1997). 

Mobile L1s are bicistronic; their 5’ cistron ORF1 encodes an RNA-binding protein and 

their 3’ cistron ORF2 encodes a large protein with endonuclease and reverse 

transcriptase domains (Dai et al., 2014). These cistrons are flanked by 5’UTR and 

3’UTR  (Dai et al., 2014), dividing the L1 sequence into four distinct functional regions.   

De novo insertions created by successful retrotransposition events can be 

disruptive to the host genome. Some specific insertions have been linked to diseases 

such as hemophilia and thalassemia (Hancks & Kazazian, 2016). In addition, overall 

high rates of retrotransposition may increase the risk of proliferation and metastasis of 

epithelial cancer (Rangasamy et al., 2015) and have been associated with the psychiatric 

disorder schizophrenia (Bundo et al., 2014). These results suggest that 

retrotransposition activity is disadvantageous and would be expected to be reduced over 

time by host-level selection. Random mutations of L1 sequences would be expected to 
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decrease the retrotransposition activity rather than increase it, which would also lead to 

a decrease of a newly inserted L1’s activity over time. Transposon frequency in host 

genomes depends on  selection forces acting on both, the host and the transposon itself. 

Transposon-level selection favors higher retrotransposition rates (Le Rouzic, Boutin, & 

Capy, 2007), whereas host-level selection which governs post-insertion allelic variation 

is often assumed to act against retrotransposition activity. This difference in selection 

levels is consistent with macroevolutionary patterns that suggest an co-evolutionary 

arms race between L1s and their hosts' defense mechanisms (Jacobs et al., 2014). 

Despite this, L1s appear to have become an integral part of their hosts’ 

developmental process. In mice, for example L1 transcription regulates chromatin 

accessibility during embryogenesis, which appears to be integral for proper mouse 

embryo development (Jachowicz et al., 2017). In addition, L1 retrotransposition can 

also introduce somatic mosaicism (Kano et al., 2009). Neuronal mosaicism due to L1 

retrotransposition contributes to neuronal diversity and has been recently suggested to 

play a role in learning and memory (Kurnosov et al., 2015). These results challenge the 

view that retrotransposition is always deleterious for the host. 

Given that transposons have disruptive and beneficial effects on their host, the 

host-transposon relation might be better viewed as more of an ambivalent compromise 

and less of an arms race (Castro-Diaz et al., 2015). The host silences the TEs to avoid 

genomic chaos but endures occasional insertions. Although these insertions are 

potentially dangerous, they may also increase genomic plasticity and introduce new 

genes through molecular domestication. It has been proposed that species harboring 

active TEs have more dynamic genomes which may increase the species’ adaptability to 

environmental change, enhancing its chances of survival (Ricci et al., 2018). These 
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dynamic genomes may domesticate certain TE insertions into beneficial host genes. 

Several functional human genes can be traced back to TE-derived coding sequences. In 

fact, TE-derived sequences have contributed to almost 4% of human protein-coding 

genes (Nekrutenko & Li, 2001). One of the most well-characterized examples of TE-

derived essential human genes are the recombination-activating genes RAG1 and RAG2 

that play a key role in adaptive immunity (Sinzelle, Izsvák, & Ivics, 2009). 

Variation between L1 sequences at different loci and within the same locus 

contributes to extensive individual variation in retrotransposition activity (Beck et al., 

2010; Brouha et al., 2003; Seleme et al., 2006). These sequence variations may affect 

the retrotransposition process on multiple levels such as transcriptional regulation and 

translation levels. Mutations in a L1 might modify the amino acid sequence of proteins 

encoded by the L1, and even alter the L1’s interaction with transcription factor binding 

(TFB) sites (Sun et al., 2018). Such mutations that can be directly associated with 

changes in the retrotransposition activity levels are yet to be characterized. Identifying 

these types of mutations might allow predicting L1 retrotransposition activity based on 

their sequence, might reveal which functional aspects of L1 sequences (e.g. TFB sites, 

ORFs) influence the retrotransposition activity, and improves our understanding of the 

interrelation between L1 sequence variation and the evolution of the L1 

retrotransposition capacity. 

On a long evolutionary timescale, all transposon insertions will eventually 

become dormant. For example, none of the L1 insertions that predate the divergence of 

humans from other primates are still active (Boissinot, Chevret, & Furano, 2000). 

However, on a smaller timescale, the evolution of individual L1 sequences and the 

fluctuation of their corresponding activity levels is still unknown. Considering random 
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mutations often lead to loss of function, one would assume that the microevolution of 

L1s will tend towards lower activity levels. Yet, given that L1 sequences and their 

retrotransposition can be beneficial at certain circumstances, the possibility of a short-

term increase in the L1 retrotransposition activity with time can not be ruled out. 

Examining the microevolution of L1 retrotransposition activity would shed further light 

on the host-transposon relationship.  

Investigating the evolution of the retrotransposition activity of L1s was only 

made possible due to the development of the retrotransposition activity assay (Moran et 

al., 1996), which allowed the exogenous quantification of TE retrotransposition 

capacity. This technique was fundamental in expanding our knowledge in the 

mechanisms and consequences of retrotransposition in mammalian cell cultures 

(Rangwala & Kazazian, 2010). Several variations of this technique are available, 

perhaps the most commonly used is the enhanced green fluorescent protein (EGFP) 

retrotransposition assay (Beck et al., 2010; Brouha et al., 2003; Seleme et al., 2006). 

This assay depends on the construction of TE-containing plasmids with an EGFP 

cassette inserted in the 3’UTR region of the TE sequence. The expression of the EGFP 

acts as a visual marker of the TE’s movement and can be quantified using flow 

cytometry. The measurement of the amount of green fluorescent emitted after 

transfection is considered directly proportional to the rate of retrotransposition within 

the cultured cell lines (Ostertag et al., 2000). However, it is uncertain whether the 

numerical values obtained by the retrotransposition assays reflect the in-situ germline 

retrotransposition activity in humans that is relevant for evolutionary change.  

A phylogenetic approach can be applied to analyze the extent to which 

laboratory-measured values reflect the in-situ human germline retrotransposition 
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capacity. In a phylogenetic tree of L1s found in the human reference genome, each 

external branch represents a successful germline insertion event that has been identified 

and sequenced. Higher frequencies of successful germline insertions would lead to 

faster rates of emergence of new L1s in the population. Such higher rates of emergence 

of new L1s would be reflected on the phylogenetic tree as extensive bifurcations. 

Within the context of comparative analysis, observed bifurcation rates on the phylogeny 

are often referred to as diversification rates. A branching pattern in which L1s with high 

laboratory-measured retrotransposition activity values are associated with high L1 

diversification rates on the phylogeny, would indicate that the retrotransposition assay 

measurements are representative of the L1 germline insertion rates within the human 

genome. 

Exploring the evolutionary mechanisms that govern the human L1s broadens 

our understanding of the influence TEs have on biological systems. The general aim of 

this study was to understand how the extensive individual variation of human L1s 

reflects the within-locus and between-locus evolution of L1 sequences and their 

retrotransposition activity. The terms “allelic” and “non-allelic” were used to 

distinguish between different L1s within the same loci and L1s on different loci, 

respectively. The post-insertion evolution of L1 retrotransposition activity in human 

genomes was investigated. Specifically, this study addressed the questions whether the 

L1 retrotransposition activities measured in cell culture are also reflected in L1 

diversification patterns in human genomes, whether there is an evolutionary trend in 

retrotransposition activity among L1s, and which features of L1 sequences are 

associated with retrotransposition activity.   
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CHAPTER II 

MATERIALS & METHODS 
 

 

 

A. Sequence Collection and Alignment 

All of the sequences used in this study were obtained from previous studies 

that published full-length L1 sequences and their corresponding retrotransposition 

activity values (Brouha et al. 2003, Seleme et al. 2006, Beck et al. 2010). The 

retrotransposition activity values were calculated as percentages in reference to a 

naturally occurring active L1 (i.e L1RP or L1.3). 

The L1 sequences were grouped into two sets. The first set contains 52 allelic 

L1 sequences from three hot L1 loci which were originally obtained by Seleme et al. 

(2006). The term “hot” refers to L1s with at least one third the activity of the reference 

L1. The second set contains 158 non-allelic sequences that were studied by both Brouha 

et al. (2003) and Beck et al. (2010). The L1 sequences from Brouha et al. were extracted 

from an alignment published in their supporting information (Brouha et al., 2003). The 

L1 sequences from Beck et al. were obtained by identifying from the supporting 

information (Beck et al., 2010) the sequences flanking L1 insertions, and locating these 

flanking sequences in the hg19 reference genome.  

Both sets of sequences were aligned using the multiple pairwise alignment 

software, MUSCLE (Edgar, 2004) on Molecular Evolutionary Genetics 

Analysis (MEGA) software (Kumar, Stecher, & Tamura, 2016). The consensus 

sequence of the ancestral L1PA2 was added to both alignments, as an outgroup.  
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B. Tree Reconstruction 

The phylogenetic trees were reconstructed from the alignments using MrBayes 

v.3.2 (Ronquist et al., 2012) under a general time reversible substitution model. Rate 

variation between individual base pairs were modelled with a combination of a gamma 

distribution for rate variation and a proportion of invariant sites. Two Monte-Carlo 

Markov chains MCMC were run until the average standard deviation of split 

frequencies became lower than 0.05. A sample frequency of 100 was set to generate 

samples from posterior distributions of trees and substitution rate parameters, given the 

alignment data.  

The consensus trees of the allelic and non-allelic sequences were determined 

through the majority rule and illustrated on Figtree v1.3.1. (Rambaut, 2009) and R. Both 

trees were rooted using L1PA2 which was then dropped from the trees. 

 

 

C. Binary State Speciation and Extinction (BiSSE) model 

The non-allelic tree was used to analyze the association between the 

diversification rate of L1s and the retrotransposition activity using the R package 

“diversitree” (FitzJohn, 2012). The L1 retrotransposition activities were coded as a 

binary character, where L1 alleles with retrotransposition activities lower or equal to 

25% were classified as low and otherwise as high. A Binary State Speciation and 

Extinction (BiSSE) model, which combines the features of the constant-rates birth-

death model with the two-state Markov model, was used. According to the BiSSE 

model, the two character-states (in this case high and low retrotransposition activity), 

can alternate along the tree based on the Markov process, and the birth and death rates 
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can depend on the character-states. The birth rates correspond to the rate of emergence 

of new L1s whereas the death rates correspond to the rate at which L1s are removed 

from the population. Two models were fit to the data, a null model that restricted the 

birth rates of the high and low activity states to be equal and an alternative model that 

had no constraints on neither death nor birth rates. The fit of these two models was 

compared using a likelihood ratio test. 

The non-allelic tree was modified because the BiSSE model requires 

bifurcating ultrametric trees. Polytomies were converted into a sequence of dichotomies 

by randomly grouping branches in a polytomy into pairs that form a bifurcating node 

and separating each bifurcating node by a branch that is small compared to the branch 

lengths in the input tree. The resulting tree was then forced to be ultrametric using the 

“force.ultrametric” function in the R package “phytools” (Revell, 2012). To determine 

whether the results are robust with respect to the tree modifications, six different 

variations of the process that generated an ultrametric bifurcating tree were run. The 

conversion to bifurcating trees was performed in three different ways, each using a 

different length value (10-6, 10-5, 10-4) for the branches that separate bifurcating nodes. 

The three ways to generate a bifurcating tree were combined with two different methods 

for forcing an ultrametric tree (options “extend” and “nnls” in the function 

“force.ultrametric”). A one-sample t test was performed to test whether the change in 

edge lengths through forcing ultrametry differed between tree tips corresponding to 

high and low activity-state L1.  
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D. Transition Model Estimation 

The L1 retrotransposition activities were coded as a binary character, where L1 

alleles with retrotransposition activities lower or equal to 25% were classified as low 

and otherwise as high. The evolution of the transition rates between these two states 

along the phylogenetic trees were estimated using BayesTraits, which implements a 

Bayesian MCMC to estimate posterior distributions of evolutionary rates between 

discrete characters along a phylogenetic tree (Meade & Pagel, 2016). 

The posterior distribution of trees generated by MrBayes was used as input 

data for the transition model analysis. Three different uniform prior distributions were 

used for the rate parameters and the analysis below was run for each distribution. The 

midpoint of these priors was the maximum likelihood estimate for the model with equal 

transition rates between the two activity states. The range widths of the priors were 

200%, 100% and 50% of the midpoint. In order to investigate the direction of L1 

evolution on both allelic and non-allelic sequences, two different models were 

constructed. The complex model, which has no rate constraints, allows the rates for the 

transitions from high to low retrotransposition to differ from the reverse rates whereas 

the simple model restricts these rates to be equal. A steppingstone sampler of 100 stones 

each run for 1,000 iterations was used to estimate the log marginal likelihood of each 

model. The log Bayes Factor (BF), which is calculated using the log marginal 

likelihoods of the two models, was used to infer the best fitting model (Kass & Raftery, 

1995).  
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E. Penalized Regression Model 

A penalized regression model was fitted to uncover a possible relationship 

between the retrotransposition activity and single nucleotide variant positions in an 

alignment of full-length L1. The alignment included all sequences from the three 

studies with published retrotransposition activities (Brouha et al. 2003, Seleme et al. 

2006, Beck et al. 2010). A binary dummy variable was created for each combination of 

nucleotide and alignment position among variable columns in the alignment. In 

addition, a study ID was included as predictor variable to account for variability 

between studies. 

The lambda minimizing the prediction error (lambda=2.7) was estimated using 

the cross-validation method. In order to obtain a conservative set of non-zero 

coefficients, the lambda minimizing the prediction error was then increased 

incrementally until the number of non-zero coefficients generated by the model 

plateaued, leading to a lambda of 4.  

The alignment positions were classified into two groups according to their 

regression coefficients assigned by the penalized model. Positions with a zero 

regression coefficient were assumed to be independent of the retrotransposition activity 

whereas positions with a non-zero regression coefficient were assumed to be activity-

affecting sites.  

 

 

F. Analyzing the Characteristics of L1 Activity-Affecting Sites 

The relationship between activity affecting sites and non-synonymous 

positions in the L1 open reading frames was investigated using a Fisher exact test. 
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Variable positions in the alignment were either classified as retrotransposition-affecting 

or non-affecting, based on the coefficients of the penalized regression. Each position in 

the alignment was furthermore classified as either synonymous, non-synonymous or 

both. The non-synonymous positions in the alignment were determined for each 

sequence separately according to their reading frames. An alignment position can 

therefore be synonymous in one sequence and non-synonymous in another. This 

classification was carried out treating the first two nucleotides in a codon as non-

synonymous while the last nucleotide in a codon as synonymous, regardless of the 

amino acid it encodes. The Fisher exact test was performed to test for independence 

between these two classifications.  

 

 

G. Mapping Transcription Factor Binding (TFB) Sites 

Several TFB regions that correspond to different cell lines and transcription 

factors, were mapped to the L1HS consensus sequence by Sun et al. (2018). Activity 

affecting sites that fall within these regions were calculated independently for each cell 

line and transcription factor. A Fisher’s exact test with a false discovery rate correction 

was iterated case by case in order to infer a possible association between activity 

affecting sites and transcription factor binding sites across different cell lines and 

different transcription factors.  

The TFB sites were mapped to their genomic positions on hg19, with respect to 

each L1 sequence in the data.  
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H. Mapping Single Nucleotide Polymorphisms (SNPs) 

The activity affecting sites that correspond to the alignment were mapped to 

their respective genomic position for each L1 sequence on the human reference genome 

hg19. These genomic positions were then compared to the SNPs within the variable 

positions of the L1 ranges (flanks included) in the 1000 human genome database.  

A multiple logistic regression was used to determine whether SNPs from the 

1000 Genome project (Sudmant et al., 2015) were associated with activity affecting 

sites or transcription factor binding sites. The absence/presence of SNPs on a particular 

genomic position was annotated as a binary response value, whereas a similar binary 

classification was used to set the absence/presence of genomic activity affecting 

positions as a predictor variable. The trinucleotide environment, coding ranges, mean of 

the read coverages, nonsynonymous positions, variable flank positions and the 

proportion of mismatch were added as covariates for the regression model. 

In addition, a binomial test was used to investigate whether ancestral SNPs that 

fall on activity affecting sites in the L1 alignment are more likely to increase or decrease 

the retrotransposition activity. 
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CHAPTER III 

RESULTS 
 

 

1. L1 Allelic vs. Non-Allelic Phylogenies  

 

The L1 allelic tree (Figure 2) resolved the three L1 loci, with high posterior 

probability of one. The tree topology agrees with the coalescence time calculated by 

Seleme et al., (2006) for each L1, where AL512428 is the most ancestral and has the 

longest coalescence time of 590 160x103 years (Seleme et al.,2006). Only one clade 

(AC002980) retained high retrotransposition activity values among most of its alleles, 

while the other two (AL512428 and AC021017) mostly contain alleles with lower 

activities.  

The non-allelic tree (Figure 3) shares a similar topology to that estimated by 

Brouha et al., (2003). Most of the clades were well resolved with high posterior 

probability values (>80%). Longer and older branches tend to have low 

retrotransposition activity values whereas shorter and more recent branches tend to have 

higher values. This correlation between branch length and retrotransposition rates was 

further investigated using a Binary State Speciation and Extinction (BiSSE) model. The 

null model with equal birth rates for each binary state (high and low retrotransposition 

activity) was rejected (p < 2.2x10-16, likelihood ratio test), in favor of an alternative 

model in which the birth rate of highly active L1s (1 =72618) is  higher than the birth 

rate of L1s with low activity levels (0 = 0). The different methods used to convert the 

non-allelic phylogenetic tree into an ultrametric bifurcating tree lead to the same 

conclusion. In addition, there was no significant difference in the branch lengths before 
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and after introducing the branch length adjustments, between the high activity and low 

activity taxa (p > 0.05, one-sample t-test).  
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Figure 1: Bayesian MCMC phylogeny based on 52 allelic sequences from 3 hot 

L1s, obtained by Seleme et al., (2006). Tree branches were colored by 

retrotransposition activity levels, where sequences with an activity value of 25% or 

lower were considered low and labelled blue and sequences with activity values higher 

than 25% were considered high and labelled red. Taxa with unavailable 

retrotransposition activity values remained unlabeled (black tips). Tip labels refer to the 

GenBank accession numbers under which each L1 was published. The major clades are 

shown on the tree and the posterior probability values are shown at major nodes. The 

tree was rooted using the consensus ancestral sequence of L1PA2. 
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Figure 2: Bayesian MCMC inference phylogeny based on the 158 non-allelic L1 

sequences obtained by Brouha et al., (2003) and Beck et al., (2010). Tree branches 

were colored by retrotransposition activity levels, where sequences with an activity 

value of 25% or lower were considered low and labelled blue and sequences with 

activity values higher than 25% were considered high and labelled red. Taxa with 

unavailable retrotransposition activity values remained unlabeled (black tips). Tip labels 

show the GenBank accession numbers of each L1 was published. All the clades are 

shown on the tree and the posterior probability values are shown at the nodes of each 

clade. The tree was rooted using the consensus ancestral sequence of L1PA2. 
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2. Evolution of the Retrotransposition Activity along the Phylogenetic Trees 

 

Two evolutionary models for the transitions between two different 

retrotransposition activity levels were fitted to phylogenetic trees of L1. The results 

obtained from different prior distributions were qualitatively similar and only the 

numerical values based on the widest prior distribution are reported here. 

In the allelic dataset, the two rates of transition were approximately equal 

where the rate of transition from low retrotransposition activity to high activity (qLH) 

was 81.17 and the rate of transition from high retrotransposition activity to low activity 

(qHL) was 80.36 (Table 1). The complex model has a slightly lower log marginal 

likelihood than the simple model which indicates a weaker fit to the data (log BF=-0.1< 

2). This means that on the allelic level, a L1 has an equal probability of evolving 

towards either a higher activity or a lower activity.  

However, for the non-allelic two-state phylogenetic tree, the complex model 

fits the tree best (log BF=3.8), where qHL is almost twofold qLH (Table 1). This 

implies that a reduction in the retrotransposition activity of L1s is twice as frequent as 

an increase.  
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Dataset Parameter 

restriction 

Number of 

free 

parameters 

Transition 

Rates 

Log 

marginal 

likelihood 

Allelic 

sequences 

Unrestricted 

rates 

2 qLH=81.17 

qHL=80.36 

-34.60 

 

 

Restricted 

rates 

1 qLH=qHL=81.70 -34.55 

Non-

allelic 

sequences 

Unrestricted 

rates 

2 qLH=37.82 

qHL=81.70 

-78.94 

 

 

Restricted 

rates 

1 qLH=qHL=51.00 -80.87 

 

Table 1: Comparison of the two different models for each L1 dataset. The 

model with higher number of parameters is considered the complex model. The 

reported numerical values were generated using the widest prior distribution. The 

noted transition rates are the average of transition rates from each iteration in the 

Monte Carlo Markov Chains.  

qHL = rate of transition from high retrotransposition activity state to low activity 

state. 

qLH = rate of transition from retrotransposition low activity state to high activity 

state. 
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3. L1 Activity-Affecting Alignment Positions 

The retrotransposition activity values predicted by the penalized regression 

model correlated with the observed retrotransposition activity values (R2 = 0.81) 

(Figure 3).  

Thirty-four alignment positions (out of 2162 variable positions, ~1.6%) had a 

non-zero regression coefficient for predicting the retrotransposition activity. Due to the 

format of the binary regression matrix used in the penalized model, some of these 

alignment positions had two coefficients. Each of these coefficients belonged to a 

different nucleotide variant on the same position, which yields a total number of 47 

activity-affecting nucleotides in the alignment.  

The distinction between synonymous and non-synonymous sites is not 

significantly associated with the distinction between the activity affecting positions and 

non-affecting positions.  

  



 

29 

 

 

Figure 3: Scatterplot of the observed retrotransposition activity values and the 

values predicted by the penalized regression model.  
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4. L1 Transcription Factor Binding Sites 

 

After applying the false discovery rate correction, there was no association 

between transcription factor binding sites and activity affecting positions across all cell 

lines and transcription factors (p > 0.05, Fisher exact test). 

All the activity affecting TFB sites found across the different cell lines and 

transcription factors were concatenated and their association to L1 SNPs was 

interpreted using the multiple binary regression model. There was a significant negative 

association between L1 TFB sites and SNPs (p < 0.05, logistic regression), where TFB 

sites were less likely to be polymorphic than expected by chance (Figure 4B). 

 

 

5. L1 Activity-affecting SNPs  

 

Within the variable positions on L1, ten SNPs fell on activity affecting 

genomic positions which can be traced back to six unique alignment positions (Figure 

4A). There is no association between L1 SNPs and activity affecting sites (p > 0.05, 

logistic regression). The distribution of SNPs does not significantly vary between the 

activity affecting positions and non-affecting positions. 

Only seven out of these ten positions can be assigned to an ancestral 

nucleotide, three of which had a positive coefficient. SNPs were not associated with an 

increase or decrease the activity.  
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Figure 4: The distribution of the activity affecting sites, SNPs and TFB sites on the 

L1 structure. The blue box indicates the open reading frame 1 (ORF1), the grey box 

the open reading frame 2 (ORF2) and the lines on both sides the untranslated regions. 

(A) The positions of the activity affecting sites (dotted black) along with the L1 SNPs 

(pink) and TFB ranges (green) that exclusively fall within these sites. (B) All of the 

known SNPs (pink) that fall within the L1 sequence ranges and the L1 associated TFB 

sites (green) in different cell lines and across different transcription factors. 
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CHAPTER IV 

DISCUSSION 
 

 

The major clades in the phylogenetic trees were properly resolved. A biased 

direction in the evolution of the retrotransposition activity was not detected on an allelic 

level. However, the retrotransposition activity displayed a higher transition towards 

lower values within non-allelic L1s. The non-allelic L1 sequences exhibited a positive 

correlation between L1 diversification rates and their retrotransposition activity. Sites 

that influenced retrotransposition activity did not show any association with the TFB 

sites, SNPs or the non-synonymous positions within the L1s. Finally, L1 TFB sites were 

found to be relatively conserved, with fewer SNPs falling on them than expected by 

chance. 

On the non-allelic phylogenetic tree (Figure 3) less active L1s exhibited longer 

branches whereas more active L1s exhibited shorter branches. According to the BiSSE 

model that was fitted to the L1 phylogeny, L1s with higher retrotransposition activities 

branch more frequently on the tree. Since each branch in the phylogenetic tree 

corresponds to a different germline L1 insertion, the significant correlation between 

retrotransposition rate and branching rate confirms that retrotransposition activities 

measured in cell culture assays reflect the rate at which germline L1 insertions appear in 

the human population. Since L1 germline insertions are hard to measure directly, cell 

culture-based retrotransposition activity measurements have been used as proxies 

(Brouha et al.,2003). The results show that these previous interpretations of culture-

based activity values are justified, which broadens the possibility of future studies of TE 

activity. 
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The analysis of the diversification rates required converting the non-allelic tree 

into an ultrametric bifurcating tree. In principle, this manipulation of the branch lengths 

and tree topology could have enhanced the difference in diversification rates between 

the two activity states. However, the changes on the branch lengths due to the tree 

manipulation did not differ between the low activity taxa and the high activity taxa. In 

addition, the results were qualitatively the same for the different tree modifications. 

This means that the higher branching rate of highly active L1s is robust and unlikely to 

be an artifact of the tree manipulation 

The evolutionary trend towards lower retrotransposition rates was established 

using the log Bayes Factor (BF). BFs have been criticized for being overly sensitive to 

the prior distribution (Morey, Romeijn, & Rouder, 2016). In this study, different prior 

distributions of transition rates were used, where narrower prior ranges lead to lower BF 

values. However, for each prior distribution, the complex model remained more likely 

than the simple model (had a higher marginal likelihood). In the context of this analysis, 

broad priors are preferable since they allow larger differences between the rate 

parameters. Even though the different prior distributions yielded different log BF 

values, the broadest range had a log BF value of 3.8 which can be considered as positive 

evidence for the complex model (Meade and Pagel, 2016). The results, therefore, 

indicate an evolutionary trend towards lower L1 retrotransposition activity between 

loci. 

The evolution of the retrotransposition activity within loci reflects the selective 

pressures experienced by the host, whereas variation between L1s on different loci is 

under both host-driven and transposon-driven selection. In general, highly active L1s 

are thought to be negatively selected by the host due to their potential to disrupt the 
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genome and positively selected among transposons. Among non-allelic L1s there is a 

detectable evolutionary bias towards reduced activity states, suggesting that the host-

driven selection for lower retrotransposition rate is stronger than transposon-level 

selection for highly active L1s. One would therefore expect a stronger evolutionary bias 

towards lower retrotransposition activity states within the same L1 locus, since within-

locus allelic variations of L1s are only subjected to host-driven selection. Hence, the 

absence of a clear trend in the evolution of retrotransposition activity on an allelic level 

within a locus is most likely due to the small sample size and low number of activity 

state transitions within the alleles rather than the absence of a negative host-driven 

selective force. Further sequencing of additional within-locus L1 sequences and 

measuring their respective retrotransposition activity is required for a comprehensive 

understanding of the within-locus evolution of L1 retrotransposition activity.  

Sites that significantly affect retrotransposition were neither associated with 

transcription binding sites nor with non-synonymous sites on ORFs. The absence of any 

significant association is either because the methodology failed to identify the true 

drivers of retrotransposition activity or because retrotransposition activity is determined 

by a more complex underlying biology.  

The multiple logistic regression model, that detected the negative association 

between L1 TFB sites and L1 SNPs, included covariates that accounted for variation in 

SNP occurrence due to variation in detection levels (accounted for by mean read 

coverage) and variation in mutation rates (accounted for by number of SNPs in flanking 

regions, proportion of mismatch, and trinucleotide neighborhood). It is possible that 

there are other unknown and unaccounted for phenomena might have influenced the 

observation of L1 SNP depletion. However, given that the model accounted for known 
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processes that could influence the mutation or SNP detection rate, it is most 

parsimonious to interpret the remaining systematic variation in SNP density as a result 

of differences in purifying selection.  

SNPs were depleted on TFB sites in the L1 untranslated regions, indicating that 

host-level selection conserves TFB sites. A conservation of L1 TFB sites was also 

observed by Sun et al. (2018), who compared the consensus sequences of the ancestral 

L1s (L1PA1-L1PA7) with the consensus L1HS. However, this pattern is likely to be 

caused by transposon-level selection, since some of these TFB sites are essential for the 

initiation and propagation of L1 transcription, and eventually retrotransposition. For 

example, mutations in the RUNX3 transcription factor binding sites on the L1HS 5’-

UTR lead to a reduction in the transcription and retrotransposition levels measured 

using cell culture-based assays (Yang et al., 2003). The depletion of L1 SNPs in the 

5’UTR promoter region indicates purifying selection on the level of the host, where new 

SNPs that emerge on TFB sites get weeded out. The maintenance of L1 TFB sites by 

the host might be due to their generally beneficial role as promoters and enhancers of 

neighboring host genes (Garcia-Perez, Widmann, & Adams, 2018). In fact, almost 25% 

of proximal promoter regions as well as the 5’ and 3’ untranslated regions in the human 

genome contain TE-derived sequences, most of which are clustered around rapidly 

evolving lineage-specific genes (Jordan et al., 2003). Thus, the conservation of the L1 

TFB sites by the host indirectly supports the hypothesis that TEs are capable of 

donating working regulatory sequences to host genes (Mariño-Ramírez et al., 2005). 

The overall evolutionary dynamic that governs the host-transposon relationship 

remains elusive. Although the “arms race” hypothesis is the prevailing explanation for 

the nature of this relationship (Jacobs et al., 2014), a more recent view proposes that it 
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is an ambivalent compromise (Castro-Diaz et al., 2015). The term arms race implies that 

every aspect that is beneficial for one party, should be deleterious for the other. The 

evolutionary trend among L1s, across different loci, towards lower retrotransposition 

activity suggests that host-level selection opposes transposon-level selection, which is 

consistent with the arms race hypothesis. However, the apparent maintenance of the L1 

TFB sites by the host as indicated by SNP depletion implies a more nuanced view on 

the host-transposon relationship. The reduced level of L1 TFB site-polymorphism in the 

population, along with the conservation of these sites across different ancestral L1s 

(Sun et al., 2018) shows that they are important for both parties (i.e. the host and the 

transposon). This observation provides further evidence that the relationship between 

the L1s and their host genome might not be entirely antagonistic.  
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